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Abstrakt:  Alternativni piistupy k rekonstrukci dat nasbiranych pomoci fluo-
rescen¢nich teleskopii na Observatori Pierra Augera maji potencial rozsitit pocet
detekovanych sprsek kosmického zareni. Toto rozsifeni mé obzvlast velky vyznam
pro ultra-vysoko-energetické sprsky, které maji kvili prudce se snizujicimu toku
castic s jejich zvySujici se energii malou statistiku. ZvysSeni poc¢tu téchto dat v
analyze vlastnosti kosmického zafeni by mohlo vést k jejich lepsimu porozumeéni.
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Abstract: Alternative reconstruction methods of the Pierre Auger Observatory data
measured by its fluorescence telescopes have the potential to extend the number
of detected cosmic-ray showers. This extension is of great importance especially
for ultra-high-energy showers burdened by very low statistic due to the steeply
decreasing flux of particles with their increasing energy. The increase of the data set
used for the analysis of cosmic-ray properties could lead to a better understanding
of the physics behind this phenomenon. This work focuses on a comparison of two
alternative reconstruction methods with one standard method. By applying the
alternative reconstruction methods, the data set of events above energies of 10192 eV
can be increased by more than 10%.
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Introduction

Cosmic rays are high-energy particles originating outside the Earth. Throughout the
last century, the study of cosmic rays has significantly contributed to the develop-
ment of particle physics. These contributions and also the discovery of the cosmic
rays itself are briefly described in the first section of the first chapter. The next two
sections introduce the properties of cosmic rays and the extensive air showers devel-
oping upon interactions of cosmic rays with the Earth’s atmosphere; the detection
of these extensive air showers together with a few examples of different types of
cosmic-ray experiments is described in the last section of the first chapter.

The energies of the cosmic rays can reach up to 10%° eV. At these ultra-high en-
ergies, the flux of the particles is about 1 particle per km? per century. To be able
to detect the particles from the end of the cosmic-ray energy spectrum, one needs
to employ detectors spread out over huge areas. One such experiment is the Pierre
Auger Observatory which uses a surface detector (SD) array as well as a fluorescence
detector (FD) for cosmic-ray shower detection. A sufficient description of the data
acquisition at the Pierre Auger Observatory as well as the Auger Offline framework
used for data reconstruction is given in the second chapter.

A very important part of the cosmic-ray shower studies is played by simulations
of these air cascades. Extensive air-shower simulations are done via codes based
on the Monte Carlo method simulating the development of the shower throughout
the atmosphere. For description of interactions between the shower particles and
the atmosphere, the simulation codes need to employ external hadronic interaction
models. These models are developed to correctly describe the available data from
particle accelerators and to extrapolate the behaviour of the interactions to energies
observed only in cosmic-ray showers. Three of the highest-energy hadronic interac-
tion models are QGSJET-II, SIBYLL and EPOS and they are briefly introduced in
the third chapter together with the CORSIKA simulation code used for the follow-
ing analysis.

The main focus of this work is on the comparison and analysis of a potential com-
bination of three different reconstruction methods of the Pierre Auger Observatory
data that incorporate the FD signal. These methods are used for the reconstruction
of either hybrid data, which are showers seen by both the SD and the FD, and
stereo data, which are showers seen by at least 2 out of 4 FD sites. From the FD
signal we are able to reconstruct the longitudinal profile of the shower giving us the
calorimetric energy of the shower as well as the depth at which the shower deposits
maximum of its energy. This so-called depth of the shower maximum is referred
to as Xpax. The fourth chapter is dedicated to the description of the longitudinal
profile of the shower and its properties as well as to a more detailed introduction of
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the three reconstruction methods.

In the fifth chapter we analyse the differences between the three methods in the
reconstruction of the depth of the shower maximum X,,,, and the calorimetric en-
ergy Ec.. We do this by applying the methods on CORSIKA simulated showers and
comparing the properties reconstructed by one of the alternative methods with the
standardly used hybrid reconstruction method. We also show the biases between the
reconstructed and Monte Carlo simulated properties and their resolutions and pro-
pose simple correction factors for the X, reconstructed by the alternative methods
with respect to the HD reconstructed X,.x. In the last chapter we apply the pro-
posed correction factors on real Observatory data and discuss the number of new
events that can be added to the overall analysis of cosmic-ray showers by using the
two alternative reconstruction methods.
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Chapter 1

Cosmic rays

1.1 History

The first hint about the existence of the cosmic rays appeared at the end of the
18th century [1], when C. A. Coulomb noticed that insulated electroscopes are able
to discharge spontaneously. Coulomb attributed this effect to the contact of the elec-
troscopes with air. About a hundred years later, around the time when spontaneous
radioactivity was discovered by Becquerel, scientists started speculating that this
phenomenon may be caused by ionizing radiation. Among the assumptions about
possible terrestrial origin of such ionization, Scottish physicist C. T. R. Wilson, who
later invented the cloud chamber, suggested that its origin could as well be extrater-
restrial. Wilson investigated the electroscope discharge above and under the ground
and compared the results [2]. However, he did not observe any significant result, as
the difference between both values was within the range of the experimental uncer-
tainties. This led to the extraterrestrial explanation of the ionization being discarded
for almost a decade.

One of the most favored explanations of the ionizing radiation was radioactivity
from the Earth’s crust. This assumption was inspected by a few physicists, who
tried to measure the decrease of the ionization rate with increasing altitude. One
of those was German scientist T. Wulf, who measured the ionization rate on the
top of the Eiffel tower!. However, his results did not match the expected decrease
in the ionization rate. Physicists who wanted to shine more light on this mysterious
ionization therefore had to measure the ionization rate at much higher altitudes.

An informative result was finally achieved by Austrian physicist V. F. Hess, who
measured the dependence of the ionization rate on the altitude during several balloon
flights up to 5 km in the years 1911 and 1912. He found out that the rate increased
with the altitude [4, 5], implying its extraterrestrial origin. He also deduced that
the source of the ionizing radiation is not mainly the Sun, as the rate during the
night did not differ from the rate during the day. After that, a German physicist
W. Kolhorster carried out flights up to more than 9 km and confirmed Hess’ results.

For more than 10 years after the Hess” observation, it was thought that the ionizing

!The highest point a person can go up to on the Eiffel tower is close to 300 m [3].
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radiation, which came to be called “cosmic rays”, consisted of v radiation. An exper-
iment conducted between years 1927 and 1928 by Dutch physicist J. Clay showed
that the rate of ionization changed with latitude [6]. This result made it obvious
that the radiation was electrically charged. An even more illuminating result was
achieved in 1933 by three independent experiments |7, 8]|. These experiments found
out that the rate of cosmic rays near the Equator was higher in direction from the
West resulting in what we call today the East-West effect. Such observations made
it clear that the charge of the incoming cosmic rays was mostly positive.

The next crucial discovery uncovering the mystery of cosmic rays was conducted
first in 1934 by Italian physicist B. Rossi, who recorded pulses at almost identical
times on two distant Geiger-Miiller counters. He deduced that it was caused by
an extensive particle shower. However, Rossi did not study this phenomenon fur-
ther. The same observation was made four years later by French physicist P. Auger.
Auger, unfamiliar with the results of Rossi, detected coincidences on two counters
with increasing distances up to 300 m [9]. He attributed this effect to air showers
initiated by primary cosmic-ray particles and estimated the energy of these primary
particles to be about 10'° eV.

In the following years, the study of cosmic rays pioneered the modern particle
physics with the observations of many new particles originated in air showers. Physi-
cists working in this field were searching mainly for the so-called Yukawa particle
that could confirm the theory of strong interactions [10] proposed by young Japanese
physicist H. Yukawa. During this search, a particle with mass in accordance with
the theory was found [11]. This particle decayed with a lifetime higher by two or-
ders of the magnitude in comparison with the theoretical Yukawa particle. Another
discrepancy was the high penetrating power of this particle. Later, it was confirmed
that this particle was not the proposed mediator of the strong interaction, but it
was the “heavier brother” of the electron, nowadays known as muon. The actual
Yukawa particle, called pion (or 7 meson), was detected in 1947 [12] with the use
of cosmic rays. This detection confirmed the existence of both positive and negative
pions. It was also observed that pions decay into muons with a subsequent decay
into electrons with some missing energy carried away by neutrinos.

In the 1950s, particle accelerators became the main source of particle physics stud-
ies. After the Cosmic Ray Conference in 1953, many cosmic-ray physicists transferred
to the accelerator field, but that did not mean the end for the cosmic-ray physics.
Throughout the second half of the 20" century, many new cosmic-ray experiments
arose and the study of the cosmic-rays is still relevant to this day.

One of the most recent discoveries regarding the cosmic rays was achieved by the
Pierre Auger Collaboration in 2017 [13]. From the distribution of the directions of
the primary cosmic rays with energies above 8 EeV, detected through the air show-
ers, the Collaboration discovered a dipole-like anisotropy with direction of the dipole
far away (/120°) from the direction to the center of our Galaxy. The dipole can be
seen in Figure 1.1. This result signified that the highest-energy cosmic rays do not
originate in our Galaxy.
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Figure 1.1: Flux of particles with energies above 8 EeV measured by the Pierre
Auger Observatory. The flux is given in Galactic coordinates having the Galactic
center at the origin. The cross corresponds to the dipole direction with 68% and
95% confidence-level regions given by the contours. From [13], modified.

1.2 Properties

The cosmic-ray particles strike the Earth’s atmosphere continuously. The collisions
of these particles with atmospheric nuclei initiate air showers, analogical to the
particle cascades produced in calorimeters. By detecting and reconstructing such air
showers, some of the properties of the original cosmic-ray particles can be obtained.
The main properties include its mass, energy and the direction from which it hit
the Earth’s atmosphere. The particle that initiates the shower is referred to as the
primary particle, whereas all of the particles that constitute the shower are called
secondary particles.

The energy spectrum of cosmic rays (see Figure 1.2) goes up to values above
10%° eV. It can be divided into several regions separated by the change of slope of the
flux. The first change occurs in a so-called knee (about 3-10'° eV |14]). Statistically,
we should record approximately one cosmic-ray particle with such energy on an
area of 1 m? in a year. Another change of the slope occurs in a second knee (about
4-10'7 eV [15]), followed by an ankle (about 5-10'® €V [16]). In this case, one cosmic-
ray particle with such energy should statistically be observed on an area of 1 km?
in about one year. After the slight increase of the flux at the ankle, the spectrum
steepens again in a second ankle (about 1.3 - 10! ¢V [16]) and at energies above
51012 eV [16], the flux is finally suppressed. The rate of cosmic-ray particles with
energies from the end of the spectrum is one particle per 1 km? per century. One of
the causes of the suppression of the cosmic-ray flux at energies around 5- 10 eV is
an effect called the GZK cutoff?.

The dependence of the cosmic-ray flux J on its energy E can be described by a

2In 1966, Greisen [17] and Zatsepin and Kuzmin [18] calculated an upper bound for energy of
cosmic rays coming from distant sources. This upper bound is due to interaction of cosmic rays
with the cosmic microwave background.
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power law [19]

J(E) x B, (1.1)

where 7 is called a spectral index and changes throughout the energy range in the
following way:

e For £ < 3-10% &V, the spectral index is v ~ 2.7.

For 3-10% eV < E < 4-10' eV, the spectral index is v ~ 3.1.

For 4-10' eV < E < 5-10% eV, the spectral index is v ~ 3.29.

For 5-10% eV < E < 1.3- 10" eV, the spectral index is v ~ 2.51.

For 1.3-10% eV < E < 4.6-10' eV, the spectral index is v =~ 3.05.

For 5-10' eV < E, the spectral index is v ~ 5.1.

Parts of the energy spectrum with different values of the spectral index are domi-
nated by different cosmic-ray sources, acceleration mechanisms or effects of cosmic-
ray propagation. The lowest-energy primaries are mostly coming from the Sun, pri-
maries with energies between the knee and the second knee are mostly radiated by
astrophysical objects in our Galaxy (considerable part is attributed to supernovae),
and primaries with energies above the ankle are extragalactic. Cosmic rays with
energies above 10'8 eV are referred to as ultra-high-energy cosmic rays (UHECR)
and even to this day, sources of such particles are unknown.

