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Introduction

Cosmic rays are very energetic charged particles originate in the outer space, travel at nearly the speed
of light and strike the Earth from all directions. The main constituents of cosmic rays are the nuclei
of atoms. They also include high energy electrons, positrons, and other subatomic particles. They
have first been discovered in 1912 by the Austrian physicist Victor Hess. Although their discovery
was more than a century ago, a lot of fundamental questions about their origin, propagation and

acceleration mechanisms in the universe are not answered yet.

Measurements of the cosmic ray energy spectrum from different cosmic ray experiments showed
that it follows a power law with some features. Although we do not have a perfect interpretation of
what causes these breaks in the energy spectrum, they may indicate a transition in the composition
and provide informations about the production processes and possible sources of these particles. A
first change in the spectrum is observed around 4 x 10'° eV, generally called the knee. The knee
structure can be explained, in current measurements of the energy spectrum and composition, as a
rigidity dependent leakage of cosmic rays from the Galaxy. Another feature called the ankle occurs
at around 3 x 10'8 eV, where the contribution of extragalactic cosmic particles dominates in this part
of the spectrum. A strong suppression in the energy spectrum is observed at energies above 6 x 10
eV. This effect is called the GZK cutoff. At energies higher than the GZK cutoff, cosmic ray particles

lose energy through the interaction with the cosmic ray microwave background.
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Cosmic rays are a sample of solar, galactic and extragalactic matter. Solar cosmic particles origi-
nate from the sun during solar flares with energies below 10'° eV. However, low energy cosmic rays
have a strong anti-correlation with solar activity. Up to 4 x 10'° eV (the knee), cosmic rays are cer-
tainly from a Galactic origin (e.g. Active Galactic Nuclei) while their origin is assumed to be extra
galactic (e.g. Active Galactic Nuclei) for energies higher than 3 x 10*® eV (the ankle). The energy
range between the knee and the ankle is not well understood. However, cosmic rays are thought to

be originating in our Galaxy.

Primary cosmic particles with energies below 10! eV can be directly measured with satellite
and balloon experiments above the atmosphere. However, for energies above 10! eV, the intensity
decreases steeply with energy, and very large arrays are needed to detect them. When a high energy
primary cosmic ray enters the Earths atmosphere, it interacts with the air molecules and creates
a cascade of charged particles called ”Extensive Air Showers, EAS. Therefore, cosmic rays with
energies beyond 10'* eV can only be studied indirectly by detecting extensive air showers on the

earths surface with ground based air shower particle detectors.

The goal of the analysis, presented in this thesis, is to measure the cosmic ray energy spectrum
in the energy range between 500 TeV and 100 PeV, using data from the IceTop detector. IceTop, the
surface component of the IceCube Neutrino Observatory, is a square kilometer air shower array at
the geographic South Pole. IceTop uses ice tanks to detect Cherenkov light produced by secondary

cosmic ray particles.

In Chapter [T} a short overview about cosmic rays, extensive air showers and related questions
about the origin, propagation and acceleration of cosmic rays in the universe, is introduced. The
IceCube and IceTop detectors are presented in Chapter 2] In Chapter 3] the Monte Carlo simulation
of extensive air showers is explained. In Chapter @] a reconstruction procedure for the measured

data and the simulation is applied in order to extract the basic quantities of the detected air shower.
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In Chapter [5] the event selection process is introduced and the analysis method to reconstruct the
primary energy from the shower size is described. The measured energy spectrum in this thesis is
presented in Chapter [6] Finally, the results are discussed and compared to spectra from other cosmic

ray experiments, in Chapter
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Chapter 1

Cosmic Rays

In 1912, Victor Hess discovered the cosmic radiation by measuring the discharging effect of electro-
scopes during some balloon flights. Since their discovery more than 100 years ago, cosmic rays have
been studied by many experiments with different detection methods to explore their properties and
origin. However, several questions about the sources, propagation in the universe and the acceleration

mechanism are still not fully answered.

