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1. Introduction

1. Introduction

The Standard Model of Particle Physics (SM) and its predictions have been tested to
very high precision. However, it is known that the SM is incomplete, since it does not, for
example, describe gravity or dark matter. Current approaches to establish a more compre-
hensive and fundamental theory allow for deviations from exact Lorentz symmetry. Under
exact Lorentz symmetry the laws of physics are invariant under Lorentz transformation
and thus independent of the inertial frame of the observer. Current bounds for Lorentz
Violation (LV) in various sectors of the SM often take advantage of the high energies of

cosmic rays and gamma rays (see e.g. [1, 2]).

In this thesis, the impact of LV on extensive air showers which are initiated by cos-
mic rays in the Earth’s atmosphere is studied, with a focus on ultra-high energies. Here,
isotropic nonbirefringent LV in the photon sector is considered for the case of a photon

velocity greater than the maximum attainable velocity of standard fermions.

The changes caused by this were first explored in [3], where the Heitler model for
electromagnetic cascades was modified by including Lorentz-violating photon decays. A

significant change in the longitudinal shower development was found.

Building upon these results, a full Monte Carlo (MC) procedure was used to study the
impact of LV on electromagnetic cascades initiated by hadrons [1]. Under the conservative
assumption of a pure proton composition of cosmic rays, a limit on LV was determined
comparing the average atmospheric depth of the shower maximum of the modified MC
simulations to measured values by the Pierre Auger Observatory [4]. For these simulations,
the MC code CONEX v2r5p40 [5, 6] was modified to accomodate the differences between
the SM and the model allowing LV.

In this thesis, the full MC approach is expanded, taking into account the composition of
cosmic rays, which do not solely consist of protons. To achieve this, air shower simulations
for different elements are produced and the results are combined using varying weights
for each element. In addition, shower fluctuations are used as an additional parameter to
determine reasonable partitions of each element. Using these expansions upon the previous

method, a stricter limit on LV can be determined.






2. Modified Maxwell Theory

2. Modified Maxwell Theory

The model used in this thesis is a relatively simple extension of standard Quantum Electro-
dynamics (QED). The Lagrange density is modified by adding a single term which breaks

Lorentz invariance but preserves CPT and gauge invariance [7, 8]:

L—— EFW(:C)FW(:E)

+ U (z)(v[id, — eApu(x)] —m)¥(z) (2.1)
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The last term on the right-hand side gives the newly introduced CPT-invariant LV in the

photon sector!, while the first two terms correspond to standard QED. The Minkowski

metric 7, = [diag(1,—1,—1,—1)],, and its inverse 7" are used to lower or raise indices

throughout the entire thesis. Furthermore, natural units (A = ¢ = 1) are used to simplify

formulaic expressions. The Maxwell field tensor is defined as usual as F,, = 6,4, — 0, A,.

The newly added constant tensor (kp)upes in (2.1) has twenty independent compo-
nents. Of those, ten produce birefringence and eight lead to direction-dependent mod-
ifications of the photon propagation. The two remaining components correspond to an
isotropic modification of photon propagation and an unobservable double trace which
leads to changes in the normalisation of the photon field. Isotropic non-birefringent LV in
the photon sector is then controlled by a single, dimensionless parameter , which relates

to the tensor (kp)uwpe in the following way:
1 - - _ -
(kF)w/pU = 5(77,up/<vua — Npokvp + Mvokpp — nupﬁ,ua)a (22)

’%/ﬂ/ = g[diag(3>17171)]#1" (23)

Here, (2.2) gives nonbirefringence and (2.3) produces isotropy. The parameter x can only
take values in the halfopen interval (-1,1], a restriction set by microcausality and unitarity

[9]. Note that the parameter ~ is denoted by &t in several references [9].

!The CPT transformation is the simultaneous operation of charge conjugation (C), parity reflection (P)
and time reversal (T).



The field equations obtained from (2.1) and (2.2) determine the photon propagation, which

results in a change of the phase velocity given by:

11—k
1+k

€

Uph = & (24)

&

The velocity ¢ corresponds here to the highest possible attainable velocity of the massive
Dirac fermion of (2.1). If the value of k is positive (negative), then the photon velocity
is smaller (larger) than c. k can also be defined using the relative difference between the

squared maximum fermion velocity and the squared photon velocity:

62_(Uph) Nl—@

=2 + (vph)? c

2
(2.5)

As mentioned above, natural units are used, setting ¢ = 1.

If the photon velocity differs from the photon velocity of the standard model, which cor-
responds to a nonzero value of k, certain classically forbidden decay processes become
allowed. The theory behind these processes as well as detailed calculations of the later

discussed processes can be found for example in [2, 10].

Here, the focus is on negative values of k, which means having a photon velocity
greater than the maximum attainable velocity of the standard Dirac fermion. In the case
of negative k, relevant changes in two decay processes appear: The first one is a change in
the decay rate of photons above a certain energy threshold, the second is a change in the

neutral pion decay.

With sufficiently high energy, the nonstandard photon, denoted by 7, can decay into
an electro-positron pair:
Fy—e +et (2.6)

The specific energy threshold, as calculated in [2], for this photon decay is given by

/11— 2
E’tyhresh(,i) = 2me _2: ~ in;ﬁ (27)

The energy threshold is given in terms of the electron rest mass m. ~ 0.511 MeV and is

dependent on k. The exact decay rate of the photon decay I'ppp has been calculated [2, 11]

as a function of the photon energy E, > E}theSh

o —k Ethresh 2
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2. Modified Maxwell Theory

The value of Eff”"eSh is taken from (2.7) and « ~ 1/137 is the fine-structure constant. The

relation between decay rate and decay length of the photon is given by

C

lphD = (2.9)
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Figure 2.1.: Photon decay length lp,p given in meters for the ¥ — e~ + et
process with k = —9 x 10716 [11].

The decay length of the photon drops right above the energy threshold to scales of
centimeters (see Fig. 2.1) which can be treated as a quasi-instantaneous conversion of the
photon into a electron-positron pair. This new property of the photon decay can be used
to impose bounds on negative k, for example by using ground-based Cherenkov-telescope

observations of gamma rays with energies of order 10 to 100 TeV.

Since the air showers studied in later chapters are induced by hadrons, possible modi-
fications of other processes due to LV have to be taken into account. The relevant process

in this case is the decay of the neutral pion into two non-standard photons:
=547 (2.10)

In the context of the modified Maxwell theory used here, the decay time of the neutral

pion is modified as follows [10]:

TSM

Eoo, k) = ——M
T( i K) g(ETl'O7 H)

(2.11)



2.1. Previous Bounds on Lorentz Violation

The modification is done by introducing the factor g(E o, ), which is depending on the
energy F o of the neutral pion and the LV parameter x, by which the decay time 7g)s in

the conventional Lorentz invariant theory is modified. This factor is given by

V1—k2 1 — (B 0)°=(m_0)* 12 for E_o < Ecut
9(Epo, k) = (= 1~ (B o (2.12)

0 otherwise.
The pion cutoff energy E3" used in (2.12) is given by

1-xk 1 M0
— M=~
—2K

vV—2Kk  2m.

The asymptotic photon threshold from (2.7) was used and the numerical values for both

cut
Eﬂ_o = Mo

Eesh 132 ELesh, (2.13)

electron (m, ~ 0.511 MeV) and neutral pion (m o ~ 135 MeV) rest masses were set in. The
result from (2.13) implies that the effects of LV on neutral pions can be seen at energies

which are more than two orders of magnitude above the photon decay threshold EfyhreSh.

