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Nazev prdace:
Vliv chybéjici energie pFi rekonstrukci energie sprsky kosmického zareni z

dat fluorescenc¢nich teleskopu na Observatori Pierra Augera

Autor: Be. Simon Novak
Obor: Experimentéalni jaderné a ¢asticova fyzika
Druh prace: Diplomova prace

Vedouct prace: RNDr. Petr Travnicek, Ph.D.

Fyzikalni tstav AV CR, v.v.i.
Konzultant: Ing. Jakub Vicha, Ph.D.

Fyzikalni ustav AV CR, v.v.i.
Abstrakt: Rozsahlé sprsky kosmického zafeni vzniklé interakci vysoce energetickych
¢astic se zemskou atmosférou pii energiich presahujicich 400 TeV v tézisfové soustavé jsou
pozorovany na Observatofi Pierra Augera - nejvétsim svétovém experimentu pro detekci kos-
mického zafeni. Pro urceni parametrt kosmického zafeni je tfeba presné zméfit energii sprsky,
a proto musi byt kalorimetrickd energie sprsky opravena o hodnotu chybéjici energie - ¢asti
energie sprsky, ktera je nesena miony a neutriny a neni detekovana fluorescen¢nimi detektory.
Pro urceni této chybéjici energie je navrhnuto nékolik metod za pomoci simula¢nich programu
CONEX a CORSIKA prfi uziti nejnovéjsich hadronickych interakénich modelt EPOS LHC a
QGSJET-II-04. Predstavené metody jsou posléze porovnany mezi sebou jak na simulovanych,
tak na redlnych datech ziskanych na Observatorfi Pierra Augera.
Klicovd slova:  Observator Pierra Augera, ultra-energetické kosmické zareni, sprsky

kosmického zateni, chybéjici energie
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Impact of invisible energy on the energy reconstruction of cosmic-ray shower
using fluorescence telescopes at the Pierre Auger Observatory

Author: Be. Simon Novak

Abstract: Extensive Air Showers created by interactions of Ultra-High Energy Cos-
mic Ray particles with the Earth’s atmosphere at center of mass energy exceeding
400 TeV are being detected at the Pierre Auger Observatory - the world’s biggest exper-
imental site for observation of cosmic rays. For determination of cosmic ray properties
a precise measurement of shower energy is required, therefore the shower calorimetric
energy measured by the fluorescence detectors at the observatory must be corrected to
the invisible energy part - the part of the shower energy is carried away by muons and
neutrinos undetected. Several methods of the invisible energy estimation are proposed
using shower simulation codes CONEX and CORSIKA with the two newest hadronic
interaction models EPOS LHC and QGSJET-II-04 being used. The proposed methods
are compared on simulated and real cosmic-ray data measured at the PAO.
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Introduction

The enigmatic properties of Ultra-High Energy Cosmic Rays (UHECR) with energies
exceeding 10'® eV such as their primary composition, arrival directions and exact pro-
cesses through which they originate are still unclear. At these energies, observed cosmic-
ray particle flux is so small that a direct detection using a normal size satellite at the top
of Earth’s atmosphere would be statistically insufficient. Nevertheless, primary cosmic-
ray particles are interacting with nuclei of atmospheric gases and thus creating many
energetic hadrons and leptons which further interact with atmosphere. More than 10'°
secondary cosmic-ray particles creating a cosmic-ray air shower with diameter reach-
ing ~10 km can emerge through series of hadronic and electromagnetic multiplication
cascades. These Extensive Air Showers (EAS) are being thoroughly studied for many
years since their discovery by physicists Pierre Auger and Walther Bothe in 1930s.

Measured EAS parameters such as an energy deposition into the atmosphere or
a depth of shower maximum can provide insight into the primary particle composition
and its energy. Also a reconstructed arrival direction of the most energetic air shower
events can pinpoint possible UHECR sources in the sky. These EAS studies are also
considered to confront the predictions of hadronic interaction models of particle colli-
sions at the energies several times exceeding the highest ones achievable at man-made
particle accelerators. For illustration, the maximum possible center-of-mass energy of
two colliding protons at the LHC is 14 TeV in comparison to center-of-mass energy of
~450 TeV in proton-proton interaction of a 102° eV proton primary particle hitting an
atmospheric gas nucleus.

Several experiments for EAS detection are in operation in both hemispheres.
Some of the most important are the Telescope Array in Utah and the largest cosmic
ray detector array - the Pierre Auger Observatory (PAO) in Argentina. Hybrid detector
approach with cooperation of surface and fluorescence detectors is used in both obser-
vatories and enables to collect precise cosmic-ray data. Since the beginning of the PAO
data acquisition in 2004, important UHECR properties were established (see Sec. .
Both observatories are also in progress of augmentation and enhancement of measuring
devices - The AugerPrime upgrade at the PAO or the TALE extension at the Telescope
Array.

The Master’s thesis aims to understand the process of shower reconstruction
at the PAO, mainly the estimation of shower total energy accounting for the invisible

energy - the energy carried away by muons and neutrinos. Several methods of estimating
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the invisible energy are discussed and used on both Monte Carlo and real cosmic-ray
data. The scope of the thesis is to find the connection between the invisible energy and
an observable parameter at the PAO reflecting the number of muons hitting the surface
detectors. Better energy reconstruction methods will lower systematic errors and can
contribute to more educated physical interpretation of measured data.

In the chapter |1} primary and secondary cosmic rays are briefly characterized
including a basic characteristics of astrophysical cosmic-ray sources. Important effects
during propagation of primary cosmic rays from sources to the Earth are also mentioned.
The creation and development of a cosmic-ray air shower in the Earth’s atmosphere is
described by semi-empirical models and basic shower properties are outlined.

The chapter [2] concerns the hardware setup of the Pierre Auger Observatory,
methods of shower detection and reconstruction as well as energy calibration of mea-
sured data. Some main scientific results since the start of observatory’s operation are
highlighted here including the measured cosmic-ray energy spectrum, mass composition
and arrival directions.

The main part of the thesis - the invisible energy in cosmic-ray showers - is
discussed in the chapter Several methods for estimation of the invisible energy
using Monte Carlo simulations are proposed. Two newest hadronic interaction models
are used - EPOS LHC and QGSJET-II-04. Possible event-by-event correction using
measured shower parameters at the PAO is proposed and applied on simulated data.

In the last chapter [4, the best method from the previous chapter is applied to
real cosmic-ray data measured at the PAO and new calibration of the Surface Detector
signal is gain. The overall effectiveness is discussed when compared the reconstruction
by the Fluorescence Detectors to the Surface Detectors.

Ultimately, the thesis is summarized in the Summary.

11



Chapter 1

Cosmic rays and Cosmic-ray air
showers

The UHECR represent only a tiny fraction of all cosmic-ray particle spectrum arriving to
the Earth with the majority being less energetic particles coming from the Sun. Cosmic-
ray spectrum is steeply falling with energy, hence a particle with 10%° eV is expected
to hit a square kilometer only once per century. Only possibility how to effectively
study the UHECR is an indirect measurement of secondary cosmic-ray particles over

vast area with the Earth’s atmosphere acting as a huge calorimeter.

1.1 Primary cosmic-ray spectrum

Measured differential flux J of cosmic-ray particles can be expressed as a function of

particle energy in the form

dN

B)=_—_S'
JE) = masaran &

E7, (1.1)

where N is number of cosmic ray particles with energy in interval (E, E 4+ dFE) detected
per unit area S, time ¢ and solid angle ). Parameter v = v(F) is called spectral index
and it varies with energy. Its mean value is v ~ 2.7.

Combined data from various experiments covering different energy regions shows
scaled differential flux of primary cosmic rays in Fig. Four main areas with differ-
ent steepness are distinguishable. They are separated by three transitions in spectral
index value - spectral breaks. Because of the plot’s resemblance to a human leg, these
transitions are called "knee”, ”ankle” and ”toe”.

The first spectral break (the "knee”) occurs at energy ~4 x 10! eV and spectral
index shifts from ~2.6 to ~3.3. This transition can be explained by the fact that the
most common sources in our Galaxy are reaching their limits for accelerating protons.

It means that Larmor radius

E[EeV]

Rp[kpc] = Z.B[uG

(1.2)
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Figure 1.1: Measured differential flux J(E) of cosmic rays as a function of energy scaled by
factor E2-°. Particle energy is compared with center-of-mass energy limits of man-made particle
accelerators. Taken from [29].

reaches the characteristic size of a relevant source type and particles start escaping from
the accelerating region. Since iron nuclei have Z = 26, the limit of Galaxy accelerators
for these nuclei occurs at higher energies around ~8 x 10'6 V. This is indeed observable

in the cosmic-ray energy spectrum as so called ”second knee”.
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At even higher energies over ~4 x 10" eV the spectrum begins to fall drasti-
cally with v ~ 4 and higher. This "toe” could be understood as an overall limit for
extragalactic sources for proton acceleration. However, other processes during UHECR
propagation from its source can substantially lower the observed flux above the "toe”
energy such as the GZK cut-off described in Sec. The UHECR flux in the highest
energy region was measured by the PAO (Fig. and the existence of ”ankle” and

"toe” is confirmed without any doubt (see [2.4.1).

1.2 Primary cosmic-ray sources

Various processes exist in the Universe capable of accelerating charged particles. The
most probable sources inside our Galaxy are supernova expanding remnants, pulsars
and magnetars. Shock waves created by supernova explosions can theoretically produce
particles with energies up to 10'® eV (for heavy ions) through the process of Fermi
acceleration [14]. Magnetars posses magnetic fields reaching enormous values of 10! T.
This strong magnetic field can confine charged particles for sufficiently long time for
accelerating them before they can escape.

The UHECR at the highest energies are considered to be of extragalactic origin
as no sufficiently strong source is observed within our Galaxy. The most probable
sources are AGNs - Active Galactic Nuclei - with supermassive black holes in their
centers. Accretion disk around a supermassive black hole creates enormous jets of
accelerated particles. According to direction in which the jet is observed we distinguish
blasars, quasars or radio galaxies. Another possible source is a fusion of galaxies or
black holes.

One can illustratively show various objects in the Universe sorted by the ability
to confine a particle during an acceleration. The Hillas diagram in Fig[1.3]simply shows
the sources according to their magnetic field and size. In order to confine particles at
given high energy within a cosmic-ray source, its size must be larger than radius Ry, from
Eq. . It can be seen that several objects could theoretically accelerate proton up
to 10%° eV. For more information about cosmic-ray sources and acceleration mechanism
one can look in [I7],[28].

1.3 Propagation of cosmic rays

Cosmic rays are strongly affected by magnetic fields - the particles from low energy part
of the spectrum are deflected by Sun’s and Earth’s magnetic fields. The trajectories
of UHECR up to the energy ~1 EeV for protons and ~26 EeV for iron nuclei paths
are sufficiently distorted by Galactic magnetic fields through propagation from their
sources, therefore their arrival directions appear isotropic. Above these energies the
Larmor radius is very large and the arrival information is not smeared by magnetic
fields so much. The anisotropy of UHECR above 8 EeV was indeed measured at the

14
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Figure 1.3: Hillas diagram - object’s magnetic field strength plotted respectively to its size.
Some sources lie on the limit line for accelerating protons to energy 1020 eV. 3 represents the
relativistic factor of accelerating shock waves. Taken from [20].

PAO [§] and it indicates extragalactic origin of the most energetic cosmic rays.