Concerning the cosmic-ray acceleration, there are several types of mechanisms that
can provide energy to the particles. Charged particles may be accelerated in electric
fields induced by time-variable magnetic fields. Another possibility is the so-called
second-order Fermi acceleration [21]. The main idea of this mechanism is scattering
and isotropization of a cosmic ray in a magnetic cloud with velocity . Such cloud
could be e.g. a shock wave produced by collapse of a star. The mean relative change
of energy of the cosmic ray in such cloud is [3]

()~ 5 (12)

Similar mechanism is a diffusive shock acceleration (or the first-order Fermi mech-
anism). In this case, the final direction of the cosmic-ray particle is not isotropic and
the final relative change of energy is

AE

— . B. (1.3)

QO W~

The propagation of cosmic rays is mostly affected by their interactions with mag-
netic fields. While trajectories of photons and neutrinos are not altered by elec-
tromagnetic force at all, the trajectories of hadrons and charged leptons can be
isotropized. Low-energy cosmic rays can be affected even by the magnetic field of
the Earth resulting in the East-West effect.
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Figure 1.2: Cosmic-ray energy spectrum measured by various experiments. From [20],
updated by W. Hanlon.

Another way how the propagation of cosmic rays is influenced is by their inter-
actions with other particles in space and by the loss of their energy. The interstel-
lar space is filled with various types of photon backgrounds, e.g. cosmic microwave
background (CMB), which is related to the GZK cutoff, or extragalactic background
light (EBL), which includes photons originating e.g. from active galactic nuclei. In-
teractions of proton primaries with these photon backgrounds cause energy losses
in the form of electron-positron pair production or photopion production. Heavier
nuclei may in addition to the two mentioned processes undergo photodisintegration
or spallation.
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1.3 Cosmic-ray showers

Cosmic-ray showers are extensive cascades of particles initiated by interactions of
high-energy primary cosmic-ray particles with atmospheric nuclei. The number of
particles participating in the cosmic-ray shower increases by subsequent interactions
of the secondary particles with the atmosphere until a given point, where the energy
of the participating particles is insufficient to give rise to new particles. Depending on
the initial particle, these showers can be divided into hadronic and electromagnetic.
General behaviour and basic properties of each of these two types of showers can be
described by simplified models. The two types of extensive air showers are shown in
Figure 1.3 and will be described in the following text.

primary ¥ cosmic ray (p, o, Fe ..)
<
-1
}} atmospheric nucleus
)
+ ."- II-
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E;,- \ e .
{ \ EM shower _‘,i"—"‘”;]:‘[q
et Cir , 3 nur.;laons.
:.) r 1| 7 7 K, etc A
[ - !
- L~ . —
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' ! h \\ 'Y \
+ ' e )

H EM shower
Figure 1.3: Schematic illustration of extensive air showers. Left: Electromagnetic
shower induced by a photon. Right: Hadronic shower induced by a nucleus [22].

1.3.1 Development of electromagnetic showers

Electromagnetic showers can be initiated by photons, electrons and positrons. The
number of particles in the electromagnetic shower is increased by two basic mech-
anisms. The first mechanism is the production of electron-positron pair from one
photon. The second mechanism is the bremsstrahlung radiating one photon by an
electron or a positron. Both of these methods double the number of particles in the
shower. In a simplified model, called the Heitler model 23], this doubling of shower
participants happens after a given distance that is referred to as the splitting length.
The splitting length d is defined as

d=\-In2, (1.4)
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where ), is the radiation length of the considered particle in a given medium?.

Another fundamental feature of the Heitler model is the equal division of energy
in each interaction. This means that if the shower is initiated by a photon with an
energy Fy, the photon will produce, after one splitting length, an electron and a
positron with energies Ey/2. After another splitting length, both the electron and
the positron will radiate one photon and so the shower will contain electron, positron
and two photons, all with energies Fy/4. This sequence will continue until energies of
all particles reach the critical energy E., at which the ionisation energy loss becomes
dominant in comparison with the radiation energy loss*. At that point, the number
of particles in the shower starts to decrease, defining the stage of shower with the
maximal number of particles.

Since after every splitting length the total number of particles in the shower dou-
bles, the number of particles after the n-th splitting length will be N = 2". Moreover,
each particle will carry energy E, = Ey/2" and the depth traversed by the shower
will be z, = nA,In2. From these assumptions, we can now derive formulas describ-
ing the basic properties of the shower simply by taking n. as the number of splitting
lengths needed to reach the critical energy. The maximum number of particles will
therefore be given as Ny, = 2", from which it is seen that the initial energy satis-
fies Fy = E.Npax. Inserting the explicit relation for Ny, in the formula for initial
energy, we get formula for the number of splitting lengths needed to reach the critical

energy
In <%)

n2 ’

where the index y signifies that the formula is relevant for electromagnetic showers.
Using Equation (1.5), we can derive relation for the distance traveled by the shower
up to the point with the maximum number of particles. This distance is called the

depth of the shower maximum X, and the relation is

Y —
n. =

(1.5)

E,
XY o =X\-In(=2). 1.
max n (EC> ( 6)

Related to the depth of the shower maximum is the elongation rate A giving the
rate of increase of X,,.x with the decade of primary energy:

dXY

A = = . 1.7
dlogyy (Eo/1 eV) a7)

By inserting Equation (1.6) into the defining formula for the elongation rate we
obtain
logy(e)

estimating AY ~ 85 g/cm? per decade of primary energy for radiation length of
electron in air.
In spite of its simplicity, the Heitler model of electromagnetic showers correctly

AY ~ 2.3\, (1.8)

3The radiation length of electron and positron in air is A" ~ 37 g/cm? [24].
4The critical energy of electron and positron in air is ES ~ 85 MeV [23].
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predicts two aspects of these showers: the value of the elongation rate and the
dependence of XY _ on the primary energy. On the other hand, one shortcoming is

max

its overestimation of the ratio of electrons to photons.

1.3.2 Development of hadronic showers

Hadronic showers can be initiated by neutrons, protons, or heavier nuclei. The in-
teraction of the primary particle with the atmospheric nucleus creates mostly pions
(Tpe/— = 2.6 - 1078 5, 70 ~ 8.4 - 10717 5 [25])°> and to some extent also kaons
(Tit/- R 1.2-107% 8, 70 = 0.9- 1071 s, 70 &~ 5.1- 107 s [25]). Charged pions and
kaons can then decay into muons and neutrinos travelling to the surface without
further interactions, or interact with the atmospheric nuclei producing additional
hadrons. Both charged and neutral kaons decay into two or three pions. Neutral
pions decay rapidly into two photons that further induce electromagnetic showers.

In analogy to the electromagnetic showers, the development of hadronic showers
can be described in a simplified Heitler-Matthews model [26]. One of its fundamental
assumptions is the division of the atmosphere into layers of thickness A;ln2. The
A1 &~ 120 g/cm? is the interaction length of pions with energy 10 GeV — 1 TeV.
After passing through one layer, a hadronic particle produces Ny, charged and %Nch
neutral pions. Similarly to the Heitler model, energy distribution between new-born
particles is considered to be uniform in each interaction. The number of particles
participating in the shower development increases until the energy of charged pions
falls below the pion critical energy in air ET ~ 20 GeV. At this energy, the decay
length of a charged pions becomes smaller than their interaction length and the
charged pions start to decay before interacting with other particles.

Since a simplified description of extensive air showers induced by nuclei with
A > 1, where A is the atomic number of the nucleus, is based on proton-induced
showers, the discussion of hadronic-shower properties starts by describing a shower
initiated by primary proton with energy Fj,. After passing an atmospheric depth
X%, the proton interacts creating Ng, charged pions, each with energy

Nch '

B = (1.9)

After passing n layers, the number of charged pions will be (Ng,)" each carrying
energy (%)n Ey. The energy carried by a charged pion in the n-th layer is

L
(5 Naw)"

From this formula, the number of layers n. needed for the pions to reach their critical
energy L7 can be written as

Ey = (1.10)

__ \"J (1.11)
" T (2 Ny) '

57 corresponds to the mean lifetime of the respective particles.

6 X, is the depth of the first interaction betweeen the cosmic ray and the atmospheric nuclei.
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This quantity can then be used to calculate the number of muons N, in the proton-
induced shower. Since muons are products of charged pion decay, their number will
be equal to the number of charged pions after n. layers, that is

NP = (N (1.12)

By employing Equation (1.11), the number of muons can be expressed in the
following way

In (£) E In (Ng,)
In NP ¢ In (N, (=), B= LV 1.13
BN Ny W) =0 (E“) P Na) 1
from which it implies
P Lo ’
NP = ) (1.14)

Another property that can be explicitly expressed within the Heitler-Matthews
model is the primary energy FEj. The initial relation is the conservation of energy

Eo = E - Nypax + ET - NP, (1.15)

where the first term comes from neutral pions initiating electromagnetic showers and
the second term comes from the charged pions. Next step is to rewrite the maximum
number of particles in electromagnetic showers as the number of electrons N,. This
is accomplished by application of a scaling constant g as Npa.x = g/N.. Using this
notation, the formula for the primary energy can be written as

T
Ey=g-E;- (Ne+gEEC’g -fo) . (1.16)
It is thus seen that the primary energy can be estimated from the knowledge of the
number of electrons and muons in the proton-induced shower.

The last two aspects of the Heitler-Matthews model that will be described here are
the depth of the shower maximum and the elongation rate. The depth of the shower
maximum XP _ is estimated from the electromagnetic part of the shower, since it
contains the majority of the particles. For more simplicity, the electromagnetic part
is taken only from one generation of the neutral pions.

The interaction of a cosmic-ray proton after passing atmospheric depth X yields
%Nch neutral pions decaying into N, photons. All of these photons then induce
electromagnetic showers with primary energies Ey/(3Ng,). The depth of the shower
maximum of these electromagnetic showers is given by the Equation (1.6) and the
depth of the shower maximum for primary protons will therefore satisfy equation

Ey
XP =X, In{ —— ). 1.1

This equation can be further rewritten by applying fundamental properties of loga-
rithm as
XP =XV +Xo— A -In(3- Na). (1.18)

max max
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In analogy with the description of electromagnetic showers, the depth of the shower
maximum is used to derive the formula for the elongation rate. Using (1.7), we get

P dXII':I)laX Y _"_ d
dlogyo (Eo/1 €V)

= T BT = [Xo—A-In(3-Na)]. (1.19)

Since the Heitler model already provides the values of AY and A, only the depen-
dencies of Xy and N, on Ej are needed to evaluate the elongation rate of proton-
induced showers. For the estimation of behaviour of X, the Heitler-Matthews model
approximates the interaction length of protons using the results of the measurement
of inelastic p-air cross-section from [27]|. The number of charged pions produced in
one interaction is parametrized from the p-p data from [28]. For the explicit formulas
of Xy and N, see [26].

With the described estimations, the value of elongation rate for proton-induced
showers is AP & 58 g/cm? per decade of the primary energy. Again, despite the sim-
plicity of the extensive air-shower model, this estimation is comparable with more
detailed simulations, see [27]. Moreover, Equation (1.19) indicates the factors reduc-
ing the AP compared with the AY: an increase of multiplicity associated with the
Na., and a decrease of cross-section associated with the X,.

The last short discussion concerning the hadronic air showers will be focused on
showers induced by nuclei with A > 1. This type of hadronic showers is described
by the so-called Superposition model [29]. The following text is derived from [26]
as the Superposition model can be easily built on the Heitler-Matthews model. In
this simplified model, the nucleus with atomic number A behaves as A individual
nucleons, each with energy Fy/A. Derivation of the relevant formulas therefore uses
one proton-induced shower with primary energy Ey/A and sums over A showers.
The results for the number of muons and depth of the shower maximum are

N = NP A%, (1.20)
XA =XP X\ -InA (1.21)

Especially the result for X2 is interesting because it signifies that showers initi-
ated by heavier primaries will reach their maxima traversing less matter, i.e. these
showers will have their maximum number of particles at higher altitudes. For ex-
ample, for iron nuclei (A = 56), the X,,., will be lower by ~150 g/cm?, which is in

good agreement with more detailed simulations, see [30].

1.4 Cosmic-ray detection

Detection of cosmic rays can be divided into two groups. The first one is the direct
detection of the primary cosmic-ray particle before it hits the atmosphere and the
second one is the indirect detection of the primary particle through the induced
extensive air shower of secondary particles. From the cosmic-ray energy spectrum
(see Figure 1.2) it can be deduced that direct observation of UHECR is practically
impossible and cosmic rays with high energies have to be investigated indirectly
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from the subsequent air showers.

The main techniques applied to the detection of extensive air showers are arrays
of surface detectors measuring particles that travel to the Earth’s surface, and tele-
scopes measuring the fluorescence and Cherenkov light emitted by charged particles
traversing the atmosphere [3]. The surface detectors can be used for reconstruction
of the shower core, the arrival direction of the primary particle or the size of the
shower, from which the energy of the primary particle can be estimated. The tele-
scopes can estimate the shower geometry, its longitudinal profile and the arrival
time. However, because of the high sensitivity of the fluorescence telescopes, they
can effectively operate only on clear, moonless nights decreasing their duty cycle to
~15%.