2.1. Previous Bounds on Lorentz Violation

The most stringent Earth-based bound up to now on isotropic non-birefringent LV using

observations of gamma rays is given in [2] as:
k>—-9x1071(98% C.L.) (2.14)

This limit was reached through the analysis of the highest energies of the detected gamma-
ray photons. Since the photons that were measured existed it follows that they did not
decay before that time. For photons above Ef/hreSh, this would mean that they travelled
parsecs with a decay length of only centimeters. This sets a lower limit on the possible
values of the minimum energy for nonstandard photon decay E;hreSh > E;neasured, which
implies a bound on the possible values of . In order to improve this bound using the
same method, photons of higher energies have to be detected. However the prospects of

measuring such photons are unclear [12].

This bound was improved in [1] by expanding the analysis to include secondary pho-
tons in air showers initiated by primary hadrons. The new bound was reached using LV-
modified code of the air shower simulation CONEX to compare results with LV to actual
measurements of the Pierre Auger Observatory [4]. This produced a new lower bound on &

which is more than two orders of magnitude closer to zero than the one given in (2.14):

k> —-3x10719(98% C.L.) (2.15)
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3. Cosmic Rays

The Earth is hit by billions of particles of extraterrestrial origin each second, ranging ev-
erywhere from light neutrinos originating from our sun to heavy iron nuclei from Active
Galactic Nuclei (AGN) lightyears away. The term cosmic rays refers only to charged parti-
cles of cosmic origin due to historic reasons. These include stable nuclei such as protons or
iron as well as light elementary charged particles like positrons and electrons. Two main
properties of cosmic rays are the elemental composition and the energy spectrum of all
cosmic rays arriving at the Earth. Those two properties will be covered in the next two sec-
tions. When primary cosmic rays arrive at the Earth they interact with the atmosphere,
producing cascades of secondary particles. These extensive air showers are described in
Sec. 3.3.

3.1. Elemental Composition

Determining the elemental composition of primary cosmic rays is not an easy task. Up
to energies around 100 TeV, direct measurements of cosmic rays are possible e.g. using
high-altitude balloons or satellite experiments. At higher energies direct measurements of
cosmic rays before any interactions with Earth’s atmosphere are not feasible due to the
highly reduced flux (see Sec. 3.2). This leaves only indirect measurements of extensive
air showers for cosmic rays of the highest energies. Due to the indirect measurement the
properties of the primary particle need to be reconstructed from the recorded shower data,
whose interpretation is highly dependent on the interaction model used. But all current
models become less precise at higher energies. In spite of these problems, the study of the
composition of cosmic rays can be very useful to help revealing their origins and acceler-

ation mechanisms.

The largest portion of cosmic rays are protons and nuclei which make up around
98 % of all cosmic rays while the remaining 2 % are electrons. The protons and nuclei are
mainly protons (87 %), around 12 % are helium nuclei, while all heavier nuclei combine to
the remaining 1%. The composition of hadronic cosmic rays in relation to their relative

abundance is shown in Fig. 3.1.

Hydrogen and Helium are much more frequently found in the solar system than in

Galactic Cosmic Rays (GCRs). Since the ionisation energies of these elements are fairly



3.1. Elemental Composition
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Figure 3.1.: Relative abundance of different elements in galactic cosmic rays
(filled circles) and the solar system (empty circles). All values were normalized
to the relative abundance of Si(Z = 14) at 103, [13]

high, it is a reasonable assumption that some of the formed particles are unionized. How-
ever, most acceleration mechanisms affect charged particles only, thus a considerable frac-
tion of helium and hydrogen particles would not be accelerated and only ionized particles

would reach us.

Two groups of heavier elements ( Li, Be, B and Sc, Ti, V) are more common in GCRs
than in hadrons from the solar system. This can be explained by them being spallation
products of the collision of GCRs with interstellar matter which are then further acceler-

ated, thus explaining the relative abundance in GCRs.

These elemental compositions have been mostly determined using direct observations
of low energy cosmic rays, which make up the majority of cosmic rays arriving at the
Earth. However, at higher energies the exact composition of cosmic rays is still unknown

and remains subject of research.



3. Cosmic Rays

3.2. Energy Spectrum

Cosmic rays have a very wide energy spectrum extending over more than ten orders of
magnitude in energy. The flux of cosmic rays decreases by about three orders for each
order of magnitude gained in energy, resulting in a flux range spanning thirty orders of
magnitude. The differential flux of cosmic rays depending on energy can be approximated
by a broken power law:

3% x E77 (3.1)
The spectral index ~ is approximately constant for wide ranges of the energy spectrum
[14], as can be seen in Fig. 3.2. At energies below 3 PeV the spectral index is v ~ —2.7. At
this energy the knee is reached, after which the spectral index increases to v ~ —3.1. A less
pronounced second knee can be seen in some measurements where a further steepening of

018

the spectrum happens, followed by the ankle at 4 x 10°° eV where the spectrum flattens

back again to v ~ —2.7.

The exact origins of the ankle as well as the knee are not yet fully understood and are
still subject of research. Results of air-shower experiments suggest the knee exists due to
a reduced abundance of light elements in cosmic rays [16], another possibility is that the
knee is erroneously induced due to unknown mechanisms in the shower detection process
[17]. One interpretation of the ankle is as a transition from sources inside our galaxy to

extragalactic sources with a different composition [18].

3.3. Extensive Air Showers

Entering the Earth’s atmosphere, cosmic rays can interact with atmospheric particles, in
most cases nitrogen nuclei. In this first interaction, many secondary particles are pro-
duced, which themselves can again interact with the atmosphere. In each generation of
this extensive air shower, the secondary particles carry less energy per particle. The total
number of particles inside the shower increases until the shower maximum is reached at
an atmospheric depth of X ,.x, where the energy of most secondary particles is too small
to produce new particles. Below this point, the number of secondary particles decreases.
Xmax 1S an important property of the air shower which depends on the type of primary
particle entering the atmosphere and its energy. The first interactions in the atmosphere
are crucial for the further development of the shower. A simple depiction of the main

processes taking place during shower development can be seen in Fig. 3.3.

The particles produced by the shower during the propagation through the atmosphere
form a curved disc propagating just below the speed of light. The thickness of the disk is
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Figure 3.2.: The measured all-particle energy spectrum of primary cosmic rays
[15]. The spectrum was measured with detectors above the atmosphere (for low
energies) as well as with earth-bound air-shower detectors.
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primary particle

atmosphere

—

electromagnetic
component

Figure 3.3.: Schematic view of the processes within an air shower initiated by a
primary hadron [19]. The hadronic core as well as the electromagnetic and muonic
components are displayed seperately.

in the order of magnitude of meters, while the surface of the disc spans square kilometers.
Most of the particles are situated near the center of the disk, which is also the shower axis,
while the disk thickens towards the edges. The total number of secondary particles con-
tained in a typical proton-induced shower with a primary energy of 10'° eV is around one
million (see e. g. [20]). Most of these particles can be classified into one of three categories:

the hadronic, electromagnetic or muonic components.

Only 1% of particles in an extensive air shower are hadrons [21]. Because the first
interaction between the cosmic-ray nucleus and the atmosphere, as well as the following
cascade are hadronic, this small number of hadronic particles plays an important role in
the shower development. This first interaction initiates a hadronic cascade of secondary
particles, consisting mostly of pions, with less likely kaon production. Charged pions inter-
act again with the atmosphere to produce more secondary particles, while neutral pions
decay into photons via

T =Y+, (3.2)

11



3.3. Extensive Air Showers

because of their high interaction length relative to their decay length. Further hadronic
particles are produced until the energy of a single particle is less than the threshold for
pion production. From then on the particles lose energy via electromagnetic interactions
with the atmosphere until they decay and the hadronic cascade dies out. The transverse
momenta of the particles of the hadronic cascade are very small compared to their total
momentum, so they form a narrow cone around the trajectory of the primary particle with

a diameter in the order of 10 m.