The UHECR of sufficiently high energies can also interact with other particles
during their propagation. Average matter density in the extragalactic space is low (1
proton per m3) but the Cosmic Microwave Background (CMB) is sufficiently dense
(0 ~ 400 cm~3) to represent a substantial obstruction for the UHECR, propagation.
The possibility of UHECR to undergo a pion production via interactions with CMB
was independently proposed by K. Greisen [16] and G. Zatsepin with V. Kuzmin [31].
The process goes via A1 (1232 MeV) resonance with two possible results

y4+p— AT 5 p+ a0 (1.3a)
—n+7t. (1.3b)

Threshold energy for reactions , is ~6 x 10! eV and the proton looses
approximatively 15 % of its energy. Reaction is possible even with fotons from IR,
UV or visible spectrum with lower threshold energy. Another reaction of cosmic-ray
protons with CMB results in creation of electron positron pairs with threshold energy
~5 x 1017 eV:

y+p—opt+et e, (1.4)

The GZK limit creates an important constraint for distances of UHECR sources
from the Earth to maximum of ~100 Mpc. Any UHECR from sources located further

away would loose energy during propagation and arrive with energy of the GZK thresh-
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old at most. Many candidate UHECR sources are still within this limit e.g. the closest
AGN Centaurus A (4 Mpc).

Heavier nuclei with nucleon number A can also interact with CMB through
photo-pion and pair production processes with threshold energy roughly A-times larger
than threshold energy of respective processes with protons. Nuclei at energies ~3 x

10%° eV can also undergo a photodisintegration through Giant Dipole Resonance channel

A+y—GDR— (A—-1)+ N (1.5a)
- (A—4)+a, (1.5b)

where N is a nucleon and « is the alpha particle. This reactions alter energy and mass

distributions of cosmic rays during propagation from their sources to the Earth.

1.4 Air shower composition

Primary cosmic ray particle undergoes the first hadronic reaction in upper atmosphere

2 in averageﬂ This corresponds to the

after traversing approximately 25 — 40 g.cm™
altitude of ~ 25 — 35 km where the atmospheric pressure is ~10 mbar. Many secondary
particles are created, still very energetic to cause further reactions with atmospheric

molecules and new generations of particles are born.
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Figure 1.4: Average lateral (a) and longitudinal (b) shower profiles for simulated proton-induced
showers with primary energy 10*° eV. Lateral profile is taken at depth 880 g.cm ™2 which cor-
responds to the ground level at the PAO. Only v and e* above 0.25 MeV, muons and hadrons
above 0.1 GeV are counted. Taken from [I5].

'For expressing the amount of distance traversed under a zenith angle 6 respectively to the vertical
direction until the altitude A in the atmosphere with variable density p, it is convenient to use the
atmospheric (or slant) depth X (h) = fh o(z)ds

oo cos(0) *
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The number of particles of such cosmic-ray air shower grows exponentially with
traversed atmospheric depth until the energy of new particles drops below a critical
value. Than it becomes more probable for a particle to decay before it can interact. An
Extensive Air Shower created by UHECR primary particle with energy Ey will have
roughly Ey/eV x 107! secondary particles at maximum. A typical air shower profile
can be seen in Fig. A cosmic-ray air shower is comprised of four main components:
hadron, electromagnetic, muon and neutrino component all schematically depicted in
Fig.

Hadronic component consists of mesons, baryons and nuclear fragments created
through hadronical and spallation reactions of primary and secondary cosmic-ray par-
ticles with atmospheric molecules. Mostly (90 %) charged and neutral pions (7%, 7%)

are created. At smaller rate charged kaons are also created (K*).

Pion 7Y is a neutral meson with mean lifetime
7 = 852 x 1077 5. It decays instantly through two proton
most probable channels ‘top’
of the atmosphere
70— v+ 98.8 % (1.6a)
—et +e +1v 1.2 %. (1.6b)
e ATMOSPHERE
+ e,y component

Pions 7 are charged mesons with much longer mean
lifetime 7 = 2.6 x 10~% 5. They can traverse hundreds of
meters and interact with the atmosphere before decay-

ing into muons and neutrinos with almost 100% prob-

ability: u
= ut+u, (1.7a) n
T =+, (1.7b) !
u
u
The less dominant collision products, kaons K*, are - v,
( u

mesons containing strange quark s. Mean lifetime is

=

7 = 1.2 x 1078 s and its decay proceed through one of = sea v,/ e

=

level ",
the following channels - hadron
component
KT —ut 4, 63.5 % (1.8a)

N 0 muon
- +7 20.6 % (1.8b) component
s+t +77 56% (1.8¢c)

0 n neutrino
7m0 +et+v.  5.0% (1.8d)  UNMEEEI) component

(K~ decays to the charge conjugates of listed channels).

Figure 1.5: A model scheme of a

Decays of unstable charged pions (1.7a)), (1.7b]) cosmic ray shower composition.

and kaons ([1.8a)) give rise to the muonic part of the Taken from [17].

shower often called the hard component. Muons are unstable leptons with mean lifetime
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T = 2.2 x 1075 5. Highly relativistic muons reach the ground and create a substantial
part of a surface detector signal in EAS arrays (see Sec. [2.1)). Since muons excite
the atmosphere minimally, they represent the first shower component carrying away

invisible energy for fluorescence detectors. Muons decay into lighter leptons

pt—=et + v+, (1.9a)

P e 4 U+ . (1.9b)

The most interacting shower component is the electromagnetic component which
arises mainly from decays of neutral pions , and little from kaon decays
, and . Energetic photons can undergo a conversion process into
electron and positron which can both subsequently emit new photons in the processes
of bremsstrahlung. This electromagnetic cascade quickly amplifies the electromagnetic
part of the shower which contributes to the major part of a fluorescence detector signal
(see Sec. . Since the electromagnetic component is quickly dampen inside the
atmosphere it is often called the soft component.

Finally, the last part of the shower consists of neutrinos emerged from various
decay reactions. Neutrinos together with muons also carry away substantial part of the
shower energy as they practically do not interact with atmosphere or surface detectors

and can penetrate deep inside the Earth.

1.5 Air Shower models

Analytical solution for systems of cascade equations describing precisely all created
particles and accounting for decays of unstable ones is not available. It is common to
calculate shower numerically and to parametrize the results. However, semi-empirical
models of electromagnetic showers described by W. Heitler with a possible generalization
to hadronical shower by J. Matthews in [24] are also frequently used to understand basic

shower properties.

1.5.1 Heitler model

The Heitler model of an electromagnetic cascade (Fig. assumes that an electron
(positron) emits a brehmsstrahlung photon after passing a splitting length d when it
loses a half of its initial energy

d= M\In2, (1.10)

where )\, is the radiation length (for an electron/positron in air A\, = 36.66 g/cm?).
Same length d is considered for a photon to undergo a conversion to electron-positron

pair. After n reactions the traversed length is X = n A,In2 and there are

X

N=2"=¢x (1.11)
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particles in the shower. Created particles are considered to have exactly half of mother’s
energy. When the energy decreases below the value of critical energy &, losses by
ionization become larger than from brehmsstrahlung and the shower growth is stopped.
(for electron/positron in air £& = 85 MeV). Maximum particles in a shower with primary

energy Fjy is

E

Npaz = 2" = 707 (112)
13

where n, number of generations before reaching the critical energy. From Eq. ((1.12])
we have In(Ep/£5)

n{Lo/Ge
= e/ 1.13
e In2 ( )

and we can approximate the traversed depth in which the electromagnetic shower
reaches its maximum X, by
E
Xoe = e Ay In2 =" (1.14)
£
From simple calculations we find that X,,,, is proportional to logarithm of
primary energy. Important measurable parameter of air showers is the elongation rate

D defined as
_ dX?”ZL(l(E

N d log Eo

This results for electromagnetic showers is not reproduced by MC models because the

DY ~ 85 g.cm 2. (1.15)

Heitler model neglects particles which can leave the shower and overestimates number

of electrons and positrons over photons roughly by a factor of 10.

Figure 1.6: Scheme of electromagnetic cascade (a) and hadronic cascade (b), charged pions are
represented by full lines, neutral by dashed ones. Taken from [24].

1.5.2 Heitler-Matthews model

Heitler model can be extended to characterize hadronic cascades in cosmic-air showers.
We will assume the interaction length for strongly interacting particles does not vary
much with energy and can be approximated by a constant A\; ~ 90 g/cm?. After

traversing A7, a hadron interacts and creates N, charged and %Nch neutral pions.
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Value N, grows with energy of the reaction but can be taken as N., = 10 on average.
Created neutral pions 7° decay instantly and give rise to electromagnetic sub-showers.
Hadronic cascade stops when charged pions reach critical energy ¢7 ~ 20 GeV, when
the mean traversed length is lower than interaction length and decay to muons is more
probable than new interaction.

After n generations there is N/} charged pions and if we assume equal division
of energy between charged and neutral pions, the hadronic cascade will possess energy
(%)n FEy. The rest of primary energy is deposited in electromagnetic sub-showers from

70 decays. A single pion will have energy

E, = % (1.16)
(5Nen)
and number of generation to reach £ will be
In(Fo/&F E
.= M =0,85log—2. (1.17)
1n(§Nch) gg

If we approximate that all muons in proton induced shower are created by decays of

charged pions in maximum, we can write

E\”
NZ: = N;rrla:c = (Nch)nc = BO <§7r> (118)

where 8 can be estimated using Eq. (1.16]) as

B _ ln(Nch)

_ ~ 0.85. (1.19)
ln(%Nch)

The estimation of the number of muons N/ in a shower as a power function of primary
energy in Eq. is justified by Monte Carlo simulations giving values 5 = 0.85—0.92.
By combining the results from electromagnetic and hadronic cascades with re-
striction only for primary electromagnetic cascades it can be derived X5, for proton
induced showers
Ey

XP = Xp+ A e 1.20
mas = T A N & 20

where X7 = A;ln 2 is the atmospheric depth of the first proton interaction. The equation
(1.20)) underestimates the X, in comparison with MC simulations, mainly because
it neglects electromagnetic sub-showers. However, the value of elongation rate DP for
proton showers calculated from Eq. gives value in good agreement with MC
simulations:

d

D’ = ——(X;+ Adn

~ 58 2, 1.21
Tlogy ) g/cm (1.21)

_Fo
3]\]'ch Ec
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1.5.3 Superposition model

When considering air showers induced by heavier nuclei it is convenient to use the
superposition model. The hadronic interaction of a nucleus with mass number A and
primary energy Fy is treated as a superposition of A collisions creating A proton-
induced showers with primary energy Ey/A. This simplifies the problematics of nucleus
interaction of bind state of many nucleons. It is possible to express nucleus-induced

shower parameters using results for proton-induced shower

XA = DPlog <io> (1.22a)
N = NP AH, (1.22b)

1.5.4 Monte Carlo simulations

Monte Carlo simulation codes are available for more exact description of the shower
than those in Sec. The codes use MC techniques to decide when and
where a given particle interacts or decays in the atmosphere. The software tracks all
of representative parts of the produced particles and thus it simulates the shower in
the whole atmosphere. For purposes of the description of the particle interaction the
software uses a chosen model of hadronic interactions such as EPOS [30] and QGSJET
[27]. Two codes to simulate cosmic-ray air shower are used in this thesis: CONEX and
CORSIKA.

CONEX [13] combines MC simulations of particle interactions with numerical
evaluation of cascade equations to obtain fast 1D shower data. Explicit MC simulation
of the high-energy part of hadronic and electromagnetic cascades in the atmosphere is
combined with a numeric solution of cascade equations for smaller energy sub-showers to
obtain accurate shower predictions. CONEX calculates not only observables related to
the number of particles (shower size) but also ionization energy deposit profiles which
are needed for the interpretation of data of experiments employing the fluorescence
light technique. The output of the CONEX simulation program is thus the full shower
longitudinal profile expressed in ionization deposit and the number of particles. On the
other hand no information is stored for individual particles that reached the ground
level.