The largest cosmic-ray shower experiment on our planet is the Pierre Auger Ob-
servatory. It is situated in Argentina and it uses both the surface detector array
and the fluorescence telescopes for detection of extensive air showers of UHECR. A
thorough description of the Pierre Auger Observatory will be provided in the next
chapter. Another experiment using both the surface detectors and the telescopes op-
erating nowadays is the Telescope Array. Telescope array is the largest detector of
cosmic rays in the Northern hemisphere, being situated in the USA and covering an
area of about 800 km? [3]. It consists of more than 500 surface scintillator detectors
and 3 telescope stations, each containing 12 fluorescence telescopes.

One of the experiments that employed only one shower-detection technique is
the Karlsruhe Shower Core and Array Detector (KASCADE). KASCADE was a
cosmic-ray experiment in Germany that used different types of surface detectors for
different components of the shower [31]. For the detection of electromagnetic part
of the showers, KASCADE recorded signals from the array of scintillation counters,
for the hadronic part a sampling calorimeter and for the muonic part shielded scin-
tillators and tracking chambers. The experiment started to collect data in 1996 and
in 2003 it was upgraded to KASCADE-Grande. This upgrade enlarged its area to
0.5 km? and extended the measurable shower energy range up to ~10*® V. An-
other cosmic-ray experiment located in Karlsruhe was called LOPES [32] and it
detected the extensive air showers through the radio emission of the shower par-
ticles in frequencies from 40 MHz to 80 MHz. This experiment ran in coincidence
with KASCADE-Grande. The KASCADE Collaboration developed the simulation
code CORSIKA [33] described in more detail in Chapter 3.

An example of a solely fluorescence-based experiment is the Fly’s Eye [34], located
in Utah, the precursor of the Telescope Array. This no longer operating experiment
consisted of 830 photomultiplier tube (PMT) pixels overlooking the sky. One of its
greatest achievements is the detection of a cosmic-ray particle with the highest en-
ergy ever recorded. The particle is nowadays referred to as the Oh-My-God particle
and its measured energy is (3.2 4 0.9) - 10%° eV. A successor of the Fly’s Eye
experiment was the High Resolution Fly’s Eye (HiRes) [35] experiment consisting
of two sites with 22 (HiRes I) and 42 (HiRes II) telescopes. HiRes was the first
experiment to observe the GZK cutoff.
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Chapter 2

The Pierre Auger Observatory

The Pierre Auger Observatory [36] is located on a high plain near Malargiie in
Argentina with the mean altitude of about 1400 m corresponding to the atmospheric
depth of ~ 875 g/cm?. Being spread over more than 3000 km?, it is the largest
cosmic-ray detector ever built. The first idea of creating such enormous air shower
observatory was formulated on the 22°¢ International Cosmic Ray Conference in
1991. Four years later, a Science Design Report describing the design and estimated
cost was produced. Next step was the evaluation of potential sites for the experiment
towards choosing the most appropriate location in the Southern hemisphere. For
the validation of the design of the Observatory, a preliminary detector, called the
Engineering Array, was build. It was composed of 32 surface array detectors and
2 fluorescence telescopes. By the end of 2001, it was able to observe and reconstruct
cosmic-ray showers by combining both detection techniques. Following the successful
performance of the Engineering Array, the deployment of final detectors started. Two
years later, in January of 2004, the Observatory finally started to collect data and
in 2005 the Pierre Auger Collaboration presented the first scientific results.

2.1 Hybrid detector

The Pierre Auger Observatory combines two different types of air-shower detection
techniques, the fluorescence detector (FD) and the surface detector (SD). The FD is
composed of 24 fluorescence telescopes equally distributed over 4 sites. The names
of the FD sites are Los Leones, Los Morados, Loma Amarilla and Coihueco. Another
part of the FD are the High Elevation Auger Telescopes (HEAT). HEAT includes
3 additional fluorescence telescopes and it is located near the Coihueco site observing
the higher-elevation sky to detect showers of lower energies. The SD, overlooked
by the FD, is composed of a triangular grid of 1600 water-Cherenkov stations with
1.5 km spacing, distributed over an area of about 3000 km?, and 60 water-Cherenkov
stations with spacing of 750 m. This smaller and denser SD array, so-called Infill, is
situated near HEAT and these two detectors together lower the energy range of the
Observatory down to 1017 eV. A schematic view of the SD array and the FD of the
Pierre Auger Observatory is shown in Figure 2.1.
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Figure 2.1: Schematic view of the Pierre Auger Observatory with the 1660 SD sta-
tions (black dots) and the 4 FD sites (blue) + HEAT (orange) with the azimuthal
fields of view of the 27 telescopes (lines) [37].

The water-Cherenkov stations are tanks with diameter of 3.6 m filled with 12000 1
of ultra-pure water. Inside each tank, there are three symmetrically distributed
PMTs mounted on top of the stations pointing downwards the water volume. The
PMTs collect the Cherenkov light emitted in the water by the secondary particles
and reflected on the inner surface of the tank. Additional electronic components of
each station include a processor, a power controller, a radio transceiver and a GPS
receiver. All of these components together with the PMTs are powered by a solar
system feeding two lead-acid batteries, and thus making every station self sustain-
able. One SD station with described components is depicted in Figure 2.2. The SD
stations are able to collect data almost 100% of the time, being interrupted only
when some part of the station stops working. To prevent a scenario where the Ob-
servatory would have more than 20 stations non-operational at the same time, the
whole SD array is being continuously monitored, and the stations are under regular
maintenance.

Concerning the FD, each of the 24 fluorescence telescopes that are distributed over
four sites has a field of view of 30° x 30° in azimuth and elevation with the elevation
range starting at 1.5° above the horizon. One site therefore covers 180° in azimuth,
as it is seen in Figure 2.1. On the other hand, the 3 High Elevation Auger Tele-
scopes cover the elevation range between 30° and 58° and their total azimuthal field
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of view is 120°. The other difference between the 24 telescopes and HEAT are their
sampling frequencies. While the classic telescopes have electronics kit that samples
with frequency of 10 MHz, HEAT electronics samples with frequency of 20 MHz.
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Figure 2.2: Picture of the Pierre Auger Observatory surface detector station with
its exterior components described [36].

The fluorescence light coming to one of the telescopes passes at first through
a UV filter glass with 1.1 m radius. This filter is responsible for the reduction of
background-light flux, resulting in an improvement of the signal-to-noise ratio. After
passing the filter, a segmented spherical mirror focuses the light onto a spherical
focal surface, from which the signal is collected by a camera. This camera is made
up of 440 hexagonal PMT pixels distributed in a 22 x 20 grid. Thanks to the filter
glass, the rooms with the telescopes and their relevant electronics are kept clean
and within controlled climate. Another important component ensuring that each
telescope works properly is the shutter. Because of a high sensitivity of the cameras,
the telescopes need to be covered during the day and during nights with bad weather
conditions, like rain or strong wind. In case of a problematic behaviour of the shutter,
an additional security to the camera is provided by a fail-safe curtain. An illustration
of the fluorescence telescope with the description of aforementioned components is
in Figure 2.3.

Since the FD uses the atmosphere as a medium of calorimeter, the atmospheric
conditions have to be monitored for a precise reconstruction of the air showers.
Very important is the knowledge of the aerosol content in air. To this end, the
Observatory uses two laser facilities that monitor the concentration of the aerosols

29



in the atmosphere in 15-minute intervals, and four elastic lidars!, each situated next
to a FD site. The laser facilities are called the Central Laser Facility (CLF), and
the eXtreme Laser Facility (XLF). In addition to the aerosol measurements, the
lidars are also responsible for evaluation of the cloud coverage and cloud height.
They operate automatically during the duty cycles of the fluorescence telescopes
and scan the sky outside of the FD field of view to not affect the fluorescence light
measurements. The measured atmospheric data are then stored in the MySQL?
databases.

Figure 2.3: Illustration of the Pierre Auger Observatory fluorescence telescope with
its most significant components described [36].

The water-Cherenkov station array and the fluorescence telescopes together con-
stitute a hybrid detector of cosmic rays, which is able to simultaneously observe
air showers through two different methods. This enables not only to cross-check
between the detector stations and the telescopes, but it also provides data with
higher quality. The SD itself is not able to measure the longitudinal development of
the shower (shower-to-shower fluctuations). Moreover, the signal depends strongly
on the detail of hadronic interactions predicted differently by various models of
hadronic interactions. The calibration of SD signal using the precise FD measure-
ment of electromagnetic shower component decreases the systematic uncertainty of
the SD energy measurement. At the Pierre Auger Observatory, the reconstruction
of the shower energy from the SD data is performed from the measured signals in
the detectors to estimate a signal at 1000 m from the shower core S(1000).

Besides the two main detection techniques, the Observatory employs the Auger
Engineering Radio Array (AERA) for detection of radio emission from air show-
ers. Another additional detector is the Auger Muon and Infilled Ground Array

ILidar shoots short laser pulses and detects the back-scattered light in order to scan the atmo-
sphere and calibrate the shower-energy reconstruction [38].
2MySQL is an open-source database system [36].
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(AMIGA) consisting of the aforementioned SD Infill and an array of buried scintil-
lators, referred to as the muon detector (MD). AMIGA is devoted to the measure-
ment of the muonic component of air showers. An ongoing upgrade called Auger-
Prime [39] further introduces new scintillator detectors and radio antennas on top
of each water-Cherenkov station with an additional PMT inside. Another part of
the Auger upgrade is the new SD electronics. AugerPrime is mainly motivated
by the increased ability to distinguish different air-shower components leading to
composition-sensitive measurements on event-by-event basis.

For communication between the detectors and the Central data acquisition system
(CDAS) located in Malargiie, the Observatory uses a bidirectional radio frequency
telecommunication network [36]. The communication includes sending commands
to the detectors, receiving data from them, monitoring the detectors or e.g. identi-
fying the event triggers. The communication network itself consists of WLAN and
microwave backbone network. The WLAN interconnects individual SD stations and
links each of them to one of the four FD sites. The FD sites are then connected
together with the center in Malargiie via the microwave backbone network. The

detected events that pass through all triggers are sent through the communication
network to the CDAS.

2.2 The Offline software framework

The Pierre Auger Observatory Offline framework [40], also referred to as Auger
Offline, is an interface designed for application of simulation and reconstruction al-
gorithms as well as for development of these algorithms. Furthermore, it provides
access to event data and to time-dependent information about detector conditions.
Auger Offline is therefore an instrument used for analysis of the Pierre Auger Obser-
vatory data. Moreover, parts of its code were also implemented by other cosmic-ray
experiments.

Detector Description Algorithms Event data
Observatory <« Event
Module >
Fluorescence Fluorescence
Surface ~™ Surface
Atmosphere «» Airshower
Module | ™ >

Figure 2.4: General structure of Auger offline. The simulation and reconstruction
algorithms are encoded in processing modules having access to the detector descrip-
tion and event information [40].

As it is depicted in Figure 2.4, Auger Offline can be generally divided into three
groups: detector description, processing modules and event data. The detector de-
scription is responsible for the access to the time-dependent data about detector
and atmospheric conditions, and calibration constants. The processing modules are
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codes used for individual event-processing tasks. Finally, the event data model pro-
vides access to information about events and allows an exchange of data between
different modules.

The processing modules are written in C++ and they can be combined together
with each other via an XML-based?® sequencing. Every Auger Offline user can either
write a new module or a sequence of already existing modules to create applica-
tions based on user requirements. The sequencing instructions are specified and can
be edited in an XML file called ModuleSequence. By default, Auger Offline already
includes many standard applications focused mainly on the reconstruction of differ-
ent Observatory data (hybrid, AERA, SD only, etc.) or reconstruction of simulated
data. An example of such application is a simulation of SD, the sequence of which
begins with a module that reads the simulated shower data. The modules generate
an event at random position on the SD array, simulate the signal and triggers in the
water-Cherenkov stations and finally export the simulated event to an external file.
The module sequence can further contain loops repeating given modules a specified
number of times.