In this chapter, a general overview of the observed properties of cosmic rays and the theoretical

models that explain their origin and acceleration mechanisms will be introduced.

1.1 The First Century

At the end of the 19" century, physicists found that electroscopes can be discharged even when they
are kept in dark and in the absence of radioactive sources. Scientists tried to apply different ideas to

discover and understand the origin of the ionizing radiation.

C.T.R. Wilson took his electroscope underground into a dark location, a railway tunnel, and he

observed no falloff in the radiation rate [1]]. It was later shown by Rutherford that most of the radiation
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is due to natural radioactivity, either from rocks or contamination of the electroscope.

In 1910, Wulf took an electroscope up the Eiffel Tower and observed a decrease in the ionization
rate. If the radiation is originating at the surface of the earth, this radiation should be negligible at
the top of the Eiffel Tower. The observed radiation decrease was however much less than theoret-
ical expectations. Wulf concluded that the radioactivity of the air must contribute to the measured

ionization [1]].

Figure 1.1: V. Hess after one of his successful balloon flights in which he observed an ionization

increase with altitude [[1]].

The big breakthrough came in 1912 by Victor Hess in a series of high altitude balloon flights
up to 5 km in the atmosphere. He found that the radiation increased with altitude indicating that the
source of the radiation must be above the atmosphere of the earth. This experiment was confirmed by
Werner Kolhorster in 1914 with an improved electroscope reaching an altitude of 9 km. The radiation

increase was a clear evidence that the high energy radiation has an extraterrestrial origin (Figure[I.2)).
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Hess made the immediate inference:

"The results of the present observations seem to be most readily explained by the assumption that
a radiation of very high penetrating power enters our atmosphere from above, and still produces in

the lower layers a part of the ionization observed in closed vessels” [1].

A few years later, in 1936, Hess was awarded the Nobel Prize in physics for this discovery of

cosmic rays.

]
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Figure 1.2: The increase of ionization with altitude measured in a series of balloon flights by V. Hess

(left) and M. Kolhorster (right).

In 1939, Pierre Auger discovered Extensive Air Showers (EAS). Using Geiger counters separated
by a large distance (about 300 m), Auger observed about 10° particles covering approximately 10%
m? area, which he deduced to be produced from successive interactions of a single primary cosmic

ray in the top of the atmosphere. Auger estimated that the energy of the primary cosmic ray particle

was about 10" eV [2]].
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1.2 Cosmic Ray Physics

1.2.1 Energy Spectrum

Since the discovery of cosmic rays, their energy spectrum has been measured by a variety of cosmic
ray experiments. Direct cosmic ray measurements with satellite and balloon experiments reached an
energy of ~ 10'® eV and they are limited by the detector size and exposure time. Such experiments
can directly identify incident particles with excellent charge resolution [3]. Due ti the very low cos-
mic ray flux at higher energies, the the energy spectrum can not be measured directly. Instead, ground
based experiments are used to deduce the energy of the cosmic ray primary from the properties of
the detected secondary particles. The ground based experiments use the atmosphere above them as a
detection medium. Therefore, the detection area can be increased considerably compared to satellite

and balloon experiments.

The energy spectrum can be described by:

v~ 27, FE <4PeV

AN :
—— o BT, withy = 9~ ~3  4PeV< E < 3EeV (1.1)

v~26, E> 3BeV

\

with ~y the spectral index.

The observed energy spectrum approximately follows a power law over many orders of magni-
tude in energy and with several features (Figure [I.3). The observed spectral features are crucial for

understanding the origin of particles, their propagation and acceleration mechanisms.

The knee

The first of these features occurs at an energy around 4 PeV where the spectral index changes from

2.7 to 3.0. This feature is called the "knee” and was discovered in 1958 [4]. Since then, many models
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tried to explain the knee structure in different ways. However, there is still no perfect understanding

for the reason of this feature.