CORSIKA (COsmic Ray SImulations for KAscade) [18] is a program for detailed
3D simulation of extensive air showers initiated by high energy cosmic ray particles.
Protons, light nuclei up to iron, photons, and many other particles may be treated as
primaries. CORSIKA may be used up to and beyond the highest energies of 100 EeV.
The particles are fully tracked through the atmosphere until they undergo reactions
with the air nuclei or - in the case of unstable secondaries - decay. The output of
the CORSIKA is not only the information for longitudinal shower profile but also the

detailed information about particles reaching ground level.
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Chapter 2

The Pierre Auger Observatory

The Pierre Auger Observatory is the largest experiment for the observation of Extensive
Air Showers induced by the UHECR. It is located in the Argentinian pampas near the
city of Malargiie. The PAO was designed to have sufficient area for detection of enough

0'8 eV. Proposals

EAS events from the end of cosmic-ray spectrum at energies above 1
for the observatory have been laid in 1991 by J. Cronin and A. Watson and construction
works began in 2002. First cosmic-ray data were collected in 2004 and full operation was
achieved in 2008. Nowadays, the PAO collaboration associates more than 500 scientists

from 19 countries and an upgrade of the observatory - AugerPrime - is underway.

Loma Amarilla

Coihueco

{10

Figure 2.1: The layout of the Pierre Auger Observatory. Every black dot represents one of
the Surface Detector station also with a denser Infill array. Four fluorescence stations - Loma
Amarilla, Morandos, Leones, Coihueco - and HEAT fluorescence extension are depicted. Two
stations for FD calibration - CLF (Central Laser Facility) a XLF (eXtreme Laser Facility) and
weather balloon launching facility (BLF) are shown.
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The Observatory has a hybrid design, combining an array of Surface Detec-
tors (SD) and Fluorescence detectors (FD). The SD consist of more than 1660 Water
Cherenkov Stations in a triangular grid with 1.5 km spacing and also in a extended
denser Infill array with 750 m spacing. The overall SD area is around 3000 km?. The
FD stations - Loma Amarilla, Morandos, Leones, Coihueco - each contain 6 fluorescence
telescopes, overwatching the sky above SD and searching for an UV fluorescence light
emitted by excited atmospheric molecules. A number of extensions to the observatory
have been added since the start of operation - the HEAT fluorescence detector and the
AMIGA project both designed for measuring showers with energy below 10'7 eV. Also
a shower detection through emitted radio pulses is implemented in AERA project. For
schematic layout of the Pierre Auger Observatory see Fig.

Mean altitude of the observatory is 1400 m, that corresponds to atmospheric
depth of 880 g/cm?. The hybrid approach for the shower detection combines information
from both types of detectors when possible thus effectively makes the measurement more
precise. Events reconstructed by both SD and FD are called Golden events and are
used for SD signal calibration by the energy measured with the FD. Up to 6000 Golden
events with energy around 10'® eV are detected per year. At energies above 1019 eV it

019

is around 300 Golden events per year. Moreover 90 % of events above 3 x 10*7eV are

registered by more than one FD station, making the reconstruction even more precise.

2.1 Surface detector

The surface detector at the PAO is spanned over 3000 km? with 1600 water Cherenkov
stations. Stations are aligned in a regular triangual grid with 1.5 km distance between
every two stations. An extension of 60 stations was added later near the FD station
Coihueco to form a denser grid with 750 m spacing - Infill - to observe showers with

lower energies around 107 eV.

\““a,_ Comms and GPS
Antennas

Solar panels Electronic box

. Tyvek Liner

Phototube

Batteries

12 m? of water__
(h)

Figure 2.2: A scheme of one SD station with description of main parts. Taken from [9].
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Each SD station is a polyethylene cylinder tank with diameter 3.6 m and height
1.2 m, containing 12 000 liters of pure demineralised water. When a relativistic charged
particle traverses the water mass, the Cherenkov light is emitted and detected by three
9-inch photomultiplier tubes (PMT). A depicted station is in Fig. The station is
sensitive to electromagnetic as well as muon component of a shower and the registered
signal is measured in Vertical Equivalent Muons (VEM) - signal corresponding to a
250 MeV muon passing the station vertically. Measured signal is digitalized by the
station electronics and sent automatically with data from other activated stations for
reconstruction via a system of antennas. Each station is supplied by 12 V batteries
charged by a solar panel.

The main advantage of the SD is 100% duty cycle independent of local atmo-
spheric conditions and sunlight. From the timing of triggered surface stations that have
been hit by a shower front, a shower axis can be reconstructed. Depending on the num-
ber of activated stations, the reconstruction can be better than 1° at energies above
10 EeV. Showers with zenith angle up to 60° for regular SD and up to 55° for Infill can
be reconstructed by the SD. Shower energy can be reconstructed from SD signals using
a relation between energy measured by FD detectors and SD signal of Golden events
(see Sec. [2.3.2).

One of the main part of AugerPrime upgrade is installation of 4 m? plastic scin-
tillators. As scintillators are more sensitive to shower electromagnetic component in
comparison to Cherenkov detectors which are sensitive to both EM and muon compo-
nent, a better estimation of muon signal is expected from combination of simultaneous
measurements of both detectors [7]. Furthermore, an upgrade for the station electronics
and PMT signal readout is currently underway to improve station dynamic range and

to decrease the amount of saturated PMT signals in the stations near the shower core.

2.2 Fluorescence detector

Four main fluorescence detector sites overwatch the surface detector array - Los Leones,
Los Morados, Loma Amarilla and Coihueco - and the HEAT (High Elevation Auger
Telescope) fluorescence station extension near the Coihueco for detection of less ener-
getic showers developing at higher altitudes. Each of four main sites consists of six
separated fluorescence telescopes with 30°x30° field of view resulting in the 180° cov-
erage in azimuth. One fluorescence station and a detail scheme of one fluorescence
telescope are shown in Fig.

The UV light (300 — 400 nm) is emitted isotropically from nitrogen molecules
by deexcitation and its amount is proportional to a deposited energy by shower ion-
izing particles. The fluorescence yield per 1 MeV of the deposited energy in the air
under normal conditions (1013 hPa, 293 K) is approximately 5.6 photons of wavelength
337 nm. The fluorescence signal is very dim therefore only nights with the moon light

fraction less than 60 % are suitable for measuring. This limits the overall duty cycle of
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shutter

Figure 2.3: A photograph of Los Leones fluorescence station (left) and a scheme of one of six
fluorescence telescopes in one station. Taken from [I0].

the FD to only 13 % of total time.

Any background noise (e.g. shower Cherenkov light in air) must be subtracted
and UV light scattering on atmospheric aerosols must be accounted for. For that, careful
measurement of atmosphere properties expressed in quantities such as the Vertical
Aerosol Optical Depth (VOAD) are carried out on hourly basis by several independent
methods - two laser stations CLF, XLF, Lidar stations at each FD site and FRAM
telescope at the Los Leones site. For more information about atmospheric monitoring
at the PAO one should see [3].

The UV light enters fluorescence telescope through an optical filter transmitting
only photons up to 410 nm in wavelength and thus eliminating the noise of any visible
photons. Light is then transmitted through an aperture and a corrector ring onto a
large 13 m? segmented spherical mirror focusing the light on a 440 pixel camera. Every
pixel represents a hexagonal photomultiplier tube (PMT) capable of detecting even
single photons. The amount of photons detected corresponds to shower energy deposit
into the atmosphere at given location (with atmospheric corrections applied). Light
pulses in PMTs are being read every 100 ns and time order of activated PMTs enables

the reconstruction of shower axis and direction.

2.3 Shower reconstruction

The EAS can be reconstructed both from SD and FD data alone, but the best results
are obtained with hybrid detection when both detector systems have been triggered by

a single shower. Both reconstruction procedures are described in this section.
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2.3.1 FD reconstruction

A sequence of activated fluorescence telescope pixels can be seen in Fig. (left) with
blue representing the first pixels being activated and red the last ones. From the
knowledge of activated pixel positions a shower-detector plane (SDP) depicted in Fig.
2.4 right) is fixed as the plane containing telescope position and shower axis.

Figure 2.4: Left: A picture of the time progression of activated pixels in the fluorescence
telescope by a cosmic ray shower with blue pixels being activated earlier than the red ones.
Red squares represent activated surface detectors by the shower front. Right: A scheme of the
shower-detector plane with depiction of important measured and fit parameters at a shower
axis. Both pictures taken from [10].

Next, the time information of activated pixels is used to reconstruct the shower
axis within the SDP. If the distance of closest approach of the shower axis to the
telescope is I?, and shower front have crossed this point in time ?g, the time of i-th

pixel activation can be represented by an equation

R X0 — Xi
t; :t0+?”tg <2> (2.1)
where c is the speed of light in vacuum, ¥ is the angle between the shower axis and
a ground plane in the SDP and y; is the angle between i-th activated pixel and the
ground plane in the SDP. By fitting the equation to measured y; and ¢; one can
obtain the shower axis parameters R, and xo.

Possible variety of fitted (R,,xo0) for a single shower can be resolved by utilizing
data from activated surface detectors which significantly lowers the total error of the
shower reconstruction to 50 m in shower core location and 0.6° in shower arrival direc-
tion. This hybrid detector approach is very useful since the surface detectors duty cycle
is 100% and majority of events above 10'%3 eV detected by the fluorescence detectors
is accompanied by activation of several surface stations. At high energies it is possi-
ble that an event is simultaneously observed by two and more FD sites. In this case

the shower geometry can be independently estimated as an intersection of two shower
detector planes, see Fig. [2.5|left).
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With shower geometry being reconstructed, next step is to estimate shower en-
ergy deposition into the atmosphere by measuring the light collected by the fluorescence
telescopes. Resulting plot of the shower energy deposition into the atmosphere is shown
in Fig. [2.5|right). It is fitted by the Gaisser-Hillas function

dE X o Xy \ KT XX
= —_— - )‘ M
fan(X) (dx)mm <Xmax—X0) ¢ ' (2:2)

This four-parameter fit estimates the largest energy deposit (dE/dX)pq. as well as
the slant depth of this maximum X,,,;. Two other parameters Xy and A represent
the slant depth of first interaction and radiation length respectively. With the function
fitted to the shower energetic profile, its integral by slant depth reveals the shower

calorimetric energy.

15 %?Ndf= 87.4/87

10

dE/dX [PeV/(g/cm?)]

ol b b b b b b b e
400 500 600 700 800 900 100011001200
slant depth [g/cm?]

Figure 2.5: Left: Reconstructed shower detected by two FD stations with estimated energy
E = 6.55 + 0.41 EeV. Right: Energy deposit profile of the same shower fitted by the Gaisser-
Hillas function. Both pictures are taken from the EventBrowser program for EAS reconstruction
at the PAO.

Mentioned already, the computed value represents roughly 80 — 95 % of the
shower total energy. The rest of the shower energy - ”invisible energy” - is carried away
in the form or muons and neutrinos. The non-interacting shower fraction is estimated
using Monte Carlo simulations for various primary particle parameters and will be

discussed in the following chapters of this thesis.

2.3.2 SD reconstruction

The shower front of Extensive Air Showers can reach up to several kilometers in di-
ameter. When the shower reaches the ground multiple SD stations are very probably
triggered. System of hardware triggers determine which acquired data are physically
relevant and are passed on to shower reconstruction. For more precise shower recon-
struction so called 6T5 trigger can be applied. It counts only events with all 6 active
SD stations around a central one (a working hexagon) with the highest signal. Acti-
vated SD stations signal with ordered trigger times can be seen in Fig. right) for a
detected shower with reconstructed energy 6.55 4+ 0.41 EeV.
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Figure 2.6: Left: Shower axis reconstruction using trigger timing information of the SD array.
Taken from [6]. Right: Activated SD stations with the reconstructed shower core and arrival
direction. Size of the circles corresponds to logarithm of signal strength and their colors corre-
spond to time information with yellow (red) color representing earlier (later) triggering. Picture
taken from the EventBrowser program for EAS reconstruction at the PAO.

Reconstruction of a shower axis using the SD array is shown in Fig. left).