The photons, electrons and positrons of the air shower form the electromagnetic com-
ponent. The first photons of the electromagnetic component are mostly produced by the
decay of a neutral pion. These photons can interact with atmospheric nuclei and produce

electron-positron pairs via
v+ nucleus — et + e~ + nucleus. (3.3)
The electrons and positrons produced in this way can emit photons via bremsstrahlung:
e* + nucleus — e* + v 4 nucleus. (3.4)

These processes take place as long as the interacting particle is above the threshold energy
of the relevant process, thus forming an electromagnetic cascade. Other electromagnetic
processes like the photoelectric or Compton effect can be neglected because of the very
high energies of the particles in the cascade. Since there is not only one single photon
starting the cascade, but many photons originating from neutral pion decays, the electro-
magnetic component of the shower is a superposition of all the electromagnetic cascades
started by different particles. The electromagnetic component represents 89 % of the total
number of particles in an extensive air shower. The short radiation lengths of electrons and
photons lead to a rapid absorption of these particles and to a much higher lateral spread
in comparison to the hadronic component. In the case of a non hadronic primary particle,
a primary electron or photon can also initiate an electromagnetic cascade, without the

prior forming of a hadronic component, making the air shower purely electromagnetic.

The third major component of an extensive air shower is the muonic component.
Muons are produced in the decay of charged mesons of the hadronic component, e. g. via

pion and kaon decay:

T = 1+ v ()
K* = py® +u,(7,) (3.5)
K* = 7% 4 pt ().

12



3. Cosmic Rays

Most of the muons are produced in the early stages of the shower. This is due to the lower
air density and longer interaction lengths in the upper atmosphere, resulting in a higher
probability of a decay of the hadrons into muons. Muons are unaffected by the strong
interaction and lose their energy mostly in electromagnetic interaction processes, enabling
them to pass through the atmosphere almost undisturbed. The decay time of muons at
high energies is affected by relativistic time dilation, such that high energy muons are able

to reach the ground, however at low energies decay via

pE = eF 4 ve(ve) + 7,(v,) (3.6)

before reaching the ground is probable, thus feeding the electromagnetic component.
The propagation direction of the muons is mostly determined by the direction of the
decaying charged mesons, since muons are mainly emitted along their line of flight and
contributions of scattering are supressed by a factor of (m./m,)? in comparison to elec-

trons.

Muons account for about 10% of the total number of particles in an extensive air
shower, but due to the fact that they are able to pass the atmosphere nearly undisturbed,
they comprise 80 % of all secondary particles measured at sea level. Due to muon decay
and production neutrinos are produced in the muonic component, which are also able to
pass the atmosphere undisturbed, but their interaction cross section is so small that they

play only an inferior role in air shower measurements.

13






4. Pierre Auger Observatory

4. Pierre Auger Observatory

One of the major obstacles in the detection of cosmic rays is the rapid decrease of the flux
at high energies. The flux of about one particle per square meter per second in the TeV
regime drops to one particle per square kilometer per year in the EeV range and even less
for higher energies. Therefore, only indirect measurements with air shower experiments
are an option for the study of Ultra-High-Energy Cosmic Rays (UHECRs). Because of the
very low flux at the highest energies very large areas have to be covered by the experiment

to acquire the necessary amount of data in a reasonable time frame.

The Pierre Auger Observatory is an international air shower experiment which is
specifically designed to study UHECRs at the EeV range. Several fundamental questions
in astrophysics can be tackled by research at these energies, such as the energy spectrum
and origin of UHECRs and their acceleration mechanisms. Since the direction of incoming
particles is also measured, the Pierre Auger Observatory can also be used to determine
anisotropies in the arrival directions of primary cosmic rays, which helps to reveal possible

sources of cosmic rays.

To perform these measurements, the Pierre Auger Observatory consists of two inde-
pendent detector systems: a Surface Detector (SD) array containing 1660 water Cherenkov
tanks located at a distance of 1.5km to each other, overlooked by four Fluorescence De-
tector (FD) telescope sites. The layout of the site can be seen in Fig. 4.1. The SD records
the particles from an extensive air shower at the ground level, the fluorescence telescopes
observe the ultraviolet fluorescence light which is produced by the interaction of the same
air showers with the atmosphere. By combining both complementary techniques unprece-
dented accuracy is reached because of the possibility of cross-calibration between both
detector components. Both the SD and the FD will be described in the following sec-

tions.

4.1. Surface Detector Array

The SD of the Pierre Auger Observatory was completed in 2008. The 1660 SD stations are
positioned on a hexagonal grid at a distance of 1.5 km to each other, covering a total area
of about 3000 km?. Each detector station consists of a cylindrical polyethylene tank with a
diameter of 3.6 m, filled with 11 m? of purified water as well as three Photo Multiplier Tubes

15
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Figure 4.1.: Schematic layout of the Pierre Auger Observatory site at Malargue,
Argentina [22]. Each black dot represents the position of one SD site while the
blue lines represent the fields of view of the 24 fluorescence telescopes at the four
FD sites.

(PMTs), which are optically coupled to the water. The three PMTs are symmetrically
positioned at the top of the tank with a distance of 1.2m to each other. Every detector
station is designed to work autonomously, so each detector is equipped with a solar power
system which provides the 10 W of average power required to run the readout electronics as
well as a battery [23]. Communication with the Central Data Acquisition System (CDAS)
is achieved wirelessly through one of the four communication beacons which are located
near the FD sites at the perimeter of the SD. To synchronize the time between the detector
stations and the CDAS and to provide precise information of the stations position, a Global
Positioning System (GPS) device is installed at each of the stations. Due to their duty
cycle of nearly 100 %, the SD provides most of the data recorded by the Pierre Auger
Observatory. One SD station can be seen in front of a FD site in Fig. 4.2.

Charged particles passing through the tanks are detected through the Cherenkov ef-

fect [25]. Cherenkov light is emitted along the trajectory of a charged particle in a medium

16



4. Pierre Auger Observatory

Figure 4.2.: Photograph of a water Cherenkov detector station from the SD of
the Pierre Auger Observatory in front of one of the four FD sites [24).

moving faster than the speed of light in that medium. The Cherenkov light produced in
the tanks by secondary particles from air showers passing through the water, most of them
muons or electrons, is detected by the three PMTs mounted at the top of the tanks and
converted into current pulses. A reflective layer of polyethylene fabric covers the inside of
the tanks to increase the signal intensity. The PMT signals are read out and digitized by
Flash Analog-to-Digital Converters (FADCs) at a rate of 40 MHz and stored for 100s to
be sent to the CDAS if requested [23].

A hierarchical trigger system is used to manage the large amounts of data inherent to
such a large experiment [26]. The first two trigger levels (T1 and T2) are formed at the
detector stations themselves. Those are then combined at the CDAS to check for corre-
lations between them. This T3 trigger sent by the CDAS initiates data acquisition. The
collected data is then further refined offline by using e.g. the incident times at different

detector stations to determine the propagation direction of the air shower.