The event-data model is structured into classes connecting modules to raw, re-
constructed, simulated, or calibrated data. At the top of the class hierarchy stands
an object called Event that is further divided into FEvent, SEvent, ShowerRecData
and ShowerSimData classes. FEvent class retrieves raw data from individual tele-
scopes and their individual PMT pixels, SEvent class retrieves raw data from the
SD stations and their PMTs, ShowerRecData class retrieves reconstructed proper-
ties from SD and FD, and ShowerSimData retrieves properties of simulated showers.
The raw Observatory data are stored in a ROOT format, from which they are read
by modules using the aforementioned classes. Each Pierre Auger Observatory event
has its individual Auger ID reflecting the date and time of detection. The output
of the Auger Offline applications is also written into a ROOT file, specifically in
an Advanced Data Summary Tree (ADST) [41|. The ADST file then contains re-
constructed shower properties, FD and SD signal and similar relevant information
about the reconstructed events.

The contents of the ADST files can be viewed in a graphical user interface (GUI)
called Event Browser. In the Event Browser, users can either list through all of the
included events or find their desired event by its Auger ID or SD ID. For purposes
of this work, it is enough to describe only the main Event Browser features of re-
constructed hybrid events. For each reconstructed hybrid event, the Event Browser
includes a 2D map of triggered SD stations and lines corresponding to the fluores-
cence light detected by FD sites. It also includes a 3D map containing the triggered
SD stations, reconstructed shower geometry and fluorescence light observed by FD.
Furthermore, it includes reconstructed shower properties including the longitudi-
nal profile and observed signal on PMT pixels of each FD site that detected the
event and also the shower properties reconstructed from the SD signal. Exemplary
contents of the Event Browser are shown in Figure 2.5 (2D map of triggered SD
stations) and Figure 2.6 (triggered florescence telescope pixels).

The detector description serves as an interface connecting modules to detector
configuration and monitoring and calibration data at specified date and time. This

3XML stands for Extensible Markup Language.
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interface consists of hierarchy of classes similar to the event data model, which can
request specific data from so-called managers. Every manager is used to extract spe-
cific information from a single data source. These data sources consist of the MySQL
databases, which contain atmospheric conditions and other time-varying data from
monitoring and calibration, and XML files, which contain time-independent detec-
tor information. Additional feature of the detector description are so-called models,
which are functions that can be used to process the detector data before their re-
trieval from the managers. A simple example of this feature is a model that calculates
attenuation of light due to aerosols between two points in the atmosphere from at-
mospheric conditions.
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Figure 2.5: Reconstructed Pierre Auger Observatory event with Auger ID
121725991300. 2D map of SD stations in the Observatory coordinate system. Col-
ored points indicate the SD stations triggered by a cosmic-ray shower. Different sizes
of the colored points correspond to the size of the signal and different colors to the
time sequence of the signals. Long magenta lines correspond to the angular uncer-
tainty of the shower core estimation observed by Los Morados FD site. Short purple
line corresponds to the shower axis reconstructed from the FD signal. Produced via
Event Browser.
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Figure 2.6: Reconstructed Pierre Auger Observatory event with Auger ID
121725991300. Detected signal on PMT pixels of one of the Los Morados fluorescence
telescopes. Different colours of the pixels correspond to different incoming times of
the fluorescence light. The red line corresponds to the reconstructed trajectory of
the shower and the red dot represents the reconstructed X,,... Produced via Event
Browser.
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Chapter 3

Simulation of cosmic-ray showers

Extensive air-shower simulations are a vital part of cosmic-ray studies as detailed
theoretical predictions allow us to correctly interpret the observed data or to build
effective cosmic-ray shower detectors. For the description of the cascade development
itself, the simulation codes apply the Monte Carlo (MC) method. However, as the
MC shower simulation alone requires a lot of computing time, the codes usually
combine it with some other method. For example, a simulation code called CONEX
[42] uses MC simulations for the highest-energy part of the shower and numerical
solutions of cascade equations for the lower-energy part. A simulation code called
CORSIKA [33], on the other hand, can describe the lower-energy part of the shower
using the so-called thin sampling [43], described in more detail later in this chapter.
The description of hadronic interactions of the shower particles is not built in the
MC simulation codes, but it is implemented through the hadronic interaction models
as external inputs.

3.1 Hadronic interaction models

Although the Heitler-Matthews model of hadronic cosmic-ray showers, described in
the first chapter, is able to outline the basic shower development, it is too simple for
usage in thorough simulations of extensive air showers. The standard generators of
hadronic interactions are implemented in more detail based on the MC method [44].
The advantage of MC is its ability to implement various theoretical models and
compare their results with experimental data. The biggest challenge for the hadronic
interaction models is undoubtedly the need to describe hadronic collisions at energies
much higher than those achieved at particle colliders. To this end, the models are
calibrated on available collider data and extrapolated to higher energies.

The widely used high-energy hadronic interaction models in the cosmic-ray shower
simulations are QGSJET [45], SIBYLL [46] and EPOS [47]. All of these models are
based on the Reggeon Field Theory (RFT) [48] describing high-energy scattering
of strongly interacting particles with the use of complex angular momentum. The
practical advantage of RFT is its treatment of hadron-hadron collisions as multiple
scattering processes. Although the general framework of the models is similar, their
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predictions differ because of their individual approaches to the RFT. Differences
between the mentioned models can be seen in Figure 3.1, showing dependence of the
mean X, on energy of the primary particle. The data plotted in this figure suggest
a shift in the cosmic-ray mass spectrum towards heavier elements with increasing
energy assuming that the hadronic interaction models approximate the processes in
the atmospheric showers at the highest energies correctly.
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Figure 3.1: Dependence of the mean X,,,, on primary energy simulated with four
different hadronic interaction models for two different primary particle types in
comparison with the Pierre Auger Observatory data [49].

QGSJET-II is an improved version of original QGSJET generator [50] simulating
hadronic interactions in the framework of quark-gluon string model [51]. The quark-
gluon string model is an extension of general RF'T by a hadronization model describ-
ing each process of elementary particle production by creation of two strings [45].
Thanks to its approach, the original QGSJET model is able to describe high-energy
behaviour of scattering amplitudes as the perturbative QCD evolution. This pro-
vides the model with a reasonable predictive power. However, this model treats
re-scattering processes as independent on each other and thus neglects non-linear
effects significant for high parton densities, i.e. in high-energy limit or for small im-
pact parameters.

The QGSJET-II model was designed to take the mentioned non-linear effects into
account and to better describe the available data from fixed-target experiments.
These improvements led to a reduction of inelasticity and multiplicity of hadron-air
collisions in comparison with the original model. This reduction in turn implies lower
production rate of secondary particles in cosmic-ray showers implying an increase of
the X .ax. Another changes include the increase of the electron number at sea level
that is correlated with X,,.«, and the decrease of the number of muons.

SIBYLL is one of the oldest MC generators of hadronic interactions with its first
version dating back to 1987. Its main ideas are based on the minijet model [52-55]
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with hadron-air interactions being described by the Glauber model [56]. Interac-
tions of nuclei with the atmosphere are then modeled using a similar approach as
the Superposition model that was described in the first chapter [49]. Older ver-
sions of SIBYLL predicted much lower numbers of muons in the cosmic-ray showers
in comparison with the Pierre Auger Observatory and the Telescope Array data.
An update, labeled 2.3d, that improved mainly the leading particle description in-
creased the generated number of muons by 20% - 50%. With this increase, the
generator SIBYLL 2.3d predicts the largest number of muons in comparison with
other hadronic interaction models.

Finally, EPOS is a newer model describing particle production through the so-
called parton ladders and remnant excitation of projectile and target hadrons [57].
Its name is an abbreviation of Energy conserving quantum-mechanical multiple scat-
tering approach based on Partons, Off-shell remnants and Splitting parton ladders.
The version of this model nowadays used in the simulations of cosmic-ray showers
is called EPOS LHC [58] and it was developed to be consistent with the LHC data
from p-p, Pb-p and Pb-Pb scatterings. In comparison with the QGSJET-II version
04, EPOS LHC generates more muons [59], but with a lower average energy. This
results in lower invisible energy being generated by the EPOS LHC.

This section serves as a brief introduction to the high-energy hadronic interac-
tion models used in cosmic-ray shower simulators. A detailed description of RFT
and other mechanisms mentioned is far beyond the scope of this work. For more
information about these topics see e.g. [48,51,53] or [60].

3.2 CORSIKA

As it is implied by the full name COsmic Ray SImulations for KAscade, the MC ex-
tensive air shower simulator CORSIKA was originally developed for the experiment
KASCADE |33]. Nowadays, this simulation code is being used by many cosmic-ray
experiments including the Pierre Auger Observatory. It is used to predict not only
the average values of the shower observables, but also their fluctuations. The code is
able to track all secondary particles from the moment of their creation to their decay
or interaction and to employ the detailed hadronic interaction models. For simulation
of electromagnetic interactions and propagation of electrons and photons, CORSIKA
uses modified EGS4! system [61] and analytical NKG (Nishimura-Kamata-Graisen)
formulas [62,63].

The simulation of showers through MC alone is unpractical especially for high-
energy cosmic rays because the computing time rises almost linearly with the pri-
mary energy. To reduce the computing time needed for high-energy shower sim-
ulations, CORSIKA introduces the so-called thin sampling, also known as Hillas
thinning [43|. The thinning is initiated at a regulable thinning energy Ej, and it
simplifies the simulations by reducing the number of tracked particles. When ener-
gies of secondary particles fall below FEyy,, one of these particles is chosen randomly

IEGS stands for the Electron-Gamma Shower.
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with the probability
E;

Di = =, (3.1)
' Zj Ej
where E; corresponds to the energy of the selected particle and E; are energies of the
other considered secondary particles. The selected particle is then the only one that
remains to be tracked, while the other considered particles are removed from the
simulation process. For conservation of the energy, the selected particle is weighted
by a factor w; = 1/p;. In case that not all of the secondary particles have their
energy lower than Ey, when the thinning is initiated, such particles will survive the
process with probability

By’

and they will also be given a weight factor wy = 1/pg.

Upon initiation, CORSIKA allows the user to set a number of parameters like
the primary particle type, its energy and angle of incidence, atmospheric conditions,
model of hadronic interactions or for example the thinning energy. The primary
particle can be chosen from any lepton or antilepton including neutrinos, many dif-
ferent hadrons including their corresponding anti-particles and resonances, photons
and nuclei up to iron. The primary energy can be either set to a fixed value or a
range of energies can be specified, from which CORSIKA selects random values ac-
cording to a given spectral index. The choice of angle of incidence works in a similar
way.

By default, CORSIKA writes two output files. One is the control printout con-
taining a text file describing the code version, input parameters, information about
the simulation itself, etc. The second default output is the particle and Cherenkov
photon output including all the simulated particles that reached the observable lev-
els. An optional CORSIKA output relevant for this work is a .long file containing
longitudinal profile of the particles and deposited energy.

This brief description of the simulation software CORSIKA serves as a clarification
of the terms that are relevant for the analysis made in this work. For more detailed
information about CORSIKA see, e.g., [33].

Pk (3.2)
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Chapter 4

Shower reconstruction at the Pierre
Auger Observatory

4.1 Longitudinal profile

Cosmic-ray showers are the main tool for cosmic-ray particle detection and analysis
at energies above ~ 10'* eV. In the context of cosmic-ray shower reconstruction,
the most important part is played by the longitudinal profile of the cascade. That
is because from its correct reconstruction one can obtain the depth of the shower
maximum X, and the calorimetric energy of the shower FE.,, from which the en-
ergy of the primary particle can be precisely estimated.

The longitudinal profile itself can be defined as the energy deposited by the sec-
ondary air-shower particles as a function of the traversed air mass [64]. This air mass
is also known as the slant depth X and it is defined by the formula

X(z) = / ), (41)

where p(z) is the air density at point z. z is the longitudinal coordinate along the
shower axis, where the shower axis is defined as the direction from which the pri-
mary particle hits the atmosphere. Specifically for shower axis perpendicular to the
surface, the coordinate z corresponds to the altitude. The point in the longitudinal
profile with the largest energy deposit was already introduced and it is the depth of
the shower maximum X, ...

Other important terms connected with the longitudinal profile and the shower
reconstruction are the shower core and the zenith and azimuth angles. The intersec-
tion of the shower axis with the Earth’s surface is called the shower core. The zenith
and azimuth angles are generally the angles with which the position of some object
in the sky can be described. In the context of cosmic-rays, the zenith and azimuth
angles can give us the direction from which the primary particle hit the atmosphere,
in other words, the direction of the shower axis. Zenith angle is defined as an angle
between the direction of the object you want to describe and the line connecting
the surface with the zenith. Especially for the case of cosmic-ray showers, the zenith
angle is an angle between the shower axis and the line that crosses the shower core
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Figure 4.1: Hlustration of zenith and azimuth angles used for measurement of the
position of the Sun [65].

and is perpendicular to the Earth’s surface. For cosmic-ray showers, the azimuth
angle is an angle between the northern direction and the projection of the shower
axis to the surface plane. A clear illustration of the zenith and azimuth angles for
better understanding is in Figure 4.1.