When we approximate the shower front as a sphere inflating with the speed of light

¢ and take known times ¢; of i-th station activation with position Z; it is possible, by
fitting the equation

c(t; — to) = |Zsp — T, (2.3)

to obtain shower virtual starting position Zs, and time tg. According to lateral shower
profile in Fig. [1.4|(a) station signals should fall quickly with increasing lateral distance
r from the shower core position. The signals are fitted with the Lateral Distribution
Function (LDF) in the form

S(r):S(ropt)< 4 >ﬁ< rtn )ﬁﬂ, (2.4)

Topt Topt + 71

where r1 = 750 m, 7yt is optimal distance at which reconstructed SD signal has minimal
uncertainty. For 1.5 km SD grid, the optimal distance was chosen 7,5 = 1000 m, hence
the signal in the optimal distance is S(1000). The parameter § is reflecting a shower
size and zenith angle. Showers up to zenith angle § = 60° have steeper LDF than
more inclined ones, because the SD signal is caused by showers at a younger stage of
development with smaller ratios of muon to electromagnetic part. The LDF function
for the same reconstructed shower as in Figs. [2.6{right) is shown in Fig.

From maximum likelihood LDF fit the shower core position on the ground Zy,
is estimated and the shower axis can then be calculated as

5 Tsh — Tgr

aq (2.5)

B ‘fsh - fgr|.

The angular resolution achieved is better than 1.6° for events with more than three hit
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Figure 2.7: Lateral distribution function fitted to SD signals induced by a shower with recon-
structed energy 6.55+0.41 EeV and zenith angle § = 45.6 £0.4°. Taken from the EventBrowser
program.

stations and reaching 0.9° for events with more than six activated stations.

For energy calibration of the SD, simultaneous measurements during moonless
nights by both types of detectors (Golden events) are used to find a relation between
reconstructed FD energy and SD signal. The optimal SD signal S(1000) is dependent
on the zenith angle 6 as can be seen in Fig. [2.8(left). A Constant Intensity Cut method
[19] is applied by fitting the S(1000) zenith dependence by a third degree polynomial

forc(z(0)) = 1+ ax(0) +bx(0)? + ca()?, (2.6a)
z(0) = cos® # — cos? 6. (2.6b)

The zenith angle § = 38° was chosen as the reference angle to which other shower

signals with different 6 are converted

5(1000)

58 = T e(0)

(2.7)

Ssg is effectively the signal S(1000) of the same shower if it would come under zenith
angle § = 38°. The parameters of forc(0) function were found from PAO measurements
as a = 0.980 + 0.004, b = —1.68 + 0.01 and ¢ = 1.30 £ 0.45 [1].

Relation between the Ssg signals and fluorescence detector energies Erp for 1475
carefully selected Golden events satisfying multiple conditions was used. The resulting

parametrization by the power law
Erpp = A(S3s/VEM)?, (2.8)

was fitted in Figl2.§|right) with the result: A = (1.9 + 0.05) x 10'7 eV and B =
1.025+0.007 [I]. The total systematic error of energy scale at the PAO is estimated to

14 % and it is dominated by absolute calibration of response of fluorescence detectors.
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Figure 2.8: Left: Lateral Distribution Function fitted to data from the PAO. The dashed line
represents the signal S(1000) for showers with § = 38° and corresponds to signal 50 VEM.
Right: The relation between the converted signal Sss and shower energy Frp. Taken from [6].

The invisible energy uncertainty contributes to the total systematic uncertainty by 3 %

[6].

2.4 Selected results of the Pierre Auger Observatory

Since the beginning of data acquisition in 2004 until 2016 a substantial number of
EAS events were collected at the Pierre Auger Observatory with an overall exposure
exceeding 67000 km? sryr. Thanks to that, several major contributions to the field of
UHECR were made. Some of them such as observed cosmic-ray flux, mass compositions

and arrival directions are briefly described here.

2.4.1 Energy spectrum

0'7 eV was done using multiple detector

Measurement of the energy spectrum above 3x 1
systems as can be seen in Fig. Events detected by the SD-1500 grid with both
vertical (# < 60°) and inclined (6 > 60°) showers were accounted after passing several
quality cuts. Data from the SD-750 Infill array were used in lower energy part of the
spectrum as well as hybrid events (i.e. events recorded by the FD that also triggered
at least one SD station) at energies higher than 1 EeV.

The measured spectrum by all detectors is fitted globally by maximum likelihood
fit. The results are shown in Fig. depicting the energy at which the ”ankle” occurs
as Fynkie = 5.08 £ 0.08 (stat.) + 0.8 (syst.) EeV with the spectral index changing from
v1 = 3.293+0.002 (stat.) £0.05(syst.) to y2 = 2.53+0.02 (stat.)+0.1(syst.). The energy
of the flux suppression at the "toe” occurs at Fs = 39 + 2 (stat.) + 8 (syst.) EeV and
the energy at which the integral spectrum lowers by a factor of two below what would

be expected without any suppression is F}/p = 23 4- 1 (stat.) & 4 (syst.) EeV.

The suppression of the spectrum at the high energies is confirmed with large
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statistical certainty. Within the systematic uncertainties the results are compatible
with measured spectrum of the Telescope Array. The position of the ”ankle” is moved
between the two observatories by 10 % and the energy spectrum at the ”toe” is shifted
up by 70 % in the TA. It is not known whether this shift is due to the lack of sufficient
statistics or due to different fluxes of primary particles at different locations of the two

observatories.
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Figure 2.9: Energy spectra measured by different detector systems at the PAO. Systematic error
for all data is 14 %. Taken from [2].
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Figure 2.10: Fitted energy spectrum measured by the PAO. Energies of spectral breaks and
corresponding spectral indexes are shown with statistical and systematical errors. Taken from

[2].

2.4.2 Mass composition

Important measurements of shower depth of maximum X,,., as the most direct indi-

cator of the primary mass composition were made utilizing the fluorescence detectors
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at the PAO [4]. The mean measured (X,,.,) values as well as fluctuations o (X,,4,) for
a given energy bin are plotted in Fig. When compared to predictions of models
tuned to LHC data such as EPOS LHC and QGSJetII-04, a clear shift towards heavier

composition occurs at energy 3 x 108

eV. Below this energy the mass composition
seems to be rather light until the elongation rate changes significantly. The change is
supported by change in the X,,,, variance o(X,q;) in the same energy region. The size
of the fluctuations relative to the mean X,,,, implies small primary mass variability in

given energy region.
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Figure 2.11: Mean X,,,, values and fluctuations in X,,,, as measured by the PAO. Model
predictions for showers induced by proton and iron nucleus are drawn for comparison. Taken
from [7].

2.4.3 Arrival directions and anisotropy

Significant measurements of arrival direction of the UHERC above 8 EeV at the PAO
have shown large scale dipole anisotropy with an amplitude 6.5:1):3 % in the direction of
right ascension oy = 1004 10° and declination d; = —244_'%0 [8]. This has a probability
of 2.6 x 1078 for arising by a chance. A normalized rates of events as a function of
right ascension in shown in Fig. and fitted with first-harmonic function of Fourier
series. A three-dimensional reconstruction of the cosmic-ray flux dipole in equatorial
coordinates can be seen in Fig.

Measurements for lower energy bin (4 EeV < E < 8 EeV) processed 81701 events
and small dipole of amplitude 2.5:1):9 towards the area of celestial south pole (ag,dq) =
(80°,—75°) was found. This dipole is statistically unimportant when compared to the
one for energy bin £ > 8 EeV. This indicates that the UHECR above the ”ankle” are
clearly extragalactic origin [§].

The detected dipole character of the UHECR at the highest energies cannot
be directly used for possible sources indication due to effect of Galaxy magnetic field.

Studies to correlate arrival directions of cosmic rays above E > 58 EeV to possible
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Figure 2.12: Rate normalized to all 32187 events for energy £ > 8 EeV as a function of right

ascension. The data fits well to a dipole character cosmic-ray arrival direction (y2/n = 10.5/10).
Taken from [g].
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Figure 2.13: The map of cosmic-ray fluxes for energy E > 8 EeV in equatorial coordinates. The
Galactic center is marked with asterisk and the dashed line shows the Galactic plane. Taken
from [g].

UHECR sources were done indicating a noticeable rise from isotropic flux around the
AGN Centaurus A sky region. This anisotropy has a 1.4 % chance of arising from

isotropic flux which is still statistically unsatisfactory to make firm conclusions. [5]
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Chapter 3

Invisible energy in cosmic-ray

showers

As was stated in the previous chapter, successful reconstruction of the shower primary
energy by the FD (hence subsequently also by the SD) requires a solid estimation of the
invisible energy in cosmic-ray showers. Several methods using Monte Carlo simulations
in combination with data measured at the Pierre Auger Observatory were proposed [12],
[1]. Currently used one at the PAO utilizes parametrization of the invisible energy as a
function of the measured calorimetric energy. The parametrization process is described
in [23].

3.1 Invisible energy estimation using CONEX

For an initial estimate of the mean invisible energy in cosmic-ray air showers and its
dependence on primary particle type and energy as well as dependence on used hadronic
interaction model, MC simulations by program CONEX were used (see Sec. [1.5.4).
A large sample of cosmic-ray air showers was simulated using the newest hadronic
interaction models - EPOS LHC and QGSJET-II-04. Seven primary energy groups
with values of log(FEy/eV) - 17, 17.5, 18, 18.5, 19, 19.5, 20 - and two primary particle
types - proton and iron nucleus - were included. For every possible combination of
previously listed initial parameters and interaction models 200 showers were simulated
with total number or simulations reaching 5600. A shower zenith angle was held at 60°
for every simulated shower to obtain a long shower profile.

The invisible energy of a simulated cosmic ray shower was calculated as a dif-
ference between the simulated primary energy and the calorimetric energy that was
estimated for each simulated shower similarly to the reconstruction process at the PAO
as described in Sec. With the knowledge of the shower longitudinal profile, en-
ergy deposition dF/dX (X) is fitted according to the Gaiser-Hillas function and
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integrated to obtain the shower calorimetric energy as follows

By = /000 far(X)dX. (3.1)

Numerical integration of simulated shower data is one way to obtain the results needed.
However, an analytical form of the integral (3.1)) exists in the following form
—Xo

Xmaflf
dFE eA A Xmaz — Xo
= — T r{——+1 2
Ecal )\ (dX>maa; (Xmal' - XO) ( )\ " > ’ (3 )

where T' represents the Gamma function. By inserting parameter (dF/dX);q, from

Eq. (3.2) into Eq. (2.2) we obtain

Bt (X — X0\~ 5" xox [ /X X -
far(X) = ;’” (_AO) e [1“ (”“”A_OHH : (3.3)

Hence, new fitting relation was obtained with F,,; becoming one of the fit parameters so
that the shower calorimetric energy can be directly calculated by fitting Eq. to the
shower longitudinal energy deposit profile. The fitting itself remains four-parametric in
E.uy Ximaz, Xo and A,

x10°
E ol X2/ ndf 1.026e+14 /203
S 160—
> Eca 9.014e+10 * 7.975e+07
% 120 A 59.63 + 0.5382
S 't Xo ~151.7 + 7.842
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Figure 3.1: A fitted longitudinal energy deposit profile of a 10?° eV iron-induced shower simu-

lated in CONEX using QGSJET-II-04 interaction model. E.,; is expressed in GeV, \g, Xy and
2

Xz In g.cm™=.