17



4.2. Fluorescence Detector

Since all detector stations have to work independently, they are designed to calibrate
themselves using muon signals. This calibration is performed by comparing a measured
spectrum to the known energy distribution of muons. The signal strength is measured
in units of Vertical Equivalent Muons (VEM), where 1 VEM corresponds to the signal
strength of a single muon traversing the tank vertically. Using this unit as a reference, the
PMTs can be adjusted by regulating their high voltages to produce matching signals at

all detector stations.

4.2. Fluorescence Detector

The FD of the Pierre Auger Observatory records the longitudinal shower development in
the atmosphere above the SD array to complement the SD measurements of the lateral
shower profile on ground level and enable crosschecks between both detectors. The FD
consists of four sites at the perimeter of the SD array, each with six fluorescence telescopes
having a field of view of 30° x 30°. The observation direction of the respective center is
inclined to 16°. This results in a total field of view of 180° x 30° for each of the FD sites,
aligned towards the inside of the SD array, observing the sky between 1° and 31° elevation
[27].

The fluorescence telescopes are modified Schmidt cameras. The light emitted by the
air shower enters the telescope through a UV-passing window and an aperture system
and is then reflected by a segmented mirror onto a pixel camera consisting of 440 PMTs.
This signal is read out electronically. Absolute calibrations of the fluorescence telescope
using a light source of known intensity are done yearly while relative calibrations using

light-emitting diodes are done once every night.

The UV light measured by the FD is produced through the excitation of nitrogen
molecules in the atmosphere by secondary particles of extensive air showers. When the ex-
cited molecules fall back to their ground states, UV light is emitted. This light is detected
by the fluorescence telescopes as a calorimetric measure of the longitudinal shower profile.
From this the primary energy of the primary cosmic ray can be reconstructed. Therefore it
is crucial to exactly record the fluorescence light from the shower. The duty cycle of the FD
is about 13%, because it is limited to operation in clear, moonless, cloudless nights only.
The intensity of the detected fluorescence light also depends on the atmospheric conditions

over the site, such as temperature, pressure and humidity, which are constantly monitored.

18



4. Pierre Auger Observatory

The event reconstruction of the FD is performed off-line. All PMT pixels which are
corresponding to the shower are identified first and used to reconstruct the plane spanned
by the axis of the recorded shower and the position of the fluorescence telescope. This
is combined with the arrival times of the shower front as measured by the SD as well
as the arrival times and yield of the shower light at the individual PMTs to achieve a

three-dimensional reconstruction of the shower geometry.

19
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5. Air Shower Simulations with CONEX

To produce the air shower simulations used by the later analysis, a modified version of
the simulation program CONEX [5] is used. The CONEX code is a hybrid simulation
code which combines MC simulations of high energy interactions in the early stages of
the air shower with a fast numerical solution of cascade equations for the distributions of
secondary particles in the later stages. The result is a fast one-dimensional simulation of
shower profiles, including the average atmospheric depth of the shower maximum (Xpax)
and shower fluctuations o(Xmax). The details of isotropic, nonbirefringent Lorentz viola-
tion have been worked out in Cha. 2. For k < 0, the nonstandard photon becomes unstable
above the threshold EfyhreSh(f@), decaying into an electron-positron pair. The decay time of

the neutral pion 7Y is also affected by Lorentz violation.

The basis for implementation of LV into the CONEX code is the version 2r5.40, which
includes the most up-to-date interaction models EPOS LHC [28], QGSJET-II1-04 [29] and
SIBYLL 2.3 [30], although only the model EPOS LHC is used in this analysis. The original
CONEX code is only modified in the MC part, specifically in the EGS4 part, where the
MC simulation of the electromagnetic shower part is handled. The modification in the
photon sector is the addition of an instantaneous decay of the photon into a electron-
positron pair, if the energy of the photon is above the threshold EfyhreSh(/i). The sum of
the energies of the electron and positron has to be equal to the energy of the decaying
photon, while the energy of the electron is drawn randomly from a predetermined energy

spectrum, dependent on x and the photon energy.

The difference in pion decay time is implemented by adding an additional factor. The
decay time for the neutral pion determined by the unmodified CONEX code is multiplied
by the factor determined in (2.11) and (2.12), which is depending on the pion energy and
k. The effects of those modifications on (Xax) and o(Xmax) of proton induced air show-
ers using different values of k are clearly shown in Figs. 5.1 and 5.2. Below the energy
threshold for the near-instant photon decay, no changes in (Xyax) or o(Xmax) are seen,
as expected according to the theory. Once photons above the energy threshold appear in
the simulated showers, the (Xp,ax)-value is significantly lower than the SM-value, with a
greater impact on (Xmax) for more negative values of k. Neutral pions become stable at
sufficiently high energies and this change is occuring at energies approximately two orders
of magnitude above the photon decay energy threshold as expected due to (2.13). This has

only a minor effect on (Xy.x), which can be seen as a slight upturn of the modified curve
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Figure 5.1.: (X,,4,)-values for protons over the entire analyzed energy spectrum,
for different values of k. It can be seen that the energies at which the modification
due to LV are noticed increase for values of k closer to 0. The value of k =
—9 x 10716 is not relevant for the following analysis, but was only included to
show the existing trends more clearly. For this reason there are also less data
points at this k value.

two decades above the photon effects in Fig. 5.1. But for o(Xmax) no changes between
the different k-values can be seen apart from statistical fluctuations in Fig. 5.2. This is
understandable since the dominating influence on the fluctuations is the first interaction
of the initial hadronic particle, which is not modified by LV. The same qualitative effects
can be observed for the other simulated elements as well, while higher energies are needed

to notice the effect of LV with heavier elements.

Since it is unreasonable to use mixtures of all possible combinations of all possible ele-
ments for the analysis, only four elements are used, representing the mass scale. In this case
protons (m = 1u) are used as a representative for the lightest elements, iron (m = 56 u)
for the heaviest and in-between there are helium (m = 4u) and oxygen (m = 16u). He-
lium and oxygen were chosen because helium is a common primary particle for cosmic
rays and the oxygen mass is logarithmically halfways between the helium and iron masses.

The primary energies for which CONEX is used to produce datasets range from 103 eV
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(}LE) | CONEX v2r5p40, EPOS LHC unmodified (k = 0)

=@ 120 —— modified, k = -9e-16
x —— modified, k = -1e-19
\>_</E — modified, kK = -1e-20
© 100 modified, k = -1e-21

80

60

40—

20—

0 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| 1 1 11111l

1014 1015 1016 1017 1018 1019 1020
Energy of the primary particle [eV]

Figure 5.2.: 0(Xaz)-values for protons over the entire analyzed energy spec-
trum, for different values of k. Apart from the expected fluctuations due to statistic
uncertainties the o(Xmaz)-values do not change significantly for different values

of k.

to 10%0 eV with stepsizes between energies of a factor of 0.5 in logio(E). For each of these

energies, 2000 showers are simulated to be used in the later analysis.

A comparison to earlier simulations used in [1] was done to check the modified CONEX
simulation code. One parameter used to compare both sets of simulations is the rescaled

difference D between the values of (Xpax) for both cases, given by

|<Xmax>old - <Xmax>new‘ )
\/(J(<Xmax>old))2 + (0 ((Xmax)new))?

D= (5.1)

The values of this parameter for all energies at x = —1 x 10?! can be seen in Fig. 5.3.
Lower values of D correspond to a higher agreement between both simulations. In the case
displayed in Fig. 5.3 more than half of the points are at D < 1, indicating a reasonable

agreement between both sets of simulations.
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ues of (Xmaz)oia are derived from the CONEX simulations used in [1], while

(Xmaz)new are the values of the modified CONEX simulations used here.