Experimental estimation of the longitudinal profile can be done by measuring
fluorescence light emitted by the shower particles. Most of this emitted light is con-
sequence of ionisation by electrons and positrons [64]. A more detailed description
of the detection of the fluorescence light and of other methods of the cosmic-ray
detection will be provided in the following chapters.

The longitudinal profile can be described by the Gaisser-Hillas function [66]

Xmax—Xg

dE X - X A Xmax—X
fau(X) = (d_X) . <X——§(0) e (4.2)
where (g—)E()max is the energy deposited at the depth of the shower maximum and

Xp and X are parameters affecting the shape of the function. The measured energy
deposit as a function of the slant depth can then be fitted by the Equation (4.2)
providing the depth of the shower maximum X,,...! An example of a measured
longitudinal profile fitted by the Gaisser-Hillas function can be seen in Figure 4.2.

n practice, the Gaisser-Hillas function (4.2) is not the only formula used to describe the
longitudinal profile. An example of alternative formula is the so-called universal shower profile
function.
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Figure 4.2: Measured longitudinal profile of a cosmic-ray air shower fitted by Gaisser-
Hillas function (4.2) with obtained depth of the shower maximum X, and recon-
structed total energy of the shower E [64].

By integrating the formula (4.2) over the whole slant depth of the shower, the
energy deposited by the shower is obtained. To get the total energy of the primary
particle that initiated the shower, this deposited energy must be added up with
the so-called invisible energy that is all the energy that is not deposited in the
atmosphere. This includes the energy carried away by particles that do not deposit
all of their energy in the atmosphere and also particles that do not interact in the
atmosphere at all. Particles that carry the invisible energy are mostly muons and
neutrinos.

4.2 Standard reconstruction of hybrid events

The standard reconstruction of hybrid events within the Offline framework, also re-
ferred to as hybrid data (HD) reconstruction, begins with a few SD pre-selection
modules. These modules check if the PMT signal in triggered SD stations has
good quality (SdPMTqualityCheckerKG), find time delays between different trig-
gers (TriggerTimeCorrection), apply these time shifts and reject bad stations based
on their calibration data (SdCalibratorOG), correct the time offset arising from
incorrect position of the SD stations (SdStationPositionCorrection), reject specific
stations for predefined periods (SdBadStationRejectorKG) and recover the saturated
signals (SdSignalRecoveryKLT).

The set of the SD pre-selection modules is followed by the FD hybrid reconstruc-
tion modules. The FD reconstruction begins with calibration of the fluorescence tele-
scopes (FdCalibratorOG) and combination of data from HEAT and Coihueco tele-
scopes into the so-called HECO (FdEyeMergerKG). In the next step, the telescope
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PMT pixels belonging to the observed shower are identified (FdPulseFinderOG) and
fitted to reconstruct a plane containing the shower axis and the triggered PMT pix-
els (FdASDPFinderOG). This plane is called the shower-detector plane (SDP) and it
can be used to define important parameters related to the shower geometry. One of
these parameters is the telescope viewing angle . This is an angle within the SDP
between the ground and the line of sight from which fluorescence photons reached
the telescope. Another important parameter is the distance between the telescope
and the point of the closest approach of the observed shower axis. This distance is
labeled as R,,. More parameters related to the shower geometry as well as the SDP
are visualized and defined in Figure 4.3.

Figure 4.3: Visualization of the shower geometry obtained from the fluorescence
telescope. The depicted parameters are the time ¢y of the closest approach of the
shower axis to the telescope, distance R, between the shower axis and the telescope
at g, shower propagation time Tyower from the point S; to the point at time %, light
propagation time Tjge from the point S; to the telescope, the arrival time ¢; of the
photons detected by the camera pixel 7, angle of incidence of the shower axis within
the SDP o, viewing angle of pixel ¢ within the SDP y; and the angle of incidence
of the SDP 1951)}3 [67]

After the determination of the SDP, the algorithm reconstructs the orientation of
the shower axis within this plane using arrival times of the photons on individual
PMT pixels (FdAzisFinderOG). Next, the hybrid shower geometry is reconstructed
using all of the FD signal together with the signal from SD station closest to the
shower core (HybridGeometrFinderOG).?> Then, the dependence of the total light

2For cosmic rays with energies above 3 EeV, the hybrid geometry reconstruction determines the
arrival direction of the particles with precision of about 0.5° [68].
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flux detected by the telescope on time is calculated from the FD signals (FdAper-
tureLightKG). Different bins of this time trace are then projected to their relevant
path lengths along the shower axis Al;. Each of these path lengths is then assigned
to its appropriate slant depth and height. Then, the amount of light emitted by the
shower particles along the Al; is estimated using the calculated distance between
the shower axis and the telescope. From these estimates along the whole observed
part of the shower axis, the longitudinal profile of shower can be reconstructed since
the produced light is related to the deposited energy.

In the last module of the FD hybrid reconstruction, the produced light profile
converted to energy deposit is fitted by the Gaisser-Hillas function (4.2) and the
calorimetric energy of the shower and its X,,.x are obtained (FdEnergyDepositFind-
erKG). The parameters X, and A are constrained by a Gaussian constraint using
the mean and variance estimated from the high quality measured data. These dis-
tributions of Xy and A\ are obtained by applying an unconstrained Gaisser-Hillas fit
to a group of events, where the more complex fit is possible. After determining the
calorimetric energy, the total energy of the shower, being equal to the energy of the
incoming cosmic ray, is inferred by taking into account the invisible energy of the
shower. The invisible energy is estimated through its parametrization as a function
of the calorimetric energy obtained from measured data [69].

After running the FD hybrid reconstruction modules, the SD reconstruction be-
gins with selection of stations that passed the pre-selection modules without being
flagged as bad (SdEventSelectorOG). Then, the shower core and the SD shower
plane are estimated (SdPlaneFitOG). The shower core position is estimated as a
signal-weighted barycenter of the selected stations. The SD shower plane is defined
as the plane perpendicular to the shower axis that moves together with the shower.
The next step is application of the LDF fit to fix the shower core position and esti-
mate the signal measured in detectors 1000 m away from the shower core S(1000)
(LDFFinderKG). The S(1000) is then used for the shower energy calculation® (En-
ergyCalculationPG). The remaining modules are used to calculate the rise time of
the event (Risetimel000LLL), apply correction for cases when a station PMT cap-
tures a whole beam of Cherenkov photons (DLECorrectionGG) and, finally, evaluate
the SD station triggers (SdEventPosteriorSelectorOG).

4.3 Reconstruction of hybrid events using the SD
geometry

The reconstruction of hybrid events using the SD geometry is an alternative method
of the hybrid event reconstruction. Its main difference in comparison with the HD
reconstruction is the usage of full SD reconstruction for the shower geometry esti-
mation. This change is implemented into the algorithm via a module called SdToFd-
Geometrylnjector replacing the FdASDPFinderOG, FdAzisFinderOG and HybridGe-
ometryFinderOG modules in the FD reconstruction part of the ModuleSequence.
The whole structure of the ModuleSequence itself is as follows. Just as in the

3The shower energy calculated from the FD signal and from the SD signal is stored separately
in the output ADST.
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case of the HD reconstruction, the FD reconstruction with the use of SD geometry
starts with the FD pre-selection modules. These modules remain exactly the same
as in the case of the previously described method. After that the SD reconstruction
modules follow. Here, the SD reconstruction must be applied before the FD one, be-
cause the SdToFdGeometrylnjector module needs the SD reconstructed data for the
input. Just like in the case of the previous method, this method uses the SdEventSe-
lectorOG, SdPlaneFitOG, LDFFinderKG, EnergyCalculationPG, Risetimel000LLL
and SdFEventPosteriorSelectorOG.

The FD reconstruction begins again with the calibration of the telescopes followed
by the identification of the telescope pixels belonging to the observed event. Here,
the FdEyeMergerKG is omitted. In addition to the standard FD reconstruction,
this method uses a module to select only the triggered pixels that are not isolated
(PizelSelectorOG). Then, the shower geometry is injected through the SdToFdGe-
ometrylInjector module to further calculate and fit the longitudinal profile.

4.4 Stereo reconstruction of FD events

The stereo reconstruction is an alternative method of reconstruction of showers that
are detected by more than one FD site. As the name of the method suggests, such
showers are referred to as stereo showers. This method uses FD signal only, making
it possible to reconstruct showers that did not fall directly onto the SD array.

After reading the input files, the reconstruction begins with a check if the event
is reconstructable (EventCheckerOG). An example of unacceptable event could be
an event with missing detector description. Then, the reconstruction continues with
the calibration of the FD, selection of pixels belonging to the event, estimation of
the SDP and shower axis processed through the same modules that are employed
in the HD reconstruction. The estimation of the geometry can be performed in two
ways in this reconstruction method, either with, or without the use of hybrid geom-
etry estimation module. The method relevant for our analysis is the stereo geometry
reconstruction alone, performed through a StereoGeometryFinderOG module. This
module reconstructs the shower axis by finding the best fitting axis from the com-
bination of time-fit and SDP-fit x2-functions from each FD site that observed the
respective event. After the estimation of the shower geometry, the reconstruction
proceeds with the longitudinal profile calculation through the FdApertureLightOG
module. The longitudinal profile is then fitted by the FdProfileReconstructorKG
module.

4.5 Processing of CORSIKA showers

For the reconstruction of simulated showers, the processing algorithm first needs to
generate extensive air showers and detector responses from the CORSIKA output
data. At the beginning, the EventFileReaderOG module* needs to be set to read

4This module, together with the basic setup of the Offline reconstruction, is described in Ap-
pendix A
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the CORSIKA output files. The CORSIKA output files used for the simulation re-
construction in Offline are the .part files with information about particles at the
pre-defined ground level and the .long file with the longitudinal profile data. When
the input files are loaded, the processing algorithm checks if the MC-reconstructed
shower has negative number of entries in its electron profile (MCShowerCheckerOG).
If that is the case, the input shower in question is skipped, because the shower sim-
ulation is faulty, and the next event is processed. After passing the check, the event
time and the shower core of simulated shower are generated (FEventGeneratorOG).

When the generated shower is placed on the Pierre Auger Observatory detector
plane, the simulation of the SD signal begins with injecting the simulated par-
ticles into the SD stations near the generated shower axis (CachedShowerRegen-
eratorOG). Then, the appropriate stations are simulated using the Geant4-based
code [70] used to generate the traversing of particles through the detector medium
(G4StationSimulatorOG). The simulated detector calibration constants are then
saved (SdSimulationCalibrationFillerOG) and the signal in the PMTs is generated
from the pulses produced through the tank simulation (SdPMTSimulatorOG). After
that, the SD simulation generates the response of the SD electronics (SdFilterFADC-
SimulatorMTU and SdBaselineSimulatorOG), the local station triggers ( TankTrig-
gerSimulatorOG) and, finally, the station GPS data ( TankGPSSimulatorOG).

The SD response simulation is followed by generation of the FD signal. This part
begins with the calculation of the visible fields of view of all telescopes ( FieldOf View-
CalculatorKG). Then, the telescopes passing some preliminary cuts are accepted
(FdSimFEventCheckerOG), the fluorescence and Cherenkov light produced along the
shower axis is simulated (ShowerLightSimulatorKG), and the light flux at the ac-
cepted FD telescopes is generated (LightAtDiaphragmSimulatorKG). The next mod-
ules simulate the lateral distribution of the shower (ShowerPhotonGeneratorOG),
the signal and background in PMTs ( TelescopeSimulatorKG and F'dBackgroundSim-
ulatorOG), the response of the FD electronics (FdElectronicsSimulatorOG) and, fi-
nally, the FD triggers (F'dTriggerSimulatorOG).

When the SD and FD signal is generated, the processing follows with the simula-
tion of the response of the central data acquisition system to the detector triggers
(CentralTriggerSimulatorXb). Coincident SD and FD triggers are then used for cre-
ation of hybrid event (CentralTrigger EventBuilderOG). All of the generated data so
far are then combined to create a standard Offline event (FEventBuilderOG) to be
exported into an external file (FEventFileEzporterOG). This event file can then be
used as an input file for the EventFileReaderOG module.