For every simulated shower two step fitting procedure was realized. First, the
simulated shower energy deposit profile was fitted to Eq. (2.2) to estimate the param-
eters Xaz, Xo and A. Then a second fit was performed to Eq. (3.3) while utilizing

the parameters estimated in the previous fit and additionally the new parameter E .,
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Figure 3.2: The behavior of Fjy,,/FEeq ratio as a function of E.,; for different primary energies
and particle types shows decrease in the invisible energy portion with increasing FE.,;.

was used instead of (dE/dX )a.. An example of fitted plot of simulated shower energy

deposit profile of a 10%° eV iron-induced shower is shown in Fig. m The analytical

calculation of ., as used at the PAO neglects the fact that a numerical integration of

longitudinal energy deposit profile can yield more precise results. Here we stick to the

approach applied at the PAO where the analytical integration is performed as well.
By estimation of average F.,; for all showers with the same primary energy and

primary particle type, the general behavior of invisible to calorimetric energy ratio

(Binv) Ey

<Ecal> N <Ecal> ! (34)

was found by fitting the average values by simple power law function of F.y;. With
increasing calorimetric energy the Ej;y,,/FE.y ratio decreases as can be seen in Fig. (3.2
The results from both interaction models are comparable, albeit higher by cca 1 —2 %
for QGSJET-II-04 in comparison with EPOS LHC with the difference also decreasing
with E.,. The highest portion of invisible energy is predicted for iron induced showers
having up to 25 % for E., = 10'7 eV and falling to around 10 % for E.,; = 10%° eV.
Smaller invisible energy portion is predicted for proton induced showers reaching around

15 % and 7 % for the same extremal calorimetric energies.
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3.1.1 C,,;ss parametrization

Let us define, similarly to other papers [12], [25], [26], the parameter C),iss by the

relation
Ecal

Ey
Therefore, with the knowledge of behavior of the quantity Cy;ss(FEeq) for different E.q,

one can simply obtain the shower primary energy from measured calorimetric energy

Cmiss (Ecal) = (35)

as follows
Ecal

Cmiss (Ecal) '

Because of shower-to-shower fluctuations of calculated E.,; for the same parameters of

Ey = (3.6)

shower primary particle, one needs to consider parametrization of C,,;ss as a function
of mean (F.,) calculated for all simulated bins of different primary particle types and

energies. A good parametrization is

S <Ecal> o <Ecal> c
szss = EO =a—1b EeV ; (37)

where a,b and c are constants characterizing used hadronic interaction model.
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Figure 3.3: Parametrization curves of C,,;ss as functions of E.,; predicted by different hadronic
interaction models.

The parametrization C,,;ss was estimated by fitting Eq. to simulated data.
The results for the parametrization constants a, b and ¢ are listed in Tab. [3.1] together
with results from [26] utilizing older hadronic interaction models. Parametrization
curves as functions of E,,; for different interaction models are compared in Fig. [3:3] All
interaction models predict similar behavior of C,;ss with increasing F.,;. The smallest
Ciss values (i.e. the largest Fyy,, portion) for all E ., are predicted by QGSJET-II-04
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and then by EPOS LHC, whereas the largest C,,;ss values are predicted by SYBILL.

Final set of universal parameters a, b and ¢ used onwards (in the average shower
energy reconstruction) is estimated by fitting the data bins for mixture of both EPOS
LHC and QGSJET-II-04 and also for both proton-induced and iron-induced showers.
This universal parametrization reflects the fact that we cannot know from measured
data which of the most recent models of hadronic interactions describes the real pro-
cesses better. Such computed results are shown in Tab. and displayed in Fig.
as the black line.

Table 3.1: Values of the C,,;ss parametrization constants for different hadronic interaction
models. The quoted errors for EPOS LHC and QGSJET-II-04 come from the fitting procedures.
Results of this thesis are in bold, other are taken from [26].

protons
a \ b \ c
EPOS LHC 0.965 + 0.004 | 0.064 £+ 0.005 | —0.152 £+ 0.011
QGSJET-I1-04 | 0.980 +0.003 | 0.128 £ 0.004 | —0.122 4+ 0.004

neXus 1.046 0.134 -0.062
SYBILL 0.963 0.041 -0.246
QGSJETO01 0.958 0.049 -0.176
QGSJETO02 0.957 0.041 -0.226

iron nuclei

a \ b \ ¢

EPOS LHC 0.956 £ 0.004 | 0.060 £ 0.004 | —0.187 £ 0.012
QGSJET-II-04 | 0.977 £ 0.003 | 0.134 £ 0.003 | —0.126 = 0.003
neXus 1.059 0.196 -0.071

SYBILL 0.993 0.115 -0.123
QGSJETO01 0.975 0.110 -0.129
QGSJET02 0.972 0.097 -0.142

Table 3.2: Final values of the universal parameters a, b and c¢. Values in bold are results of this
work with errors estimated from the fitting, whereas the others are showed for comparison.

| a | b | c |

| Thesis | 0.977 4 0.003 | 0.105 £ 0.003 | —0.128 + 0.004 |
GAP [26] 0.978 0.085 -0.135
Article [12] 0.967 0.078 -0.140

3.1.2 Muon number parametrization

While the average Ci,;ss method is easy to implement, it brings in a large systematic

uncertainties originating in different results of different hadronic interaction models used
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and different primary particle type a priory unknown from measurements. A different
event-by-event approach can be employed using information from a particular shower
to estimate its invisible energy.

The method utilizing number of muons in a shower that are reaching the ground
was proposed in [25]. Muons created during shower propagation constitute the major
part of shower particles ionizing the atmosphere minimally thus a direct link between
the shower invisible energy Ej,, and the number of muons reaching Earth’s ground N,
is expected. Simulated showers in CONEX were evaluated to obtain the plot in Fig
showing logarithm of Ej,, as a function of logarithm of respective shower’s N,,.
The plot indicates that independently of the used hadronic interaction model, primary
particle type and energy, the logarithm of invisible energy corresponds to logarithm of
muon number with linear dependence. A linear fit describes the data well with with
the result

log(Eei—{}“) = a.log(N,)+b (3.8)
a = 0.9657 % 0.0007 (3.9)
b = 10.820 = 0.005. (3.10)
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Figure 3.4: A fitted graph showing relation between logarithm of missing energy of a shower
and logarithm of the shower muon count independently of the two hadronic interaction models
used. Seven data groups are clearly visible corresponding from left to right to the simulated
primary energies - log(Ey/eV) - 17, 17.5, 18, 18.5, 19, 19.5, 20.

Hence, the shower invisible energy can be estimated solely from measured shower

muons reaching the ground using the relation (3.8)). This reconstruction method of Fj,,

is completely independent of the shower calorimetric energy and it is estimated without
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dependence on the type of simulated shower primary particle or used interaction model.
Thus the precision of muon reconstruction method will be significantly better than the
Ciniss method as can be seen in the comparison of relative energy reconstruction errors
between the C),;ss method and the muon number method as shown in Fig. 3.5

Naturally, taking the final parameters of the C,,;ss parametrization as an even
mixture of simulated proton and iron nucleus primaries results into the fact, that recon-
structed shower invisible energy would be overestimated for lighter primary particles
resp. underestimated for heavier primaries relatively to the average between proton and
iron mass number. On the contrary, the muon reconstruction method utilizing event-
by-event correction lowers the distance between means of proton and iron histograms
in Fig. from approximatively 5.7 % to 1.5 %. Overall, a decrease of the stan-
dard deviation from 3.1 % to 1.2 % can be seen for the histogram mixing two primary
particles.

This application of muon reconstruction method to simulated cosmic-ray data
clearly shows the advantages over the average C,;ss method. These improvements
have served us as a motivation for implementation of similar approach at the PAO.
On one hand, measurement of the real number of muons in a cosmic-ray shower at the
PAO is not sufficiently precise. On the other hand, the SD signal is sensitive to both
electromagnetic and muon component and it can be used for parametrization of the

invisible energy in the similar event-by-event method as shown in the following section.

Cryiss FECONSIrUCtiON Muon reconstruction
proton proton — —
Entries 2783 Entries 2774 Entries 2783 Entries 2774
Mean -0.02632 + 0.0003802 Mean 0.0267 +0.0002108 Mean —0.005539 + 0.0002331 Mean 0.008447 + 0.0001915
RMS  0.02005 + 0.0002688 RMS 0.0111+0.0001491 RMS  0.01138+0.0001648 RMS 0.009332 + 0.0001354
i p-Fe mix 800l p-Fe mix
L Entries 5557 - Entries 5557
800 M I
lean 0.0001459 + 0.0004169 Mean 0.001439 +0.0001818
- RMS 0.03108 + 0.0002948 600 RMS 0.01254 + 0.0001285
600[—
400
400 +
200
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Figure 3.5: Comparison of the relative difference between reconstructed Erpc and simulated Ejy
shower primary energies. All simulated showers by both interaction models were reconstructed
by the Ci,iss (left) and the muon number method (right). The muon number reconstruction
method shows nearly three times narrower distribution of (Fy — Ergc)/Fo.
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3.2 Invisible energy estimation using CORSIKA

A possible parametrization of the invisible energy by a measurable parameter at the
PAO directly connected to shower muon content was investigated using Hybrid Offline
simulations of CORSIKA shower files from the data library of the Naples Auger Group.
The library contains simulated CORSIKA shower data reconstructed by Offline software
framework v2r9p5 utilized at the PAO [II]. Hadronic interaction models EPOS LHC
and QGSJET-II-04 were taken in the analysis with three types of primary particle -
protons, helium and iron nuclei. Continuous spectrum of primary energy from 10'® eV
to 10?9 eV and zenith angles from 0° to 65° were used.

Fiducial cuts that ensure same selection efficiencies for different primary parti-
cle types were applied to obtain the best reconstructed data from both FD and SD.
Only ThTrigger events with minimum of 5 working SD stations around the central one
with the maximal signal were taken for further study. Also no events with SD signal
saturation near the shower core were included. For the FD events the selection method
described in [4] was used to take only events with sufficiently good X4, reconstruc-
tion in the field-of-view of respective FD station. For events detected by multiple FD
telescopes, the weighted mean of measured E., and X, is taken for further analysis.

Overall, 200779 events satisfied the cuts and were analyzed.
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Figure 3.6: The behavior of F;,,/FE., ratio as a function of E., for different particle types
and hadronic interaction models calculated from CORSIKA simulations for § € (58°,62°) and
compared to CONEX results in corresponding E.,; region.

An average estimation of (Ejp,)/(Ecq) was done similarly to the process related
to CONEX data, however, CORSIKA files already store the information about the
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calorimetric energy carried by a shower, therefore no fitting procedure had to be used.
The invisible energy portion was estimated for showers in zenith bin (58°,62°) for
comparison with CONEX data where we imposed all showers to impact at 60° zenith
angle. The result is shown in Fig. and it shows comparable FEj,,/E., ratio with
CONEX results for proton primaries with 0.5 % difference at maximum and decreasing
with E.,. Results for iron primaries shows larger discrepancies between the two MC
codes mainly for the QGSJET-II-04 prediction with maximally 1 % difference that falls
to 0.5 % at Eq = 1020 eV.

The differences between CONEX and CORSIKA results can be caused by differ-
ent approaches of the invisible energy estimation. The CONEX approach used fitting
procedure on longitudinal energy deposit profiles (as it is done at the PAO) while the
CORSIKA calculates calorimetric deposits step-by-step in the atmosphere. A clear ex-
planation of the small differences is subject to current research of the author and the
reconstruction teams at the PAO and it was not possible to be obtained before the

submission of the thesis.