The modifications in the neutral pion decay time are also noticed in the average
number of ground muons in the modified simulations. Since neutral pions above the cutoff
energy Efr%t can interact again, the average number of mouns increases at higher energies
due to those interactions. The effect of the implemented LV on the muon number can be
seen in Fig. 5.4. The energies at which the muon numbers are affected rise when k is closer
to 0, which is reasonable considering the dependence of ES§" on k (ES5 ~ ﬁ) The muon

excess steadily grows with the energy.

24



5. Air Shower Simulations with CONEX

N, (at ground level), normalized to p unmodified

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

— CONEX v2r5p40, EPOS LHC

—

— —— p unmodified (k = 0)

— —— p modified, k = -9e-16

— —— p modified, k = -1e-19

— —— p modified, k = -1e-20

— p modified, k = -1e-21

C vl ool ool ool L L
10" 10" 10" 10" 10%°

Energy of the primary particle [eV]

Figure 5.4.: Average number of muons N, at ground level, normalized to the
case of unmodified primary protons, in dependence of energy and k.
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6. Analysis

The process of analyzing the MC simulations of the modified air shower simulation pro-

gram CONEX is explained in this chapter.

Before the actual analysis can be done, the raw output of the CONEX code has to be
reorganized so it is easier to access. This is done by an algorithm which bundles all the
different .root-files of a single element for a certain value of x produced by CONEX into

one single .root-file.

6.1. Preparation of the CONEX Simulations

To consider the fact that the composition of cosmic rays is not a single type of primary
particle, the results of the CONEX simulations for the four different elements with the
same value of k have to be mixed. The following steps are done for every possible mixture

of elements:

First the sets of values for Xpax of all four sets of simulations (proton, helium, oxygen,
iron) are combined for each energy, using appropriate weigths corresponding to the portion
of the respective element in the combination. If the combination consists of e. g. only 100 %
protons, then the weight of every X ,.x value from proton simulations is set to 1, while all
other weights are 0. Given the same number of points for all four elements and a target
composition of 50 % proton, 25 % helium, 25 % oxygen and 0% iron, the weights for the
points of the different elements are 0.5, 0.25, 0.25 and 0.0 respectively. While the number
of simulations for all elements should be the same (in this case 2000 entries per k, element
and energy bin) this is not guaranteed because of the possibility that CONEX simulations
fail to complete. These jobs are usually rerun, but nevertheless the possibilty of a difference
in the number of simulated events due to incomplete simulations should not be dismissed.
Because of this, fluctuations of the number of datapoints have to be accounted for in the
determination of the weights for each Xmax. The number of entries (n;,) for the proton in

relation to the number of entries of the other element (npe/0/r.) is used to modify the
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Figure 6.1.: The distribution of X pmaz-values for protons, iron and a mizture of
50 % protons and 50 % iron. Protons as well as iron were simulated with k = 0
(SM). The energy of the primary particle in both cases was Efqagron = 1 X 1019 eV.
The histograms represent the Xpqaz-values simulated by CONEX. The functions
are the respective Gumbel-distributions, renormalized to the number of entries in
the histograms.

weights (wie/o/Fe) of the other entries. The modified weights (wy,, wye/0/re) in relation to

the target percentage (y,tHe/0/re) Of the element are given by:

wp = tp
- (6.1)

WHe/O/Fe = tHe/O/Fe W
e e

This modification also enables the combination of simulations during their production to
gain preliminary results. Since only the average atmospheric depth of the shower maximum
(Xmax) as well as its fluctuations o(Xax) and their statistical errors for each primary par-
ticle energy are needed, it is not necessary to save the entire distribution of Xy, values.
Instead, only the values of (Xmax), 0((Xmax)), 0(Xmax) and o(0(Xmax)) are saved.

The mixing of the different elements has various effects on the values of (Xyax) and

0(Xmax). The value of (Xyax) for a combination of elements is just the weighted mean
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of the different (Xy,ax)-values of the different elements, since it is only the mean value of
all data points. The dependency of 0(Xmax) on the different weights of the elements is
more complicated, since o(Xpax) corresponds to the spread of the whole distribution of
Xmax values. One example for the differences between the X, distributions of protons

and iron as well as a proton-iron mix can be seen in Fig. 6.1.

The distributions for single elements are always asymmetrically clustered around a

mean value and can be represented by a Gumbel distribution [31]:

f(x) = ;exp<—;<x — ) exp(— exp(—;o: — W) (6.2)

With the parameters § and p having the following relation to the expected value E and

standard deviation o of the distribution:

p=o?0
™

p=FE—pBy

(6.3)

The parameter v ~ 0.5772 is the Euler-Mascheroni constant. This approximation of the
simulated Xpax-values by means of Gumbel functions can also work for a combination
of two elements. The results of the combination of Fig. 6.1 were compared to the sum of
two corresponding gumbel functions. The values of (Xpax) and o(Xmax) gained using the
combined set of proton and iron simulations match the values determined using the gumbel

functions very well: Because of the different mean values (Xyax) of individual elements,

(X max)Sim = 759.264 g cm ™2 0 (Xmax)sim = 62.7405 g cm =2
(X max) Gumbel = 759.163 gcm ™2 | 0(Xmax)Gumbel = 62.4663 g cm 2

assuming a mix of different primary particles results in a combination of several overlapping
distributions centered around different points. Depending on the distance between the
distributions, the value of o(Xax) for the mix can be significantly larger than the values
of 0(Xmax) for any sole element in the mix. One example for this effect can be seen in Fig.
6.2.

To validate the process of mixing the elements, a cross check is done to verify that the
value of (Xpax) for a pure element is not changed after being processed. For this purpose,
only 'pure’ states, consisting to 100 % of one element, from the combined data set are taken
and their (Xmax) are compared to the values derived directly from the CONEX data. If the
process of combining the elements indeed does not change the data for pure combinations,
as it should, no difference is generated between both values. The comparison between the
original values and the values of (Xyax) after processing can be seen in Fig. 6.3. It is
obvious that the value of (Xpax) does not differ between both cases. So it is verified that

the algorithm works for single elements.
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Figure 6.3.: Comparison of (Xpaz) derived from original data and from the
processed data set for single elements. Both protons and iron were simulated with
k=0 (SM). It can clearly be seen that the values of (Xmaz) do not change due
to the process of combination.
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6.2. Analysis under the Assumption of a Pure Proton

Composition

The combined sets of CONEX simulations can now be analyzed. The first step is replicat-
ing the results gained in [1], using only proton-induced air showers simulated by CONEX
and only comparing the values of (Xjax). In this segment, only a direct comparison be-
tween airshowers simulated with CONEX and experimental air shower data will be made
to determine a bound on k, not a parametrisation as used in [1], therefors the results
should be similar, but do not have to match exactly. All the measurements used are from

the Pierre Auger Observatory [4].

The results from the Pierre Auger observatory used in this section are based on data
collected between the 1st of December 2004 to the 31st of December 2012, which cor-
responds to 19759 independent air shower events. The events used were reconstructed
through a hybrid method using data from both the FD and the SD. Several selection cuts
were applied to eliminate e. g. events of poor quality and air showers largely outside of the
field of view of the FD. The first two moments of the X,,.x distributions of the measured
air showers, (Xpax) and o(Xmax), are then used to describe the main features of the dis-

tribution.

The direct comparison between Auger data published in 2014 and the values of (Xmax)
for simulated proton induced air showers using different values of k is presented in Figs.
6.4 and 6.5.