The reconstruction itself then starts with the FventCheckerOG module and cali-
brations of the FD and the SD. These modules are followed by the FD hybrid recon-
struction described above followed by the SD reconstruction. The latter part con-
tains the previously described SdEventSelectorOG, SdSignalRecoveryKLT, SdPlan-
eFitOG, LDFFinderKG, Risetimel(000LLL and SdEventPosteriorSelectorOG mod-
ules. Moreover, this SD reconstruction part includes an additional selection module
for identification of artificial stations around 1000 m from the shower core that are
not used in the shower reconstruction (SdMonteCarloEventSelectorOG). With this
the reconstruction of the simulated shower ends, and the RecData WriterNG module
is called.
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Chapter 5

Combination of the reconstruction
methods using CORSIKA
simulations

To be able to combine the results from the HD reconstruction with the reconstruc-
tion using the SD geometry or with the FD stereo reconstruction, one needs to
study the differences between the systematic uncertainties of the different methods
and minimize the biases between them. This minimization of biases can be accom-
plished either by a study on simulated showers and comparison of the reconstructed
properties with the true MC generated properties, or by comparison of identical
events reconstructed using the different methods.

In this chapter, we analyse the differences between the standardly used HD re-
construction method and each of the alternative shower reconstruction methods
using proton showers with energies between 101%% eV and 10?° eV and zenith angles
within 60° simulated with the CORSIKA 7.5700 code applying the hadronic inter-
action model EPOS-LHC. The simulated showers were produced by Prague Auger
Group as a part of the official simulation library for the Pierre Auger Collaboration.
These simulated showers were then processed using the reconstruction sequence de-
scribed in Chapter 4 performed via the Offline SVN trunk version 34510. Here, the
FEventFileExporterOG module was used to generate exactly the same input files for
all of the three analysed methods.

The HD reconstructed simulations and simulations reconstructed using the SD
geometry were processed through the sets of X« and SD cuts described in Ap-
pendix A. The stereo-reconstructed data were processed only through the set of
Xmax cuts as this reconstruction method does not use the SD signal for shower re-
construction at all. The cuts focusing on the atmosphere and hardware status of the
detectors were omitted, since the simulated showers do not have any atmospheric
information and the generation of the signal in detectors is not based on the time-
dependent detector information. Moreover, the cuts focusing on lightning and laser
events were omitted as well since the CORSIKA shower processing algorithm gen-
erates only cosmic-ray events from the input data.

Lists of all applied X . and SD cuts including their parameters and the number of
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events that passed each cut can be found in Appendix B in Tables B.6 - B.10 for each
of the three reconstruction methods. The X, cuts reduced the number of consid-
ered events to 2955 HD reconstructed simulations, 3041 simulations reconstructed
using the SD geometry and 2208 stereo-reconstructed data. The SD cuts further
reduced the HD reconstructed set to 2636 events, and the reconstruction using the
SD geometry to 2643 events. The total number of analysed single eye-reconstructed
events! for the 2636 HD reconstructed showers was 4715. From the 2643 showers
reconstructed using the SD geometry there were 4816 eye-reconstructed events, and
the 2208 stereo-reconstructed showers comprise of 3810 eye-reconstructed events.
To correct for the simulated energy spectrum with spectral index YM€ = 1, each
entry in the following profile histograms was weighted by a factor
10(1og10(E3§§1/1 V) —19.5)— (yMC—qdat) (5.1)

Y

where EMC corresponds to the total simulated shower energy in eV and v corre-

sponds to the spectral index estimated from the Pierre Auger Observatory data [16].
This spectral index is 3.05 for energies from the ankle up to 5- 10 eV and 5.1 for
higher energies. Throughout this and the next chapter, the notation log,,, (E%\é[tc ) will
correspond to logy, (EM/1 eV), where the latter was not used for better readability.

5.1 Difference in the X, .x

First, we analysed the difference in the X, reconstructed using the SD geometry
(XSDegeom) and X .y reconstructed using the standard hybrid reconstruction method

max

(XHD) for only identical eye-reconstructed CORSIKA showers. After the selection

of such events using their event IDs and the same FD sites that observed them,
we obtained 3672 identical eye-reconstructed events for the HD reconstruction and
the reconstruction using the SD geometry. We plotted the mean values of the X .«
difference in various R, XS and log,, (EM’) bins. The respective dependencies
are shown on left panels of Figure 5.1. In all three plots, one can immediately notice
a constant offset in the reconstructed X,,... The X,.. differences were fitted by
a constant using the y? minimization procedure to help us estimate a factor that
would reduce them. We obtained an offset of (4.8+£0.3) g/cm? for the R, dependence,
(4.6+0.3) g/cm? for the XMS dependence and (5.2+0.2) g/cm? for the log,, (Ef)
dependence. From these parameters, we then estimated the correction factor for the
reconstruction using the SD geometry as

XSDecom _ xHD 4 55 /cm?. (5.2)

max max

Analogous approach was applied to the X, differences between the HD and
stereo (X5Wrec) reconstructions shown on the right panels of Figure 5.1. The num-

ber of the same eye-reconstructions in the case of HD and stereo reconstruction
methods was 3609. The offsets obtained from the x? minimization procedure were

"'We refer to individual FD sites as eyes and to the events reconstructed by individual FD sites
as eye-reconstructed events.
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Figure 5.1: Mean value of the difference of the X,,., reconstructed with the HD and
SD geometry methods (left) and HD and stereo methods (right) in various R, XM

max

and log,, (EYC) bins for eye-reconstructions of the same CORSIKA showers only.

(—0.540.2) g/cm? for the R, dependence, (—0.7 £ 0.3) g/cm? for the XMC depen-

dence and (—1.1+0.2) g/cm? for the log,, (EY’) dependence. From these param-
eters, we estimated the correction factor for the stereo reconstruction as

X3 = XU 1 g/ 53
In Figure 5.2, we show the difference between the reconstructed (X1 ) and
MC simulated (XMS) depth of the shower maximum in individual R,, XM$ and
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Figure 5.2: Mean value of the X, bias in different R, XMS and log,, (E}) bins

for the three different reconstruction methods with (right) and without (left) the
corrections defined in Egs. (5.2), (5.3).

logyo (EMC) bins for all three methods with (right) and without (left) the previ-
ously estimated corrections applied. An overall improvement in the behaviour of the
differences in biases for the corrected methods is clearly seen. The most significant
change occurs in the dependence on log;, (Eﬁgf), where the difference between all
three methods decreases from more than 4 g/cm? to about 2 g/cm?. In the depen-
dence on XMS(, the differences in the X,.. bias decrease by using the correction

factors for the bins with higher statistic from ~ 5 g/cm? to ~ 3 g/cm?.
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Finally, Figure 5.3 shows the resolution of the X, for all three methods. The
stereo reconstructed X,,., show generally better resolution in comparison with the
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other two methods. This improvement results from the shower axis being recon-
structed with more precision. The SD geometry X,.. resolution is generally worse
than the resolution of the other methods, however, the deviations are still within an
acceptable region.

5.2 Difference in the calorimetric energy

In analogy with the previous section, we plotted the average relative difference in
the calorimetric energy F., between the HD and SD geometry (HD and stereo)
reconstruction methods with respect to R,, XMS and log;,, (Eé\gf ) on the left (right)
panels in Figure 5.4 for identical eye-reconstructed CORSIKA showers. E., was
obtained as the integral of the Gaisser-Hillas function fitted to the longitudinal
profile within the Offline software, see Eq. (4.2). We can see that all of the differences
are lower than ~ 5%. It implies that the E., reconstructed by the two alternative
methods does not require any correction factor within our analysis. Using the proton
elongation rate AP ~ 58 g/cm? |26], we can calculate that such a difference between
the energies corresponds to about 1.2 g/cm? change in the X ... Therefore, it has a
negligible effect on the combination of X, distributions for the three reconstruction
methods.

On left panels of Figure 5.5, we show the average relative differences between the
three methods in the reconstruction of the calorimetric energy Eiey from the MC
values EMP. These differences in bias are compatible with reconstruction differences
estimated from Fig. 5.4. The resolutions of E.] using different reconstruction meth-
ods are plotted on the right panels of Fig. 5.5. For the selected stereo showers, the
stereo reconstruction provides slightly better resolution than for the HD showers
and even a little bit more for reconstruction using the SD geometry. However, these
differences could be related to different selections of showers that are differently
convenient for the three reconstructions. Again, the effect of these differences for
combination of X, distributions is negligible.
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5.3 Prospects for data analysis

This MC study shows us that simple correction factors applied to the reconstruction
methods using the SD geometry and stereo information lower the differences between
the X ,.x biases arising from the three reconstruction methods. Moreover, the reso-
lution of X ., for all three methods is either comparable with acceptable deviations
or the alternative method is even better (stereo reconstruction). The calorimetric
energy seems to be effected on average within 2% at most with the differences in the
resolution within 1.5%. Since the X, depends logarithmically on energy, we can
neglect the differences in the reconstructed calorimetric energy. These results imply
that the combination of all three methods, after the simple correction for differences
in X .« biases, would provide X ., distributions consistent with the commonly used
HD reconstruction in the studied energy range.

To motivate the combination of the three methods even further, we studied on
the MC simulations the number of events that passed the selection cuts for recon-
struction using the SD geometry, but did not pass it for the HD reconstruction,
and the number of events that passed the selection cuts for the reconstruction us-
ing stereo geometry only. Here, we considered events with reconstructed FD energy
above 10'® V. This condition lowered the number of HD reconstructed showers
from 2636 to 2628 only. The number of new showers that were added by the alter-
native methods was 218 using the SD geometry and 39 for the stereo reconstruction
making the total number of nonidentical showers that passed the selection cuts 2885,
increase by ~10%. The number of additional stereo reconstructed showers is limited
by the fact that the cores of the CORSIKA showers were simulated only within the
SD array. In reality, the stereo reconstruction can potentially increase the analysed
data set even more as will be seen in Chapter 6.

Following the estimation of the number of new events added by the alternative
reconstruction methods, we compared the X ., distributions resulting from the HD
reconstructed events only and from the data set of 2885 unique events that were
complemented by the two alternative reconstructions applying the correction fac-
tors from Eqgs. (5.2),(5.3) using the Kolmogorov-Smirnov test [71]. The distributions
were divided into three energy bins and weighted in accordance with Eq. (5.1). The
energy bins were set as follows: 1015 — 10196 ¢V, 10196 — 1097 eV and > 107 eV.
The Kolmogorov-Smirnov test gave compatibility of ~ 50% for the distributions in
the first energy bin, ~ 21% for the second bin and ~ 38% for the third bin. In Fig-
ure 5.6, we can see the weighted distributions together with their mean values and
the resolutions. The similarity of the mean values and the resolutions of both types
of distributions in all energy bins give us another reassurance that the combination
of the three methods does not introduce unwanted bias.

95



100

< »
(0] (0]
2 logE_ =19.5-19.6 Entries 414 | 2
2 8o Mean  825.1% 247 | &
< RMS 4988+ 1.747 | @
o o
S 6o 3
IS e
=} >
< 40F z
20—
1 1 1
800 700 800 900 1000 1100
2
Xmax [9/cm]
o 70 »
o =19.6 - 19. o
= 60 _|°g EFD 196-19.7 Entries 496 | =
2 Mean 8354+ 2477 | 2
2 5 RMS 5418+ 1.751 | @
5 S0 o
S 4ol 3
IS IS
=} >
zZ 30— =z
20—
10
1 1 1
é) 0 700 800 900 1000 1100
2
Xmax [9/cm]
» 30 »
g log E_ >19.7 Entries 1718 2
o 251 Mean 8512+ 2375 | 2
[7) RMS 58.25 + 1.679 (2]
> 201 N
[} (0]
E E
=] 15— =]
pd z
10
5 —
1 1 1
&0 700 800 900 1000 1700

Ximax [g/cm?]

100
logE_ =19.5-19.6 Eniios 753
80— Mean  823.8+ 2.348
RMS 4958+ 1.66
60—
40—
20—
I ! I
800 700 800 900 1000 1100
2
Xmax [9/Cm”]
70
log EFD =19.6-19.7
60— Entries 561
Mean 836.8+ 2.36
50— RMS 54.87 + 1.669
40—
30—
20
10
I ! I
8 0 700 800 900 1000 1100
2
Xmax [9/Cm”]
30
log EFD >19.7 Entries 1871
25 Mean 851.1+ 2.247
RMS  57.59 + 1.589
20—
15
10
5 —
L ! I
800 700 800 900 1000 1100

Xumax [9/c?]