3.2.1 S5(1000) parametrization using zenith angle

A similar way to parametrize E;,, as described in Sec. is possible by utilizing the
SD reconstructed signal S(1000). The SD stations are sensitive to both electromagnetic

and muon component of a cosmic-ray shower, therefore we can state
S(1000) = S¢;(1000) + S,,(1000). (3.11)

The S5,,(1000) part of the signal is proportional to the invisible energy of the shower,
hence an approximatively linear dependence between logarithms of Ej,, and S(1000)
is expected independently of the primary particle type, energy and hadronic interac-
tion model. However, the electromagnetic component is being quickly absorbed in the
atmosphere so in a first approximation, a substantial dependence of this relation on
the zenith angle of studied showers is expected. This can be seen in Fig. where
the relation between these logarithms is plotted for four narrow bins in shower zenith
angle 0y, 62, 03 and 4. The invisible energy is taken from CORSIKA simulations
with 1% relative error for all events, S(1000) signal is taken from Offline reconstruction
of the respective shower with error estimated from LDF fit. All three primary parti-
cles and both interaction models were used covering the whole primary energy region
1018 eV — 10 eV.
The plots were fitted by simple linear approximation in log(,S(1000)/VEM):

log(Za2) = By log(Sem) + Ap. (3.12)

Resulting x?/Ndf of the fits listed in the statistical boxes on the left part of Fig.
indicates that binning in zenith angle poorly corresponds with the expected linear
dependence between the two quantities (Ejpny, S(1000)) in logarithm. Nevertheless, the
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Figure 3.7: Plots of logarithm E;,,, respective to logarithm of S(1000) for four different zenith
angle bins 61, 05, 63 and 6, show approximatively linear dependence of the two quantities
irrespectively to primary particle type and energy or used interaction model. Four plots are
fitted according to with results displayed in corresponding colors.
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Figure 3.8: Parameters Ay and By as estimated in four linear fits for different zenith angle
bins with errors estimated from the fits. The parameters are fitted with power function and
constant function respectively. Results of the fits are showed and used in the Ej,, estimation
using Eq. (3.13)).
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fitted parameter Ay was considered as a power function of zenith angle and the four
different values for respective theta bins were fitted as can be seen in Fig. (right).
The By parameter was considered as a constant function in zenith angle and fitted
in Fig. [.8(left). With both parameters expressed as functions of # it is possible to
calculate the invisible energy event-by-event with the knowledge of shower S(1000) and
zenith angle directly from Eq. as

; 5(1000
Ei;\,}u = ( \(/EM))Bw)lOA(Q)' (3.13)
However, this E;,, parametrization in 6 bins is not the best one as can be seen in the
A(6) and B(0) estimation by fits in Fig. A better method combining information

about the shower X,,,, position and zenith angle is described in the following section.

3.2.2 S5(1000) parametrization using DX

If we use the semi-empirical results of the Heitler-Matthews cosmic-ray air shower model
described in Sec. and approximate that the invisible energy originates mainly from

muons present at the depth of shower maximum we can write

Buns = N,&E = €260 <E°)ﬁ (3.14)
&

where we used the relation for expressing the number of muons at the maximum
with the shower primary energy Ey and critical energy of charged pions £7. Parameters
B8 and [y depend on pion multiplicity, interactions inelasticity and energy distribution
between decay products. This is a simplification as we neglect muons originating from
kaon decays and assume that all of charged pion critical energy £ goes to the invisible
energy part of a shower. It is possible to express the Ey with the SD signal S(1000) by
power function

Eo = v0(DX)[S(1000)]7PX), (3.15)

where v9(DX), v(DX) are parameters representing the stage of shower development
at the time of reaching the SD stations. Both parameters are taken as function of the
slant depth between the shower maximum and the ground called DX. For a shower
reaching the PAdf] it can be calculated as

DX 880 Xmaz
= — . 3.16
g.cm~2  cosl g.cm—2 (3.16)

Combination of Eq. (3.14) and Eq. (3.15) results in the relation between FEj,, and
S(1000)

70(DX)[S(1000)]7(DX)>6. (3.17)

Eim) = B(]gg ( £7r

Vertical atmospheric depth above the PAO is approximatively 880 g.cm™2.
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By taking a logarithm of the Eq. (3.17)), we obtain the linear dependence similar to the
one assumed heuristically in Eq. (3.12]):

log(Zizx) = B(DX) log(510%)) 1 A(DX) (3.18a)
A(DX) = (1 - B)log(&7) + log(Bo) + Blog(vo(DX)) (3.18b)
B(DX) = 8~(DX). (3.18c)

Another supporting argument for the linear relation in Eq. follows from simple
assumption about universality of electromagnetic part of the shower signal . As
shown in several papers [22], [2I], for a given distance DX between the ground and the
shower maximum the electromagnetic size of signal S¢;(1000) is largely independent on
the primary particle type and even on interaction model. Therefore, if the data are

grouped in DX bins, the differences in S(1000) account for different size of the muon

signal.
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Figure 3.9: Plots of logarithm of E;,, respective to logarithm of S(1000) for five bins in DX.
Different primary particle types, energies and interaction models are not distinguished in the

plot. Data are fitted by a five-parameter fit according to (3.18al), (3.18b]) and (3.18c].

The linear dependence in was studied in 5 bins of DX by evaluating
showers induced by one of three primary particles in the whole energy range and utilizing
both interaction models. The results of fits are shown in Fig. and they indicate a
much better linear fit parametrization using bins in DX in comparison to bins in 6. The
parameters A(DX) and B(DX) are expressed with linear resp. exponential dependence
on DX as can be seen in Fig. and they can then be used in event-by-event Fj,,
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calculation from the knowledge of the S(1000) and DX of a particular shower by

Einy _ (S(1000)\B(DX)1nA(DX)
S = (Svmr) 10 . (3.19)
B(DX)=B_.exp(-2X-)+B A(DX)=A_DX+A
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Figure 3.10: Parameters A(DX) and B(DX) as estimated in five linear fits in Fig. for five
different DX bins with errors estimated from the fits. The parameters are fitted with linear
function and exponential respectively. Results of the fits are showed and used in the Fj;,,

estimation using Eq. (3.19).

3.2.3 5,(1000) parametrization

Another possible method was tested for lower energy regions (10'*—10!? eV) of analyzed
showers simulated in CORSIKA. The method attempts to parametrize the F;,, directly
by muon fraction of S(1000) signal - S,(1000). From simulations one can quantify
the amount of the SD station signal that was induced by muon component and the
other part induced by electromagnetic component. By analyzing the ratio of the muon
induced signal to the whole SD signal at the 1000 m distance from the shower core
a quantity f,, called muon fraction in 1000 m is obtained. Value of f,, is accessible
only from simulations. Currently for the data measured at the PAO it is of course not
known which part of S(1000) corresponds to muon induced signal. However, with the
AugerPrime upgrade of the observatory it will be possible to calculate .S, (1000) from
comparison of the signal in the SD tank and the signal in scintillators. The part of

S(1000) signal corresponding to muons can be expressed as

5,,(1000) = £, S(1000). (3.20)
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The parametrization was done similarly to the process described in Sec. and the
relation between logarithms of Ej,, and S, (1000) was studied for the same five bins in
DX. The plots were fitted by the linear dependence

log(Zipr) = B,(DX)log(L2500%) 4, (DX) (3.21)

as a two parameter fit in A,(DX) and B,(DX). The fit results are in Fig. and
they show that the parametrization using S,,(1000) is not as clearly dependent on DX
as in the previous parametrization using S(1000). Nevertheless, the fitted parameters
A,(DX) and B,(DX) were expressed as exponential function in DX in Fig. and
they can be used for the invisible energy calculation using equation

e ¢ f15(1000
Eiy _(quI(EM ))BM(DX)IOAH(DX)7 (3.22)

provided that the shower muon fraction in 1000 m is known.
As mentioned before, the method is currently not applicable directly to the data
measured at the PAO but it can be compared with the other methods using simulations

and used later in modified way for data of the upgraded observatory.

3.3 Application to simulated data

The previously established methods for calculating the invisible energy were compared
all together on reconstructed events of CORSIKA simulations at the PAO. Calorimetric

energy F., measured by the FD telescopes was corrected by four methods:

e The average C,;ss method utilizing Eq. (3.6), taking only E.,; information from

every shower.

e The S(1000) # method using Eq. (3.13)), taking the information about S(1000)

signal and shower zenith angle 6.

e The S(1000) DX method taking S(1000), § and also X4, information to event-
by-event estimation of Fj,, from Eq. (3.19).

e The S,(1000) DX method taking all of previous method inputs, but multiplying
the S(1000) by the muon fraction in 1000 m.

Comparison of the reconstruction quality expressed as relative difference of recon-
structed and simulated energies (Eyg— Ergc)/Eop of the first three methods are depicted
in Fig. This figure compares the p/Fe biases between the reconstructed energy
and the primary energy for each shower generated by either EPOS LHC or QGSJET-
11-04. Only showers with S(1000) > 10 VEM and DX > 10 g.cm~2 were taken for
reconstruction.

The results show considerably smaller mean reconstruction difference for the

S(1000) methods compared to the average C,,;ss method. The overall standard devia-
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Figure 3.11: Plots of logarithm of Ej,, respective to logarithm of S,,(1000) for five bins in DX.
Different primary particle types, energies and interaction models are not distinguished in the
plot. Data are fitted by a two-parameter fit according to (3.21]) and fit results are shown in

boxes colored respectively to the fit functions.
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Figure 3.12: Parameters A,(DX) and B,(DX) as estimated in five linear fits in Fig. [3.11
for five different DX bins with errors estimated from the fits. The parameters are fitted with
linear function and exponential respectively. Results of the fits are showed and used in the F;,,
estimation using Eq. (3.19).
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tion of (Ey — Ergc)/Fo decreased by almost 1 % and the distance between means of
proton and iron histograms diminished by 2 %. Comparison of reconstruction methods
for specific energy regions is showed in Tab. for both interaction models. In all
energy ranges a better reconstruction is achieved using S(1000) methods. The largest
improvement of reconstruction is in the lowest primary energy region 1018 — 108 eV
where the standard deviation of (Ey — Erpc)/Eo decreased by almost 1.1 % and the
p-Fe separation decreased by 3.3 %.

When utilizing the S,(1000) DX method on the available energy range 10'8 —
109 eV with the fu fraction known, histograms of reconstruction error are shown
in Fig. with comparison to the C,;ss method in the same energy range. The
S5,,(1000) DX method appears to be significantly better than the average correction
and also slightly better when compared to the S(1000) DX method at the low energy
range 10'® — 10'8% ¢V as can be seen in Tab. Despite the promising results of the
S,(1000) DX, it is not possible to use it on real data as the muon fraction in 1000 m
is not known from measurements at the moment.

More tables comparing the four reconstruction methods at given energy ranges
for showers generated only by EPOS LHC resp. by QGSJET-I1-04 are in Tab. resp.
Tab. This comparison was done in order to see the impact of the different recon-
struction methods for the cases when we assume that the nature behaves as described
by EPOS LHC or by QGSJET-II-04.

From all three tables — the one describing only the results for the showers
generated by EPOS LHC is showing the best improvements. A comparative histograms
of relative differences of reconstructed and primary energies for all E;,, estimation
methods used on different sets of simulated data in different energy ranges are located

in Appendix.
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S(1000) DX bins
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Entries 61281 | Entries 57362 Entries 61281 | Entries 57362 Entries 61281 | Entries 57362
Mean -0.01304 £0.0002268 | Mean 0.03557 +0.0001766 Mean -0.001007 +0.0002099 | Mean 0.03151+0.0001688 Mean -0.000235 +0.0002006 | Mean 0.01997 + 0.0001637
RMS 0.05613 £0.0001603 | RMS  0.04229 + 0.0001248 RMS 0.05195+0.0001484 | RMS  0.04042 +0.0001193 RMS 0.04966 +0.0001418 [ RMS  0.0392 + 0.0001157
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Figure 3.13: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10'® — 10%° eV. Both EPOS LHC and QGSJET-II-04 model simulated showers are
reconstructed. The histograms for iron-induced showers were scaled to have the same integral
area as the proton-induced histograms.
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Figure 3.14: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy,iss and S,(1000) DX - for the primary energy range 10'® — 10'9 eV.
Both EPOS LHC and QGSJET-II-04 simulated showers are reconstructed. The histograms
for iron-induced showers were scaled to have the same integral area as the proton-induced
histograms.
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Table 3.3: Tables comparing the four reconstruction methods - Ciy;s5, S(1000) 6, S(1000) DX
and S,(1000) DX - by total error mean, standard deviation and distance between error his-
tograms for proton-induced and iron-induced showers. Four tables for different primary energy
ranges Fy are showed. Both EPOS LHC and QGSJET-11-04 model simulated showers are

reconstructed.