For each data point of the Auger data, it is tested if the simulations and the Auger
data match. If the values of (Xax) do not match for one of the energy values, the sim-
ulation does not match the experimental data. The numerical values between which the
(Xmax) values of the simulations are considered to match the Auger data are determined
considering the given uncertainties of the datapoints at 98% Confidence Level (CL). This
is the same CL as used in [1] and [2], which will be maintained to simplify the comparison
of the results.

The uncertainties taken into consideration are the statistical and systematic uncertainties
of the Auger data set, as well as an additional systematic uncertainty arising from the
choice of the hadronic interaction model. The uncertainty of (Xp,ax) due to the different
models of hadronic interaction is about +20gcm™2 around the value of EPOS LHC [28].
The predictions from the alternative models QGSJET-II-04 [29] and SIBYLL 2.3c [32]

could also be considered, eliminating the need for the uncertainty on the predictions of
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Figure 6.4.: Comparison of (X mas) values derived from simulated proton induced
air showers and Auger data (2014) [4].

EPOS LHC. Here, however, only the EPOS LHC model is used and a systematic uncer-
tainty of £20gcm™2 is applied.

The values of (Xax) for which the simulated air showers are considered to match the
Auger data are determined by taking the experimental value and using MC simulations
to simulate the effects of the different uncertainties on it. The statistical uncertainty is
simulated by moving the Auger value by a random amount, drawn from a gaussian distri-
bution with the width of the statistical error. For the systematic errors a similar method is
applied, but the distributions from which the values are drawn are uniform, not gaussian.
The repetition of this process produces a distribution of (Xy,.x) values, from which the
accepted values of (X ax) can be determined. For the analysis done in this thesis a two-
sided Confidence Interval (CI) is computed, corresponding to a CL of 96 %. An example
for this kind of distribution is Fig. 6.6, the original value of (Xy,ax) as well as the borders of
the CI are marked. It is worth noting that, even though the systematic uncertainty of the

2 is an uncertainty of the simulation, not of the Auger data,

model ogys Model = 20gcm™
it is still applied to the value obtained by Auger. The main reason for this is practicality.

Using this method, the CI has to be computed only once for each energy value, doing a
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Figure 6.5.: Comparison of (X)) values derived from simulated proton induced
air showers and Auger data (2014) [4] with a decreased range in energy and
(Xmaz) for a closer look at the region relevant to the analysis.

MC simulation for each simulated event would take much longer (approximately ten times

longer for one element and 50,000 times longer for the combinations discussed later).

Since the value of (Xyax) of unmodified CONEX simulations is above the Auger data
in all cases, only the lower border of the CI is used in this section to determine if a certain
value of k is allowed. Therefore, the used CI becomes one-sided with a corresponding CL
of 96 %, the same CL that was used in [1]. This is done due to the fact that (Xpax) is
larger for lighter primary hadrons, which means any composition other than pure protons
has a smaller value of (Xyax). If the highest possible (X,ax) value for a certain « is lower
than the lower bound of allowed (Xyax) values according to the Auger data, then it can
safely be concluded that the x value should be excluded. The upper border of the CI will

not be used here, but the same method will be used later, using the two-sided CI.

Since the energy values of the data points given by Auger are not the same ones used
in the CONEX simulations, an extrapolation has to be used. This is less accurate than

simulating data sets for each energy in the Auger data set, but saves a lot of computing
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Figure 6.6.: The full Sample of a MC simulation of the uncertainties of (Xmaz)
for an actual Auger data entry. The values used are: (X pmaz) = 748 g em™2, o5 =
2gcm™2, OSys, Up = 7.3gcm™2, O Sys, Low = —9.4gcm™2. In Addition to this a
model error of ogys Model = 20gcm™? is assumed and the upper and lower borders
of the CI are set at 2% of the sample data. The computed upper and lower borders
of the possible values of (X pmaz), as well as the original (X,qq) value are marked
i the histogram by vertical lines.

time, especially since the energy bins of the Auger data from different years differ. The
change in (Xpax) as well as in 0(Xyax) resulting from a different energy of the primary
hadrons are both smooth and monotonous, so a linear approximation between simulated
data points is used. In praxis this is done by determining the weighted mean of the values
at the CONEX data points next to the Auger data point on the energy scale, the rela-

tive weights are determined by the relative position of the Auger data point between them
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on the logarithmic scale. One example for such weighting is given below for one energy bin:

CONEX results: Ec1 = 10"V (Xpa)c1 = 788.409 g cm >
Eco=10%V (X oo = 805.474 g cm ™2
Auger data: Ep = 1019 eV
Weight: p =0.9 (6.4)
Result: Eq comp = 1077 19F1=p)x1950y — 101905 ¢y
(Xmax)C.comb = (p % 788.409 + (1 — p) x 805.474)g cm 2
=790.116 g cm ™2

The weighted result can be compared to the Auger data. Contrary to all other energy bins,
which span a range of 0.1 in logio(E), the last energy bin (Epaqron = 10'%%2eV) of the
Auger data has no upper energy limit. The large energy span of this bin makes the values
of the parameters derived from this energy not comparable to the CONEX simulations,
which are done at one singular energy value each. This fact as well as the large uncertain-
ties of the parameters for this energy are the root cause for not using this energy bin in

the later analysis to set any limits, although the results are still displayed.

This test was done for several values of x and the corresponding results can be seen
in Tab. 6.1. In order for a k-value to be rejected, it is sufficient that only one energy bin
of this value has a simulated (Xpax) lower than the experimental lower bound. This is the
case for Kk = =4 x 1071, k = =3 x 10719 and kK = —2 x 10~ but not the case for all
values of kK > —1 x 10719 (see Tab. 6.1).

This sets the first limit at £ > —2 x 107! since this is the value closest to zero which
can be excluded. In [1] the bound is given as xk > —3 x 107'Y, which would be the neigh-

boring data point in this analysis.
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The shower fluctuations o(Xmax) are another shower observable which can be used to
determine if the simulated air showers correspond to the Auger data. The direct comparison
between the CONEX simulations and the observations made by Auger is displayed in Fig.
6.7. It should be noted that the LV modifications leave o(Xax) essentially unchanged, in
contradiction the behaviour of (X ax). Since the behaviour of (X pax) is independent from
the value of k, it cannot be of any use in the case of a pure proton composition as primary
particles to determine any bound on k. But it can be used to determine if the assumption
of a certain composition of primary particles, in this case only protons, is reasonable. By
just looking at the graphs in Fig. 6.7 it can be seen that a pure proton hypothesis matches
the Auger data reasonably well in the regions of lower energies (E < 10'85eV). But at
higher energies there are significant differences between o(Xpax) in simulations and Auger
data. This suggests a shift to heavier primary particles with a rise in the energy of the
primary hadrons. A more in-depth analysis of this parameter and how it can be used to

improve the bounds on x is done in Sec. 6.3.
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Figure 6.7.: Comparison of 0(Xmaez) values derived from simulated proton in-
duced air showers and Auger data (2014) [4]. It can be seen that the values of
0(Xmaz) do not differ significantly for different k. The Auger data points over-
lap with the simulated proton values at energies below 1 x 10182 eV, above this
threshold the Auger o(Xpaz) values are below the simulated ones.
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The same method as before is used to apply bounds on o(Xyax), taking into account
the mean value of it as well as the statistical and systematical uncertainties, but not adding
an additional systematic error for the uncertainty of the model, since there is no scientific
consensus on the systematic uncertainties due to the choice of model. The result of this is
that neither the modified simulations nor the unmodified simulation match the Auger data
in 0(Xmax) in all energy bins. For unmodified protons, the simulated values are above the
experimental bounds at energies around 1 x 10'¥:95 eV, while they are below at energies
around 1 x 1012 eV (see also Fig. 6.7). The logical next step of allowing an additional ele-
ment to be part of the simulated cosmic primary hadrons, which has the effect of lowering
the value of (Xax) and can change the value of 0(Xpax) in both directions depending on

the proportion of elements is explored in the following section.