Figure 5.6: Distributions of X, for HD reconstructed simulated showers only (left)
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in three high-energy bins.
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Chapter 6

Combination of the reconstruction
methods using Pierre Auger
Observatory data

6.1 Selected data

The results presented in this chapter are based on the reconstruction of the Pierre
Auger Observatory data taken from 1. 1. 2004 up to the 31. 12. 2018 with energies
higher than 10'%? eV and zenith angle within 60°. Three methods of the data re-
construction were used - the HD reconstruction, the reconstruction of hybrid events
using the SD geometry and the stereo reconstruction. For the HD and stereo re-
construction methods, a set of all Auger detected showers was used, whereas for
the reconstruction using the SD geometry, we used only the so-called golden-hybrid
data!. Unfortunately, we were not able to reconstruct a part of the data using the
HD method due to technical difficulties. For this reason, a smaller subset consisting
of golden-hybrid events was used in place of the unreconstructed data. The possible
consequences of this solution will be discussed later.

The reconstruction and application of the selection cuts was produced through
the Offline SVN trunk version 34510. Concerning the cuts applied to the final data,
the HD reconstructed showers and the showers reconstructed using the SD geometry
were selected through the default set of SD cuts presented in Table A.1 and the de-
fault set of Xy, cuts from Table A.2 with the minLgEnergyFD set to 19.2. For the
events reconstructed using the SD geometry, we did not consider the hybrid Tank-
Trigger and maxCoreTankDist cuts as they would not let any event pass because of
the different approach to the usage of SD signal for the reconstruction in compari-
son with the HD reconstruction. For the stereo reconstruction, the same X, ., cuts
as for the reconstruction using the SD geometry were applied with the additional
removal of minPBrass and minPBrassProtonlronDiff cuts and reparametrization of
the maxZenithF'D cut to 60°. The SD cuts themselves as well as the SD-related cuts

!Golden-hybrid data are high-quality events measured by both FD and SD, whereas the stan-
dard hybrid events require only one SD station to trigger.
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are not applicable to the stereo reconstructed data as these data do not have any
reconstructed SD signal. All of the cuts applied to the data reconstructed by the
three methods as well as the numbers of events that passed each cut are listed in
Tables B.1 - B.5 in Appendix B.

In each figure included in this chapter, we show all of the HD reconstructed events
that have passed the selection cuts, the additional events that can be added into the
high-quality Xax data set [64] by reconstructing hybrids using the SD geometry,
and the additional events that can be added by the stereo reconstruction only. The
depths of the shower maximum reconstructed using the SD geometry and with the
stereo method were corrected according to Egs. (5.2),(5.3).

In Figure 6.1, we plot the X,,.x as a function of Erp reconstructed from each FD
site for the combined set of events from all three reconstruction methods. This scat-
ter plot shows the depths of the shower maximum and the shower energies considered
for the following discussion.

SD geom. rec. events
Stereo rec. events

\“‘NUP h 5
o %‘?,“ m B
Ov&.‘ﬁ}
ROBSE & 'y on
?O‘“ﬁ ]
ay BP0
“Hog C
(6] []
| u

!
19.2 19.4 19.6 19.8 20.0 20.2
log( E [eV])

Figure 6.1: Relation between the eye-reconstructed X, and shower energy for the
HD reconstruction (gray), reconstruction using the SD geometry (blue) and stereo
reconstruction (orange).

6.2 Discussion of the results

In Figure 6.2, we show the number of showers above the FD energy specified on the
horizontal axis. For showers observed by more than one FD site, we calculated the
average of energies weighted over their reconstructed statistical errors. From these
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plots we can read the number of high-quality events above 102 eV that can be
added to the standard X,,,, analysis of 284 events by using the SD geometry and
the stereo reconstruction method without spoiling the information on mass compo-
sition of UHECR. The reconstruction using the SD geometry provides 40 unique
events to pass the high-quality selection cuts and the stereo reconstruction adds
another 221 events. For the higher energies, we can see that the number of stereo
reconstructed events starts to decrease in comparison with the HD reconstruction
method. This is probably caused by the improved resolution of the shower geom-
etry estimation by the HD method for UHECR showers. On the other hand, the
reconstruction using the SD geometry begins to approach the HD reconstruction
for highest-energy events. In this case, the behaviour can be explained by an im-
proved reconstruction of the showers that fall farther from the FD sites using the
SD geometry.

D
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' HD rec. events
i Stereoirec. evénts
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| Th

i i
19.2 19.3 194 195 196 19.7 198 199 20.0
log( EFD [eV])

T

Number of showers above E.

Figure 6.2: The number of detected showers above the logarithm of the reconstructed
FD energy for all selected HD reconstructed events (black), events added by the
reconstruction using the SD geometry (violet) and events added by the stereo re-
construction (orange).

Concerning the fraction of events added by the stereo reconstruction, we can see
that it is much higher than in the case of the simulated showers, see Chapter 5. We
assume that this increase is caused by the following reasons:

e The sets of the Pierre Auger Observatory data used for the HD and stereo
reconstruction methods were not completely identical.

e The fraction of MC simulated events added by the stereo method is lower due
to the predefined positions of the simulated showers directly in the SD array.
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e The sets of MC showers used for the stereo reconstruction and reconstruction
using the SD geometry were identical, whereas for the Observatory data anal-
ysis, the stereo reconstruction was applied on all of the raw data as opposed
to the reconstruction using the SD geometry, where only the golden-hybrid
events were used.

e Additionally, the MC simulated showers do not take into account misalign-
ment of telescopes or inactive SD stations resulting in a surplus of events
reconstructed using the SD geometry that pass the selection cuts.
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Figure 6.3: Distribution of the shower cores reconstructed by individual FD sites in
the Observatory coordinate system. The grey dots correspond to the SD array and
the colored lines correspond to the fields of view of respective FD sites. Left: Ge-
ometry from the stereo reconstruction. Right: Geometry from the SD.

Next, we looked at the distributions of the shower cores reconstructed by the two
alternative methods. In the left panel of Figure 6.3, we show the distribution of the
individual stereo reconstructed FD events in the Observatory coordinate system.
By addition of the SD array to the figure, we can see that the stereo reconstructed
showers do not fall only directly on the array, but also far outside of it, enlarging
the effective area of the Pierre Auger Observatory. The number of the stereo events
with zenith angles below 60° and with energies above 1092 eV out of the SD array
exceeds 40, giving us the lower bound for the number of high-quality events that
can be added to the standard X,,,, analysis by applying the stereo reconstruction
method. The case for the reconstruction using the SD geometry is depicted on the
right panel of Figure 6.3. We point out the generally large distances between the
reconstructed shower cores and the FD sites that observed them. This result suggests
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that the use of SD geometry in hybrid event reconstruction allows more distant
events to pass the selection cuts.
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Figure 6.4: X ,.x distribution of Pierre Auger Observatory data in the two highest-
energy bins. Black distribution corresponds to the HD reconstruction, violet to the
reconstruction using the SD geometry, orange to the stereo reconstruction and green
to the combined data from all three methods.

In Figure 6.4, we show the X,.. distributions of the unique events from in-
dividual reconstruction methods as well as of all methods combined in the two
highest-energy bins. Analogically to the case of the number of events above the
FD energy, we considered the weighted average of the energies and X, for the
showers that were observed by more than one FD site. The bins were selected as
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19.6 < logy (Erp/1 eV) < 19.7 and 19.7 < logy, (Erp/1 €V). The bin between 19.6
and 19.7 is not considered in the official X,,x analysis [72] as the total number of
events in that bin does not exceed 40; minimal statistically significant value for a
bin agreed within the Collaboration. We plot this energy bin with the ambition to
increase the data set above the stated number. We can see in the figure that the
number of new events added by the alternative methods is 17, making the total
number of events in this energy bin 29. Due to the technical difficulties associated
with the HD reconstruction, we can not conclude whether the number of events in
this bin would increase with additional HD reconstructed events. Here, however, we
limited ourselves by discarding events with zenith angle higher than 60°. For our
future analysis of the X, distributions, the showers with higher zenith angles must
be taken into account as well to check, whether the number of all possible events in-
cluded in this energy bin would exceed 40. Concerning the bin with energies greater
than 107 eV, the number of events with zenith angles lower than 60° added to the
8 HD reconstructed events by the alternative methods is 5.
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Conclusions

Three reconstruction methods of the Pierre Auger Observatory data were applied
in this work. The standard hybrid reconstruction was complemented by two alter-
native reconstructions of FD data: using the SD geometry, and geometry obtained
by combining multiple FD telescopes.

We have studied the differences between the three reconstruction methods in the
depth of shower maximum (X ,,ax) and calorimetric energy (E.,) for simulated show-
ers of energies 1015720 ¢V. We have proposed simple correction factors in X ,ax for
the two alternative methods minimizing the differences in biases between the three
reconstruction methods within 5 g/cm?. The average relative differences in E., were
found within 2%, which is negligible compared to the total systematic uncertainties
of the energy scale (14%), with an effect on X, within 1.2 g/cm?. We have also
studied the resolution of both X, and E,, indicating very similar values between
the three reconstruction methods. This MC analysis demonstrates that the potential
combination of the events reconstructed by the three methods would be consistent
with the X,.x distributions of the standard hybrid reconstruction. The estimated
increase of new events with reliable X, information is about 10% for energies
above 10'%® eV within 60° of zenith angle.

Following the analysis of the biases between the three different reconstruction
methods and estimation of the simple correction factors, we have examined the
combination of the different methods on the Pierre Auger Observatory data. The
number of events reconstructed using the HD method that satisfied the high-quality
selection cuts above the energy 10'%2 eV and within the zenith angle 60° was 284.
We have shown that the number of showers added by the two alternative methods
exceeds 250, being inconsistent with the conclusion from the analysis conducted on
the simulated data. We have attributed this behaviour to four factors, namely that
we were not able to apply the HD reconstruction to the whole data set to which the
stereo method was applied, the stereo reconstruction applied to the simulated show-
ers could not add any events lying outside of the SD array, the input data for the
stereo and SD geometry reconstruction were identical for the MC showers, which
was not the case for the real Observatory data, where the number of raw events
reconstructed using the SD geometry was lower than for the stereo reconstruction,
and, finally, the MC simulations used did not take into account misalignment of
telescopes or inactive SD stations.

For further analysis we will study the biases between the different methods for
simulated showers initiated by heavier nuclei. We will also include simulated show-
ers with cores outside of the SD array. We will enlarge the zenith angle range in
case of hybrid and stereo reconstructions up to 80°. For the study of the impact of
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the combination of the three methods on the Observatory data we will try to finish
the HD reconstruction of all the data and determine the total number of new events
that pass the selection cuts by using the two alternative methods. A more thorough
analysis of the stereo reconstructed events will be conducted as well to conclude
whether some additional cuts need to be applied to ensure the desired quality of the
selected events.
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Appendix A

Offline supplement

A.1 Reconstruction setup

As it was already mentioned in the Chapter 2.2, the reconstruction of events de-
tected at the Pierre Auger Observatory is performed within the Auger Offline frame-
work [40]. By default, this framework offers a number of different reconstruction
methods, but users are free to specify the processing modules that they want to use
in the ModuleSequence file. Moreover, users are also able to write their own mod-
ules that can be used instead of the default ones, or rewrite parameters in existing
modules through the configuration files. The reconstruction itself is then executed
through the command userAugerOffline -b bootstrap.xml. The XML file called
bootstrap links the framework to all relevant external configuration files. Through
the bootstrap file, users have the option to overwrite default parameters of specified
modules.

Each reconstruction begins with the EventFileReaderOG module connecting the
reconstruction algorithm with raw or simulated data. In the configuration file for
FEventFileReaderOG, users need to specify the file type of the input data (e.g. type
IoAuger for raw Observatory data or type CORSIKA for CORSIKA simulated data)
and the paths to the input data. The paths can be written either explicitly in the
configuration file itself or in a text file that is subsequently read by the configuration
file. For reconstruction of a higher number of data files, the input through the text
file is more practical. The ModuleSequence can then be set to loop the modules over
all of the input files.