log(Ep/eV): 18 — 18.5

<EO_E7“ec >

EO_Er'ec
7 (B3)

|<E0_Erec>p _ <E0EIOETSC>

Fe|

Eo Ey

Comiss 0.014 £ 0.001 | 0.0752 % 0.0007 0.061 = 0.003

S(1000) 0 0.0123 = 0.0009 | 0.0664 % 0.0006 0.044 % 0.002

$(1000) DX 0.0064 = 0.0009 | 0.0636 % 0.0006 0.028 = 0.002

S,,(1000) DX 0.0125 % 0.0008 | 0.0631 % 0.0006 0.019 £ 0.002

log(Ep/eV): 18.5 — 19 (BoBrec o (7%;{;3) |(Bogee), - (Boglrec) |

Coriss 0.0126 = 0.0003 | 0.0643 % 0.0002 0.0545 % 0.0008
S(1000) @ 0.0184 = 0.0003 | 0.0571 % 0.0002 0.0368 % 0.0008
5(1000) DX 0.0110 = 0.0003 | 0.0538 % 0.0002 0.0236 % 0.0008

S,,(1000) DX

0.0122 £ 0.0003

0.0540 £ 0.0002

0.0172 £ 0.0008

log(Ep/eV): 19 — 19.5

< Eo _E?Tec >

Eo—FErec
7 (25)

| <E0_E§rec >p _ <E0_E§rec >

Fe|

Chniss 0.0115 4= 0.0002 | 0.0506 4= 0.0002 0.0479 £ 0.0006
S(1000) 0 0.0161 4= 0.0002 | 0.0449 4= 0.0001 0.0315 4= 0.0006
S(1000) DX 0.0111 4= 0.0002 | 0.0412 4= 0.0001 0.0196 4= 0.0005
log(Bo/eV): 195 —20 | (Pagles) | o (Bagfees) | |({Bagfler), - (Bipfi)

Chniss 0.0083 £ 0.0003 | 0.0437 £ 0.0002 0.0392 +£ 0.0006
S(1000) 0 0.0102 = 0.0002 | 0.0397 & 0.0002 0.0260 = 0.0006
S(1000) DX 0.0070 4= 0.0002 | 0.0362 4= 0.0001 0.0151 4= 0.0006
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Table 3.4: Tables comparing the four reconstruction methods - Cyp;ss, S(1000) 6, S(1000) DX
and S,(1000) DX - by total error mean, standard deviation and distance between error his-
tograms for proton-induced and iron-induced showers. Four tables for different primary energy
ranges Fy are showed. Only showers generated by EPOS LHC model are reconstructed.

log(Eo/eV): 18 — 18.5 <E()_E?Tec> o (EO_Efra:) |<E0_E§rec>p _ <EOTE§WC>F€|
Crniss 0.012 4+ 0.001 0.075 £ 0.001 0.059 + 0.003
S(lOOO) 0 0.006 £ 0.001 0.0655 £ 0.0008 0.042 4+ 0.003
S(lOOO) DX 0.0004 £ 0.0001 | 0.0627 + 0.0008 0.025 £ 0.003
S,,(1000) DX 0.006 £ 0.001 | 0.0624 4 0.0008 0.018 £0.003
log(Eo/eV): 18519 | (Bgfus) | o (Bgfue) | |(Bgfue), - (Fogluss)p|
Chniss 0.0114 4+ 0.0005 | 0.0646 + 0.0003 0.054 £ 0.001
S(lOOO) 0 0.0129 4+ 0.0004 | 0.0567 + 0.0003 0.035 £ 0.001
S(lOOO) DX 0.0058 4 0.0004 | 0.0535 + 0.0003 0.022 +0.001
S,,(1000) DX 0.0065 + 0.0004 | 0.0540 4 0.0003 0.015 £ 0.001
log(Eo/eV): 19 — 19.5 <EOE€JTEC> o (EO_Efrec> ‘<E0E§rec>p _ (EOE§TEC>F6‘
Chrniss 0.0104 £+ 0.0003 | 0.0513 + 0.0002 0.0468 £+ 0.0009
5(1000) 0 0.0109 £ 0.0003 | 0.0451 + 0.0002 0.0290 £ 0.0008
S(1000) DX 0.0063 + 0.0003 | 0.0414 4 0.0002 0.0177 £ 0.0007
log(Bo/eV): 195 —20 | (Pagless) | o (Begfees) | |(Bagfler), - (Biphie)
Crniss 0.0073 4+ 0.0004 | 0.0452 + 0.0003 0.037 = 0.001
S(lOOO) 0 0.0046 £ 0.0004 | 0.0406 + 0.0002 0.0227 4+ 0.0009
S(lOOO) DX 0.0023 £ 0.0003 | 0.0374 + 0.0002 0.0118 4+ 0.0009
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Table 3.5: Tables comparing the four reconstruction methods - Cy;ss, S(1000) 6, S(1000) DX
and S,(1000) DX - by total error mean, standard deviation and distance between error his-
tograms for proton-induced and iron-induced showers. Four tables for different primary energy
ranges Fy are showed. Only showers simulated by QGSJET-1I-04 model are reconstructed.

log(Eg/eV): 18 — 18.5 <EOE?TeC> o (EO_E'-§TSC> ’<E0—Efrec >p _ <Eo—E;Erec>Fe’
Crmiss 0.016 £0.002 | 0.076 % 0.001 0.064 £ 0.004
S(1000) 0 0.020 £0.001 | 0.067 % 0.001 0.047 £ 0.004
S(1000) DX 0.014 £0.001 | 0.064 % 0.001 0.032 £ 0.004
S,,(1000) DX 0.021 £ 0.001 | 0.0630 % 0.0009 0.022 £ 0.004
log(Eo/eV): 185 — 19 | (EayBee) o (Boghiee) | |(Boghise), - (Bl
Cmiss 0.0140 = 0.0005 | 0.0638 £ 0.0003 0.054 £ 0.001
S(1000) 0 0.0245 = 0.004 | 0.0567 £ 0.0003 0.038 £ 0.001
S(1000) DX 0.0168 % 0.0004 | 0.0535 = 0.0003 0.025 £ 0.001
S,,(1000) DX 0.0186 = 0.004 | 0.0533 & 0.0003 0.018 £ 0.001
log(Eo/eV): 19— 19.5 | (EayBee) o (Bogheee) | |(Boghise), - (Bl
Cmiss 0.0126 = 0.0003 | 0.0499 £ 0.0002 0.049 £ 0.001
S(1000) 0 0.0212 = 0.0003 | 0.0442 £ 0.0002 0.034 £ 0.001
S(1000) DX 0.0158 = 0.0003 | 0.0405 + 0.0002 0.022 £ 0.001
log(Eo/eV): 19.5 —20 | (EayBee) o (Boghee) | |(Boghis), - (Bl
Crmiss 0.0090 = 0.0003 | 0.0423 £ 0.0002 0.0406 = 0.0008
S(1000) 0 0.0147 = 0.0003 | 0.0381 £ 0.0002 0.0278 = 0.0008
S(1000) DX 0.0108 = 0.0003 | 0.0345 £ 0.0002 0.0170 & 0.0007
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Chapter 4

Application to real cosmic-ray
data

Finally, the S(1000) DX method was chosen according to its results when applied
to simulated showers as the best applicable method to real cosmic-ray data measured
at the PAO. Set of data obtained during the observations from December 2004 to
December 2014 were taken for this analysis. The time restriction to events before 2014
is to guarantee the same reconstruction (same Offline versions) as for the simulated data
library. The initial set contained about 2.6 x 106 triggered events that were subjected to
both quality and fiducial cuts similar to ones in Sec. A more detailed description of
cuts is in [4]. For events being registered by more than one FD telescope, the weighted
average of shower F., and X,,., was taken as the relevant value. Only Golden events

018.3

above FD energy 1 eV were taken for the study - this resulted in 2944 events in

total.

4.1 Invisible energy parametrization using E .4

For every one of the 2944 Golden events the invisible energy Ej,, was calculated apply-
ing the Eq. where we utilize measured parameters - S(1000), X4, and 6. If we
plot the resulting Fj,, to respective E., measured by the FD a power function can be
expected. This comes from fact that simple parametrization of Fj,,/FE., as obtained
from CONEX and CORSIKA simulations followed a power law in E.,; with negative
exponent (see Fig. . A power law was assumed as

Einy o Ecal ’
Eev ¢ (EeV) (41)

and was fitted to calculated data in Fig. [4.I]with results a = 0.1406+0.0007, b = 0.973+
0.003 and compared to the same parametrization done in [2] where the parameters
for the same energy region were estimated as @’ = 0.1633 and ' = 0.9463. Thus,
the master’s thesis predicts slightly steeper behavior of the absolute E;,, value when

parametrized by the measured E., but in overall it shows slightly less invisible energy
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018

in energy range around 10°° eV when compared to [2]. This is presumably caused by

different methods of estimating F;,, in the two works.

> OET %@ ndf 8211/ 2942
w | a 0.1407 + 0.000735
i L | b 0.9722 + 0.003238

E, , estimated by S(1000) DX method

Pg\\//ver function fit
l Auger ICRC 2017
107 — |

E,./EeV

Figure 4.1: Plot of the shower invisible energy estimated by S(1000) DX method versus its
respective measured calorimetric energy F.,;. The data are fitted by the Eq. with results
of the fit showed in the left box. Fit is compared to results of the same parametrization in [2].

§ - E.v/Erec estimated by S(1000) DX method
Q) = Power function fit
uf O30 Auger ICRC 2017
- x2 / ndf 7220/ 2942
0.05— c 0.1254 +0.0006407
' C d —0.05825 + 0.003063
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Figure 4.2: Plot of the E;,,/Erpc ratio versus its respective measured calorimetric energy
E.qi- The data are fitted by the Eq. with results of the fit showed in the lower box. Fit is
compared to results of the same parametrization in [2].
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A better comparison of the two results can be seen in Fig. where a ratio
Einv/ERrpc of the invisible to the total reconstructed energy is plotted against measured
FE.q and fitted by a power law

Eim) — ¢ Ecal d (4 2)
EREC EeV '

with the results ¢ = 0.1254 4+ 0.0006 and d = —0.058 + 0.003. The difference of
Einy/Egpc in this thesis and in work [2] is around 1-1.5 % for the displayed energy
range with the results of this work indicating smaller portion of the invisible energy to
the total reconstructed energy at the PAO. The relation between mean Fj,, and
FE.qy can be used for the energy reconstruction for the non hybrid events with no SD

stations triggered or to events with the S(1000) signal not reconstructed.

4.1.1 Comparison of average invisible energy parametrizations

With the average invisible energy estimated from the fit of (4.1)) as a function of Ey,
it is possible to modify the power function, so that it corresponds to the C,;ss factor
defined in Sec. By simple manipulations we obtain the relation

Ecal bt
1 "
ta (EeV)

The four different C),;ss average parametrizations are plotted in Fig. The plot

Ecal Ecal
Cmiss = =

EO Ecal + Ez'nv B

(4.3)

. C.,s average EPOS LHC + QGSJET-II-04
£ - C,.iss Article Barbosa
O 094— C.ss Auger ICRC 2017
B C,... by S1000 DX
0.92—
09—
0.88—
0.86—
0.84—
O 82 B 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
’ 10" 10" 10%°
E., [eV]

Figure 4.3: Plot of four different C,,;ss parametrization. The one obtained from CONEX
simulations is represented by black line, another red one was taken from article [12]. The last
two were obtained using the (4.3) for the results of [2] (green) and for the results of this thesis
(blue).
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indicates almost the same results of the C,,;ss calculated in this thesis as an average
between results of EPOS LHC and QGSJET-II-04 and as an even mixture of proton and
iron primaries and of the C),;ss obtained in the article [I2]. The other two estimations
of the C),;ss using the Eq. indicate slower increase of C},;ss value with E.,;. The
Ciss calculated using the S(1000) DX method to Auger data predicts the smallest
change of E.,/Ey ratio with E., and also predicts the largest invisible energy part at
the highest energies.