39



6.3. Analysis under the Assumption of a Proton and Iron Combination

6.3. Analysis under the Assumption of a Proton and Iron

Combination

The next step is to explore the possibility of a mix of two elements to test the effects
of assuming a combination of primary elements. Protons and iron nuclei are chosen, to
cover both extreme ends of the possible mass scale. The shower observable o(Xpax) can
be used here as a second parameter in the analysis to test whether a certain combination
of elements agrees with the Auger data. From this, an expansion of the analysis follows to
include both (Xpax) and o(Xmax), as well as using all of the combined datasets derived

from the raw CONEX output which include a proton-iron mixture only.

The Auger data set used here and in the following chapters is a newer one from 2017
[33] which includes the Auger measurements from three more years than the one used
before, which was primarily used to ensure comparability to the bound set in [1]. The
newer Auger data set includes measurements from the 1st of December 2004 to the 31st of
December 2015and the energy range of the data set is also increased from a lower bound
of E > 10'"8eV to E > 10'72¢V due to detector improvements. The total number of
showers in the data sample is 42,622, more than double the value of the Auger data from
2004. To achieve the highest possible precicion, the later statistics with the higher number

of entries should be used.

The procedure described in Sec. 6.1 produces datasets which include combinations
containing all four of the simulated elements. Here only those combinations which con-
sist purely of protons and iron are taken into account. In Figs. 6.8 and 6.9, the values of
(Xmax) and o(Xpax) are displayed and compared to the Auger data from 2017. Several
conclusions can be derived even without further analysis. Both (Xax) and o(Xpax) values
are lower for iron than for protons and the statistical fluctuations are reduced, both in
the SM simulation as well as those which include LV. The effect of LV on (Xpax) can be
seen starting at higher energies for iron than for protons, the difference is a factor of ap-
proximately 30. This is due to the lower energy per nucleon of an iron nucleus compared
to a proton of the same energy (iron consists of 56 nucleons, a proton only of one). In
the superposition model used in the CONEX simulations, the iron nucleus is treated as
56 protons which each have an energy of % of the iron nucleus, which leads to a lower
energy of photons in the iron-induced air shower. Since the energy threshold given in
(2.7) needs to be reached by photons to have any impact of LV on the simulation this
leads to a shift of the effect to higher energies for heavier primary particles. As with the
proton before, no change in o(Xpnax) is noticed for iron due to the introduction of LV.
The values of o(Xpax) for iron are much lower than those for protons, again due to the

superposition model treating iron as 56 protons, thus reducing fluctuations. It should also
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be noted that the uncertainties of the Auger data from 2017 are reduced compared to 2014.

&
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Figure 6.8.: Comparison of (X ) values derived from simulated proton or iron
induced air showers and Auger data (2017) [33]. The values of (X maz) are much
lower for iron nuclei than for protons, the effects of LV on (Xmaz) can be seen
in irom starting at higher energies. In the unmodified simulations the Auger data
points lie between the values of proton and iron, for more negative values of k the
Auger data points are above the simulated proton values of (X paz)-

The simulated air showers are compared to the measured Auger data as described
in this section. The comparison is done for each energy bin seperately, both (X,ax) and
0(Xmax) are checked. A simulated energy value is considered matching the Auger data in
one of the parameters if the simulated value lies inside the CI computed from the Auger
data as described in Sec. 6.2. The number of possible combinations of primary particles
which match the Auger data in both or one of the parameters are then noted for each
energy at each value of k. The difference in proton percentage between two neighboring
combinations is 2 %, resulting in a maximum of 51 possible combinations for each energy
and x value. In Tab. 6.2, as well as in Tabs. A.1 and A.2 in the appendix, the number of
accepted combinations for each value of the primary particle energy and & is listed. From
this table, the most important conclusion is, that for no value of x (even k = 0, corre-

sponding to the SM) accepted combinations of primary hadrons exist for every energy bin.
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Figure 6.9.: Comparison of 0(Xmaz) values derived from simulated proton or
iron induced air showers and Auger data (2017) [33]. The values of 0(Xmaz) are
much lower for iron nuclei than for protons, both do not change for different
values of k. All Auger data points are either at or between the simulated values

for protons and iron.

Therefore, the hypothesis of a combination of only protons and iron as primary hadrons

at the entire energy spectrum has to be rejected. This does not exclude the possibility

of combinations of proton and iron or even pure protons at some energy values, but at

specific energies (i.e. around Fyadron = 1 X 101? eV) this combination does not agree with

Auger data.
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6.4. Analysis under the Assumption of a Combination of four

Primary Elements

To have access to a wider range of primary hadron masses the additional elements helium
and oxygen are added to the list of simulated primary hadrons. Now each of the four
elements is taken as representative for all elements surrounding it on the mass scale, since
both (Xmax) and 0(Xmax) depend mainly on mass. For example for nitrogen (m = 14 u)
and oxygen (m = 16 u) no great differences are expected in both parameters. The stepsize
between the combinations is again taken as 2 %, the higher number of possiblbe primary
hadrons in the combinations leads to an exponential increase in possibilites. The total

number of possible primary hadron combinations has thus been increased to 23,426.

The same process as in Sec. 6.3 is done to analyze the data: For each point of data
of the Auger measurements the Cls are determined, inside of which (Xyax) and o(Xmax)
values are accepted, then the combined CONEX data sets are compared to these. The
numbers of accepted primary hadron combinations for two values of x and all energies can

be seen in Tab. 6.3, the complete Tabs. A.3 to A.5 are presented in the appendix.

At the previous bound x > —3 x 1079, the values of the simulations and the Auger
data do not match. There is no combination of elements where simulations and data fit
for both parameters above an energy of 10'¥2eV, except at Exadron = 10'%2%eV. This
is mainly due to heavier compositions being accepted in the o(Xyax)-channel and lighter

compositions being accepted due to (Xpmax), as can be seen later in Figs. 6.10 and 6.12.

By also considering & values closer to zero the observations described in the follow-
ing paragraphs can be made. For all values of x and all primary hadron energies, there
are combinations where the o(Xpax) Auger data matches the simulated showers . Since
0(Xmax) is mostly independent of x and the experimental values of o(Xax) are either
compatible with a pure proton assumption (low Ejpadron) Or are set between the values for
simulated protons and iron, thus guaranteeing a possible combination, this is not surpris-

ing.
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6.4. Analysis under the Assumption of a Combination of four Primary Elements

At kK < —1 x 10~ there is no combination of simulated elements that fits the ex-
perimental value of (Xp.,) at energies around Fagron = 10184 eV. Looking at Fig. 6.8
it can be seen that the Auger (Xyax) value at this energy is the highest relative to the
results of the CONEX simulation. Since the (Xpax) value decreases with lower values of ,
there is a certain value of k below which no combination of elements can reach the lower
bound set by the Auger data. The lowest s for which all energies have valid combinations
of elements matching the Auger data in both (Xyax) and o(Xmax) is £ = —3 x 10720, The
last energy bin, where still no match between data and simulations is found, is ignored
for this analysis, since the values are not reliable for reasons explained in Sec. 6.2. The
highest value of £ which can be excluded is the last one where no match between data and

simulations is found, leading to a new lower bound of

K> —5x 10720, (6.5)

The most important energy bins in setting this new bound are Fijagron = 1 x 101715 eV
and Efadron = 1 X 101934 eV where at a value of K = —3 x 10720 one or five combinations,
respectively, are accepted, while at © = —1 x 107! there are none. Both in (Xyax) as well
as in 0(Xpax) there are many combinations of simulated primary hadrons which match
the Auger data, so analyzing which specific combinations are accepted or rejected can lead
to a better understanding of how the bounds are created. In Figs. 6.10 and 6.12 all possible

combinations are shown for one energy value at two different values of «.