At the end of the reconstruction module sequence, there should always be the Rec-
DataWriterNG module to save the reconstruction output in the ADST file. Within
the configuration file of this module, users can specify which information they want
to be stored. The RecDataWriterNG does not store the reconstructed data only, but
it also connects the events to their respective atmospheric conditions and other data
from the Observatory databases.
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A.2 Selection cuts

Apart from the instruments used for e.g. reconstruction or simulation of cosmic-
ray showers, Auger Offline also includes selection cuts that can be applied on the
ADST files through a cutting algorithm. By applying these cuts, users can discard
those reconstructed events that do not satisfy the requirements for the desired data
analysis. Generally, the cuts included in the Auger Offline can be divided into SD,
FD, RD (radio detector) and simulation cuts. From all these cuts, the Pierre Auger
Collaboration came up with several sets intended for specific types of data analysis.
These collections of cuts are written in a text file format and are connected with
the cutting algorithm through individual configuration files. Inside each text file,
users can change the parameters of individual cuts or add and remove cuts based
on their needs. The two most fundamental sets for the purposes of this work are
the standard cuts for the X,,., analysis and the SD cuts for vertical showers. The
Xax cuts are applied separately to the individual FD sites. The set of SD cuts for
vertical showers with their default parameters is shown in Table A.1 and the X,
analysis cuts with their default parameters are in Table A.2.

As can be seen in both Table A.1 and Table A.2, some of the cuts do not have any
parameter. These cuts are of Boolean data type and their usage is analogous to the
usage of bool in C++ codes. This means that if there is an exclamation mark before
such a cut, the cutting algorithm selects events that do not satisfy the specified
condition. A perfect example of this are the first two cuts from the standard X,,..
subset (Table A.2). The isCLF and isXLF cuts examine if the detected event was
caused by the two Observatory laser facilities, the CLF and the XLF.

The other Boolean cuts in the standard X,.. subset are badFDPeriodRejection
rejecting events from the FD periods with GPS glitches and bad calibration con-
stants, good10MHzCorrection selecting only events with good correction of the 10
MHz oscillator, hasMieDatabase rejecting events without atmospheric monitoring
and skipSaturated discarding events with at least one saturated telescope pixel. The
Boolean cuts in the SD vertical subset (Table A.1) are lightning rejecting events
triggered by a lightning, and badPeriodsRejectionFromFile removing SD events reg-
istered within periods specified in an external text file. The remaining SD vertical
cuts are used for rejection of events without the lateral distribution function (LDF)
fit (minRecLevel set to 3), removal of inclined events (mazZenithSD set to 60), and
events without the SD trigger on shower physics (74 Trigger set to 2), rejection of
events without the 6T5 trigger! (T5Trigger set to 2) and, finally, minLgEnergySD
for rejection of events with lower reconstructed SD energy than 10175 eV.

One of the most crucial cuts for the selection of high-quality X.., data is the
FidFOVICRC13 cut ensuring that the telescope field of view (FOV) is large enough
to cover all plausible X,,., values with high precision. The two parameters of this
cut represent the maximum expected uncertainty in the X, reconstruction and
the minimum viewing angle of the telescope?. The values of 40 g/cm? and 20° have
been derived for the International Cosmic Ray Conference (ICRC) in 2013 and are

16T5 trigger accepts only events containing a SD station with the highest signal that is sur-
rounded by 6 other operating SD stations [36].
2Telescope viewing angle is defined in Chapter 4.2.

72



being used onward. Other X,,.« analysis cuts to be described are the eyeCut used
to either accept (cut set to 1) or reject (cut set to 0) events detected by specific
FD sites, badPizels rejecting events with bad telescope pixels, mazVAOD accept-
ing events with measured vertical acrosol optical depth (VAOD) integrated from
the ground to 3 km less than 0.1, mazCoreTankDist selecting events with smaller
distance than 1500 m between the FD reconstructed shower core and the closest
triggered SD station, maxZenithF'D discarding events with the FD reconstructed
zenith angle greater than 90°, minLgEnergF' D3 accepting events with higher FD re-
constructed shower energy than what is specified, maxDepthHole removing events
with an undetected part of the shower profile larger than 10% of the whole observed
profile and, finally, depthTrackLength accepting only events with observed shower
track length larger than 200 g/cm?2.

Cut Default parameters
lightning -
minRecLevel 3
max ZenithSD 60
T4Trigger 2
T5Trigger 2
minLgEnergySD 17.5

badPeriodsRejectionFromFile -

Table A.1: The default subset of SD quality cuts for vertical showers.

3Cut minLgEnergyFD is used twice in the default subset for the X ,.x analysis. The first usage
is to check, if the event has successfully reconstructed FD energy, and the second usage to specify
the minimum required energy.
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Cut Default parameters

lisCLF -
lisXLF -
keepHECOorCoihuecoHEAT 18.1 {nMinusOne: 21 -10.5 10.5}
eyeCut 1111
badFDPeriodRejection -

minMeanPixelRMSMergedEyes  {params: 17 6 110000 nMinusOne: 100 0 100}
minMeanPixelRMSSimpleEye {params: 17 11111 nMinusOne: 100 0 100}

'badPixels 1
good10MHzCorrection -
hasMieDatabase -
maxVAOD 0.1
cloudCutXmaxPRD14 {params: 1 nMinusOne: 21 -10.5 10.5}
hybrid TankTrigger 2
maxCoreTankDist 1500
maxZenithF'D 90
minLgEnergyFD 1le-20
skipSaturated -
minPBrass 0.9
maxPBrassProtonlronDiff 0.05
minLgEnergyFD 17.8
FidFOVICRC13 40 20
xMaxObsInExpected FOV {params: 40 20}
maxDepthHole 20.
profileChi2Sigma {params: 3 -1.1 nMinusOne: 400 -20 20}
depthTrackLength 200

Table A.2: The default subset of standard X,,,, analysis cuts.
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Appendix B

Event selection tables

Cut Parameter Events passed
n'Tot - 9.27 - 10°
lisCLF - 9.02 - 10°
lisXLF - 8967790
keepHECOorCoihuecoHEAT 18.1 6841112
eyeCut 1111 5166887
badFDPeriodRejection - 4540367
minMeanPixelRMSMergedEyes (17, 6, 110000) 4540367
minMeanPixel RMSSimpleEye (17, 11111) 2850533
'badPixels 1 2593783
good10MHzCorrection - 2571066
hasMieDatabase - 2275392
maxVAOD 0.1 2078094
cloudCutXmaxPRD14 1 1639238
hybridTankTrigger 2 626232
maxCoreTankDist 1500 624156
maxZenithFD 90 622912
minLgEnergyFD 1e-20 568474
skipSaturated - 567114
minPBrass 0.9 495422
maxPBrassProtonlronDiff 0.05 472442
minLgEnergyFD 19.2 1830
FidFOVICRC13 (40, 20) 695
xMaxObsInExpectedFOV (40, 20) 683
maxDepthHole 20 675
profileChi2Sigma (3,-1.1) 640
depthTrackLength 200 640

Table B.1: Number of HD reconstructed Pierre Auger Observatory events that
passed individual X,., cuts; nTot corresponds to the total number of eye-
reconstructed events processed.
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Cut Parameter Events passed

n'Tot - 500

llightning - 500
minRecLevel 3 491
maxZenithSD 60 410
T4Trigger 2 410
T5Trigger 2 286
minLgknergySD 17.5 286
badPeriodsRejectionFromkF'ile - 284

Table B.2: Number of HD reconstructed Pierre Auger Observatory events that
passed individual SD cuts following their selection through the X.. cuts; nTot
corresponds to the total number of showers processed.

Cut Parameter Events passed
nTot - 267716
lisCLF - 267716
lisXLF - 267716
keepHECOorCoihuecoHEAT 18.1 266892
eyeCut 1111 255217
badFDPeriodRejection - 245250
minMeanPixelRMSMergedEyes (17, 6, 110000) 245250
minMeanPixel RMSSimpleEye (17, 11111) 230776
'badPixels 1 221464
good10MHzCorrection - 220060
hasMieDatabase - 197133
maxVAOD 0.1 182283
cloudCutXmaxPRD14 1 132228
maxZenithF'D 90 132228
minLgEnergyFD le-20 126002
skipSaturated - 125391
minPBrass 0.9 119502
maxPBrassProtonlronDiff 0.05 118130
minLgEnergyFD 19.2 1868
FidFOVICRC13 (40, 20) 771
xMaxObsInExpectedFOV (40, 20) 747
maxDepthHole 20 741
profileChi2Sigma (3,-1.1) 698
depthTrackLength 200 698

Table B.3: Number of Pierre Auger Observatory events reconstructed using the SD
geometry that passed individual X, cuts; nTot corresponds to the total number
of eye-reconstructed events processed.
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Cut Parameter Events passed

nTot - 506

llightning - 506
minRecLevel 3 506
maxZenithSD 60 398
T4Trigger 2 398
To5Trigger 2 292
minLgEnergySD 17.5 292
badPeriodsRejectionFromkFile - 290

Table B.4: Number of Pierre Auger Observatory events reconstructed using the SD
geometry that passed individual SD cuts following their selection through the X .«
cuts; nTot corresponds to the total number of showers processed.

Cut Parameter Events passed
n'Tot - 1.47-10°
lisCLF - 1.47-10°
lisXLF - 1473154
keepHECOorCoihuecoHEAT 18.1 1467715
eyeCut 1111 1394222
badFDPeriodRejection - 1329582
minMeanPixelRMSMergedEyes (17, 6, 110000) 1329582
minMeanPixel RMSSimpleEye (17, 11111) 1233904
'badPixels 1 1153093
good10MHzCorrection - 1137801
hasMieDatabase - 1020789
maxVAOD 0.1 945659
cloudCutXmaxPRD14 1 681752
maxZenithFD 90 678754
minLgEnergyFD le-20 678153
skipSaturated - 677814
minLgEnergyFD 19.2 7684
FidFOVICRC13 (40, 20) 864
xMaxObsInExpected FOV (40, 20) 766
maxDepthHole 20 757
profileChi2Sigma (3,-1.1) 695
depthTrackLength 200 693
maxZenithF'D 60 047

Table B.5: Number of stereo reconstructed Pierre Auger Observatory events
that passed individual X,., cuts; nTot corresponds to the total number of eye-
reconstructed events processed.
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Cut Parameter Events passed

n'Tot - 2952
minRecLevel 3 2952
maxZenithSD 60 2643
T4Trigger 2 2643
T5Trigger 2 2636
minLgEnergySD 17.5 2636

Table B.7: Number of HD reconstructed CORSIKA simulated showers that passed
individual SD cuts following their their selection through the X,,.. cuts; nTot cor-
responds to the total number of showers processed.

Cut Parameter Events passed
n'Tot - 18282
keepHECOorCoihuecoHEAT 18.1 14639
eyeCut 1111 14461
maxZenithFD 90 14049
minLgEnergyFD le-20 13875
skipSaturated - 13435
minLgEnergyFD 19.2 13417
FidFOVICRC13 (40, 20) 5930
xMaxObsInExpectedFOV (40, 20) 5672
maxDepthHole 20 5608
profileChi2Sigma (3,-1.1) 5289
depthTrackLength 200 5288
hybridTankTrigger 2 5260
maxCoreTankDist 1500 5250

Table B.6: Number of HD reconstructed CORSIKA simulated showers that passed
individual X, cuts; nTot corresponds to the total number of eye-reconstructed
events processed.
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Cut Parameter Events passed

n'Tot - 14780
keepHECOorCoihuecoHEAT 18.1 14616
eyeCut 1111 14453
maxZenithFD 90 14453
minLgEnergyFD le-20 14190
skipSaturated - 13750
minLgEnergyFD 19.2 13740
FidFOVICRC13 (40, 20) 6328
xMaxObsInExpected FOV (40, 20) 6040
maxDepthHole 20 5991
profileChi2Sigma (3,-1.1) 5716
depthTrackLength 200 5716

Table B.8: Number of CORSIKA simulated showers reconstructed using the SD

geometry that passed individual X, cuts; nTot corresponds to the total number
of eye-reconstructed events processed.

Cut Parameter Events passed
nTot - 3041
minRecLevel 3 3041
maxZenithSD 60 2647
T4Trigger 2 2647
THTrigger 2 2643
minLgEnergySD 17.5 2643

Table B.9: Number of CORSIKA simulated showers reconstructed using the SD
geometry that passed individual SD cuts following their their selection through the
Xmax cuts; nTot corresponds to the total number of showers processed.

Cut Parameter Events passed
n'Tot - 12707
keepHECOorCoihuecoHEAT 18.1 12459
eyeCut 1111 12459
maxZenithFD 90 11125
minLgEnergyFD le-20 10979
skipSaturated - 10633
minLgEnergyFD 19.2 10583
FidFOVICRC13 (40, 20) 4749
xMaxObsInExpected FOV (40, 20) 4607
maxDepthHole 20 4575
profileChi2Sigma (3,-1.1) 4291
depthTrackLength 200 4291
maxZenithF'D 60 3810

Table B.10: Number of stereo reconstructed CORSIKA simulated showers that

passed individual X,., cuts; nTot corresponds to the total number of eye-
reconstructed events processed.
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