4.2 FD and SD reconstructed energy comparison

The new event-by-event S(1000) DX method for the invisible energy estimation slightly
alters the FD energy spectrum. This also changes the calibration of SD signal by
the reconstructed shower energy estimated from the FD. For the new calibration by
Golden events the S(1000) signal was converted to the zenith independent quantity
- Ssg - using the Constant Intensity Cut function of the form in the formula
. Obtained Ss3g signals were plotted respectively to the new reconstructed FD
energies in Fig. The data were fitted by a power law function with the results
A =(1.90 £0.02) x 10'7 eV and B = (1.016 % 0.003).

With the new SD calibration obtained, the two methods of the invisible energy
estimation can be compared also by evaluating a relative difference between the shower
energy estimated by the FD and the SD. The histograms for relative Erp and Egp
difference are shown in Fig. The Egp values for the two methods were calculated
using respective SD calibration relations. It is clear from the histograms that the
standard deviation of the difference was lowered significantly from 19.67 % for the
standard approach to 17.29 % for the S(1000) DX method. This indicates both better
reconstruction of shower total energy and better calibration of the SD and it can serve
as an indication of the good performance and applicability of the proposed method of

the invisible energy estimation in cosmic-ray air showers.
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Figure 4.4: New calibration plot of Ssg signal by reconstructed Erp using S(1000) DX method.
The plot is fitted with a power law with the results displayed in the left box.
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Figure 4.5: Histograms of relative difference between the shower total energy reconstructed by

the fluorescence - Erp - and surface detectors Esp when applying the reconstruction method
at the PAO (left) and the S(1000) DX method (right).
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Summary

The master’s thesis was concerning about the Ultra-High Energy Cosmic Rays and
their interaction in the Earth’s atmosphere, resulting into the creation of Extensive Air
Showers. Their composition, development and detection method at the Pierre Auger
Observatory were also discussed. Main focus was dedicated on the estimation of the
shower invisible energy carried away by muons and neutrinos that originated in a shower.
A solid estimation of the shower invisible energy is needed for the successful shower
reconstruction process at the PAO and thus a precise measurement of the UHECR
energy spectrum.

Several methods for the invisible energy estimation using Monte Carlo simula-
tions were investigated utilizing two newest hadronic models EPOS LHC and QGSJET-
11-04. The average C),;ss method parametrization of Fj;,, as a function of measured
calorimetric energy F., was calculated and the universal parameters a, b and ¢ were
estimated as an even mixture of proton and iron-induced showers using cosmic-ray
simulation code CONEX. The possible event-by-event correction utilizing the number
of muons in a shower was also analyzed and tested on CONEX simulated data. The
advantages of an event-by-event approach were pointed out.

As the next step, the possible relation between the invisible energy and the
measurable SD signal S(1000) was investigated for its possible application at the PAO
using simulations by CORSIKA code. Three parametrizations of Fj,, by S(1000) with
binning in the zenith angle # or in the distance DX were found. The methods were
compared using simulated data of reconstructed showers by Offline framework at the
PAO. The best improvement in the reconstructed energy estimation was found for the
S(1000) DX method mainly in the energy range 10'® — 108 eV.

The best method was applied to real cosmic-ray Golden data measured at the
PAO. The invisible energy was estimated event-by-event for every shower using its
measured parameters S(1000), 6 and X, and parametrized as a power function of
measured F.,. The results were compared to energy reconstruction method as pre-
sented at the ICRC 2017 and the results of the thesis were found to predict slightly less
amount of the Ej,,/Egrgc ratio by approximatively 1 % to 2 %.

Ultimately, method proposed in this thesis was compared to the standard shower
energy reconstruction at the PAO by comparing the differences in the energy estimated
by the FD and energy estimated by the SD while utilizing the modified SD signal

calibration. A significant improvement in standard deviation by 2.38 % was achieved.
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This indicates the usability of the proposed method of event-by-event correction to
invisible energy in cosmic-ray showers.

If further elaborated, the S(1000) DX method could eventually lower the sys-
tematic uncertainty of the reconstructed energy spectrum at the PAO which could

ultimately improve our understanding of cosmic rays at the highest energies.
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Appendix

Chriss S(1000) 6 bins S(1000) DX bins
proton iron proton iron proton iron
Entries 2386 | Entries 3348 Entries 2386 | Entries 3348 Entries 2386 | Entries 3348
Mean —-0.017 £ 0.00156 | Mean 0.04418 + 0.001041 Mean -0.009732+0.001414 | Mean 0.03423 + 0.0009579 Mean -0.007655 + 0.001378 | Mean  0.02044 + 0.0009742
RMS 0.07621+0.001103 | RMS ~ 0.06021+ 0.0007358 RMS 0.06909+ 0.001] RMS 0.05543 + 0.0006774 RMS 0.06729 + 0.0009741 | RMS 0.05637 + 0.0006889
p+Fe mix p+Fe mix p+Fe mix
Entries 5734 Entries 5734 Entries 5734
Mean 0.01359 + 0.001007 Mean 0.01225 + 0.0008892 Mean  0.006391+ 0.0008525
RMS  0.07518 + 0.0007122 RMS  0.06638 + 0.0006287 RMS 0.06364 + 0.0006028
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Figure 4.6: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 108 — 10'%-5 eV. Both EPOS LHC and QGSJET-II-04 model simulated showers are
reconstructed. The histograms for iron-induced showers were scaled to have the same integral
area as the proton-induced histograms.

Crrice S,(1000) DX
proton iron proton iron
Entries 2386 | Entries 3348 Entries 2386 | Entries 3348
Mean —0.017 £0.00156 | Mean 0.04418 £ 0.001041 Mean 0.001245 £ 0.001408 | Mean 0.02059 + 0.000991
Std Dev  0.07621+0.001103 | Std Dev  0.06021+ 0.0007358 Std Dev 0.06879 + 0.0009958 | Std Dev 0.05734 + 0.0007007
p+Fe mix p+Fe mix
Entries 5734 Entries 5734
Mean 0.01872 £ 0.0009743 Mean 0.01254 + 0.0008331
StdDev  0.07378 + 0.0006889 Std Dev 0.06308 + 0.0005891
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Figure 4.7: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy;s5 and S,(1000) DX - for the primary energy range 1018 — 1018 eV.
Both EPOS LHC and QGSJET-1I-04 simulated showers are reconstructed. The histograms
for iron-induced showers were scaled to have the same integral area as the proton-induced
histograms.
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‘miss.

S(1000) 6 bins

$(1000) DX bins

proton iror proton ro proton ron
Entries 19876 | Entries 18501 Entries 19876 | Entries 18501 Entries 19876 | Entries 18501
Mean  -0.01462 £0.0004601 | Mean 0.03986 *+ 0.0003736 Mean -5.471e-05+0.000422 | Mean 0.03676 + 0.000352 Mean -0.0008159 + 0.0004052 | Mean  0.0228 + 0.0003489
RMS 0.06485 +0.0003253 | RMS  0.05081 + 0.0002641 RMS 0.05949 +0.0002984 | RMS  0.04788 + 0.0002489 RMS 0.05712 +0.0002865 | RMS  0.04745 + 0.0002467
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Figure 4.8: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 108> — 10! eV. Both EPOS LHC and QGSJET-II-04 model simulated showers are
reconstructed. The histograms for iron-induced showers were scaled to have the same integral
area as the proton-induced histograms.
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Figure 4.9: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy;ss and S, (1000) DX - for the primary energy range 10185 — 1019 eV.
Both EPOS LHC and QGSJET-II-04 simulated showers are reconstructed. The histograms
for iron-induced showers were scaled to have the same integral area as the proton-induced

histograms.

62




miss.

S(1000) 6 bins

$(1000) DX bins

proton iror proton ron proton ron
Entries 22997 | Entries 21964 Entries 22997 | Entries 21964 Entries 22997 | Entries 21964
Mean —0.01247 +0.0003409 | Mean  0.0354 + 0.0002438 Mean  0.000341+0.0003173 | Mean 0.03182 +0.0002361 Mean 0.00127 +0.0003011 | Mean 0.02085 + 0.0002252
RMS 0.05168 +0.000241 | RMS  0.03613 + 0.0001724 RMS 0.04811+0.0002243 | RMS  0.03499 + 0.0001669 RMS  0.04565 +0.0002129 | RMS 0.03338 + 0.0001593
p+Fe mix p+Fe mix p+Fe mix
Entries 44961 Entries 44961 Entries 44961
Mean 0.01146 +0.0002388 Mean 0.01608 + 0.0002119 Mean 0.01106 + 0.0001942
RMS  0.05061+ 0.0001688 RMS  0.04491+ 0.0001498 RMS  0.04117 +0.0001373
25001~ -
[ 3000f~
- 2500 [
2000~
[ 2000
[ 2
1500 000
- 1500
1000
B 1000
- 1000
500 -— 500
0 0 . 0
-04 -03 -02 -0.1 0 01 02 03 04 -04 -03 -02 -01 0 01 02 03 04 -04 -03 -02 -01 0 01 02 03 04
(E,Ered)/E, (E,Ered)/E, (B, Ered)/E;

Figure 4.10: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 101 — 10195 eV. Both EPOS LHC and QGSJET-II-04 model simulated showers are
reconstructed. The histograms for iron-induced showers were scaled to have the same integral
area as the proton-induced histograms.
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Figure 4.11: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 101%° — 10?0 eV. Both EPOS LHC and QGSJET-II-04 model simulated showers are
reconstructed. The histograms for iron-induced showers were scaled to have the same integral
area as the proton-induced histograms.
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Figure 4.12: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Ciy55, S(1000) 6 and S(1000) DX - for the primary energy range
108 —10%° eV. Only EPOS LHC model simulated showers are reconstructed. The histograms
for iron-induced showers were scaled to have the same integral area as the proton-induced
histograms.
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Figure 4.13: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cyy,i55 and S,,(1000) DX - for the primary energy range 10'¥ —10'% eV. Only
EPOS LHC simulated showers are reconstructed. The histograms for iron-induced showers
were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.14: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10'® — 1085 eV. Only EPOS LHC model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-

induced histograms.
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Figure 4.15: Histograms of relative reconstructed energy difference to the primary energy for

two methods used - Cy,iss and S,(1000) DX - for the primary energy range 10'® —

1018.5

eV. Only EPOS LHC simulated showers are reconstructed. The histograms for iron-induced
showers were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.16: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 1085 — 1019 eV. Only EPOS LHC model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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Figure 4.17: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy,iss and S, (1000) DX - for the primary energy range 10'8:5 — 1019
eV. Only EPOS LHC simulated showers are reconstructed. The histograms for iron-induced
showers were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.18: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10° — 10195 eV. Only EPOS LHC model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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Figure 4.19: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 109> — 102 eV. Only EPOS LHC model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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Figure 4.20: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 1018 — 10%° eV. Only QGSJET-1I-04 model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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Figure 4.21: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy,iss and S,(1000) DX - for the primary energy range 10'® — 10'9 eV.
Only QGSJET-II-04 simulated showers are reconstructed. The histograms for iron-induced
showers were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.22: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10'® — 1018° eV. Only QGSJET-I1I-04 model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-

induced histograms.
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Figure 4.23: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cy;s5 and S,(1000) DX - for the primary energy range 1018 — 108 eV.
Only QGSJET-II-04 simulated showers are reconstructed. The histograms for iron-induced
showers were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.24: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 1085 — 1019 eV. Only QGSJET-II-04 model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-

induced histograms.
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Figure 4.25: Histograms of relative reconstructed energy difference to the primary energy for
two methods used - Cyy;s5 and S,(1000) DX - for the primary energy range 10185 — 1019 eV.
Only QGSJET-II-04 simulated showers are reconstructed. The histograms for iron-induced
showers were scaled to have the same integral area as the proton-induced histograms.
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Figure 4.26: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10!° — 101%° eV. Only QGSJET-II-04 model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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Figure 4.27: Histograms of relative reconstructed energy difference to the primary energy for
three different methods used - Cy,iss, S(1000) 6 and S(1000) DX - for the primary energy
range 10195 —102Y eV. Only QGSJET-II-04 model simulated showers are reconstructed. The
histograms for iron-induced showers were scaled to have the same integral area as the proton-
induced histograms.
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