The only difference between the figures is the value of x used by the modified CONEX
code, which can be used to make qualitative claims about the changes in accepted com-
binations of primary hadrons between different « values. More examples (including Figs.
6.10 and 6.12) can be found in the appendix in Figs. B.1 to B.6. One first observation is
that the combinations which match in o(Xpax) do not change visibly with a change in x,
which is expected, since the simulated shower fluctuations remain mostly unchanged un-
der LV modifications. The combinations which match the Auger data in (Xpax) increase
in number with k-values getting closer to zero. For both parameters, the combinations
which are accepted are not lone points, but regions with percievable boundaries exist in
the phase-space of possible combinations, where the combinations are accepted compared
t0 (Xmax) Or 0(Xmax) of the Auger data. Where those regions overlap, there are combi-
nations which are accepted both in (Xyax) and o(Xmax) (see Figs. 6.10 and 6.11). If for
a certain x-value there is such an overlap for all energy bins of the Auger data, this value
matches the data and it follows that it has to be closer to zero than the established bound.
Since both phase spaces change countinously with changing k it seems possible to use this
to set more precise bounds on x through interpolation between simulated data points.
Without exact calculation the change of the regions with x can only be approximated.

Qualitatively it can be assumed by looking at Figs. 6.10 and 6.12 that the actual limit, if
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Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure 6.10.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data(2017) [33]
in either (Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —3 X
10720, The Auger data compared to is the energy bin Efadron = 1 x 101934 eV.

we were not limited by a finite statistic, would be between the values of K = —5 x 10720
and k = —3 x 1072° while being closer to k = —3 x 1072, However without detailed calcu-
lations this is just an educated guess, which is why the actual limit gained by comparing
the simulations to Auger data remains as k = —5 x 1072Y, being the excluded  value

closest to zero.

47



6.4. Analysis under the Assumption of a Combination of four Primary Elements

Oxygen percentage
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Figure 6.11.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data(2017) [33]
in either (Xmaz), 0(Xmaz) or both, with a focus on the area in which mixtures are
accepted in both parameters. The value of k used for the simulations is —3x 10720,
The Auger data compared to is the energy bin Efgdron = 1 x 101934 eV,
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Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure 6.12.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —5 x 1072V,
The Auger data compared to is the energy bin Efadron = 1 X 101934 eV,
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7. Summary and Outlook

The goal of this thesis was the improvement of the bounds on isotropic nonbirefringent LV
in the photon sector using air shower simulations through the CONEX code. The method
used to determine bounds closer to zero was the expansion of already existing methods by
including the possibility of different primary elements of cosmic rays. The first chapters
cover the theory behind the modified Maxwell theory used (Cha. 2), as well as a general
introduction into cosmic rays (Cha. 3) and the Pierre Auger Observatory (Cha. 4). The
changes implemented in the CONEX simulation code in order to include LV are discussed
in Cha. 5. Using the modified CONEX code, air shower simulations for different primary

elements and energies were done using different values of the LV parameter .

Different methods are explored to improve the bound x > —3 x 10~ determined
in [1]. In Sec. 6.2 the analysis is restrained to a pure proton composition, using only the
air shower parameter (Xpax) to determine a lower limit of K > —2 X 10~19, This limit
is determined by comparing the simulated values of (Xy,ax) to measurements of (Xpax)
performed by the Pierre Auger Observatory, using a one sided test against a confidence
level of 98 %. A similar approach is used in Sec. 6.3 with the primary cosmic elements
assumed to be either protons or iron nuclei. The shower parameters (Xpax) and o(Xmax)
are used together to determine which values of k are compatible with the Auger Data.
The conclusion is that a combination of only protons and iron nuclei as primary cosmic

rays is not possible for any value of x, including the SM assumption of k = 0.

In Sec. 6.4 the number of possible primary elements is increased to four. Now any
combination of protons, helium, oxygen and iron nuclei is possible while each of those
elements is representing their element group. When comparing all possible combinations
of elements simulated using a certain value of k to the Auger Data, it was found that
values of £ > —3 x 10720 are in accordance with the Auger Data but those samples with
Kk < —5x 10729 are not. This leads to the new limit of x > —5 x 10720, This limit is almost
one order of magnitude smaller than the previous limit of £ > —3 x 107 and corresponds

to a photon threshold energy of over 3 PeV.

Which combinations of primary elements are accepted as matching the Auger data is
the next step in this analysis. Accepted combinations in both (Xpax) and o(Xpax) form
coherent subspaces in the phasespace of all possible combinations. Combinations for which

both observables are accepted exist as soon as those subspaces overlap. A further analysis

o1



of this behaviour could be used to improve the bound on k. Other hadronic interaction
models can also be taken into account to decrease systematic uncertainties, thus again

improving the bound on k.
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A. Tables of Results

Here, additional tables containing all results are displayed. Tabs. A.1 and A.2 contain
the results under the assumption a pure proton-iron composition. Tabs. A.3 through A.5

contain all result of the analysis with all four primary elements.
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A. Tables of Results
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B. Additional Figures

Here, additional figures are displayed to show the change in possible combinations of the
four elements for a fixed energy bin with changing value of k. Figs. B.1 through B.6 show

the results for x values progressively closer to 0.

Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure B.1.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —3 x 10719,
The Auger data compared to is the energy bin Egadron = 1 X 101934 eV,
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Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure B.2.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —1 x 10719,
The Auger data compared to is the energy bin Exadron = 1 X 101934 eV.
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B. Additional Figures

Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure B.3.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —5 x 1072V,
The Auger data compared to is the energy bin Efadron = 1 X 101934 eV,
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Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure B.4.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —3 x 10720,
The Auger data compared to is the energy bin Exadron = 1 X 101934 eV.
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B. Additional Figures

Match in sigma parameter

= Match in xmax parameter

Match in both parameters

Oxygen percentage

Figure B.5.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —1 x 10729,
The Auger data compared to is the energy bin Efadron = 1 X 101934 eV,
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Match in sigma parameter

= Match in xmax parameter

+  Match in both parameters

Oxygen percentage

Figure B.6.: Visual representation of all possible combinations of simulated
protons, helium, oxygen and iron which correspond to the Auger data in either
(Xmaz), 0(Xmaz) or both. The value of k used for the simulations is —1 x 1072,
The Auger data compared to is the energy bin Exadron = 1 X 101934 eV.
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C. List of Acronyms

AGN Active Galactic Nucleus

CDAS Central Data Acquisition System
Cl Confidence Interval

CL Confidence Level

FADC Flash Analog-to-Digital Converter
FD Fluorescence Detector

GCR Galactic Cosmic Ray

GPS Global Positioning System

LV Lorentz Violation

MC Monte Carlo

PMT Photo Multiplier Tube

QED Quantum Electrodynamics

SD Surface Detector

SM Standard Model of Particle Physics
UHECR Ultra-High-Energy Cosmic Ray

VEM Vertical Equivalent Muons
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