The diffusive shock acceleration model explains the knee as an effect of the underlying acceler-
ation mechanisms. Cosmic rays are accelerated in the blast waves of the supernova remnant and a
rigidity dependent limit is predicted. Therefore, the maximum achievable energy depends on the the
charge Z of the cosmic particle (E = [Z x 10 eV - Z x 10'® eV]). Consequently, the position of
the knee depends on the type of the comic particle. This results in various cutoffs in the spectrum

while the composition would become heavier [J3].

In an alternative explanation, the knee is connected with the leakage of cosmic rays from the
Galaxy (called the leaky box model, discussed in Section [1.2.5)). This model combines the diffusive
shock acceleration with an energy propagation path length. The position of the knee for different

elements is proportional to the charge Z of the cosmic particle [5].

The knee is considered in some other theoretical models to be originating from the interactions
of cosmic rays with background particles in the Galaxy, or to be related to the shower development
in the atmosphere assuming that a new type of interactions transfers energy to a new component that

is not yet observed in air shower experiments [6].

At an energy of about 400 PeV, the spectral index changes from ~ 3.0 to ~ 3.3. This feature is
called the ”second knee”, and was suggested by some air shower experiments (HiRes-MIA [7], Hav-
erah Park Array [8] and Yakutsk [9]). However, the second knee” was not seen by other experiments

(AGASA [10] - Akeno [11]]).

The ankle

Another feature in the energy spectrum is called the ”ankle”, first observed by the Volcano Ranch

experiment [[12]]. This happens at energy about 3 EeV where the spectral index changes from ~ 3 to
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~ 2.6. There are three theoretical models to describe the origin of the ankle: the ankle model, the dip
model and the mixed composition model. They differ from each other by the energy transition from

galactic to extragalactic cosmic rays, and the mass composition of the extragalactic component.

The ankle model assumes that the transition from galactic to extra galactic occurs at E;., ~
(3 — 10) EeV. The transition, based on this model, is described as the intersection between a flat (x
E~?) extragalactic spectrum and a steep (o< E~%!) Galactic one. The composition in the Galactic
component is represented by heavy nuclei (iron), while the extragalactic component is assumed to be
pure proton. the model is in contradiction with results of X,,,,, measurements with both HiRes and

Auger in the energy range (1 - 5) PeV [13] (Figure [T.4).

g{}nl T IIIIIII| T T IIIIIII T I'IIIII| g{}nl T IIIIII| T | IIIIII|' T TTTTTT
a50 | dip model ] g50 | ankle model ]
8OO | 7 8OO | 7
% 750 | : E 750 F D §
S S =
g 700 ] @ MO pe ;
'E BS0 |4 . & HiResiMIA é esof ' & HiResMia
x O " Auger x 5 Auger
it — Auger. sys ] i — Auger sys 1
600 = Fe — 0GgETOL 600 — QGSETOL
— QGSGETHI — QGSGETAI
550 SEYLL b 550 SIEYLL b
5{}0 | 1 1 IIIIII| 1 | IIIIII| | | IIIIII| 5{}0 | | | IIIIII| | | IIIIII| | | IIIIII|
10° 10° 10" 10" 10° 10° 10" 10"
E, GeV E, GeV

Figure 1.4: The calculated X,,,, as a function of energy for the dip model (left) and ankle model

(right). The data points are measurements from the HiRes and Pierre Auger Observatory [14].

In the dip model, the transition occurs as an intersection between a very flat extragalactic spectrum
and a steep Galactic iron spectrum. The dip model predicts a pure proton composition above E > 1
EeV. This model is in agreement with the HiRes measurements where a strong proton dominance is

observed at E > 1EeV, while the model does not agree with Auger measurements of X,,,,, and RMS
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at E > 4 EeV (Figure [13]][T.4).

The mixed composition model is based on the argument that any acceleration mechanism involves
different nuclei in the acceleration process. Therefore, it assumes that the Galactic component of
cosmic rays above 0.1 EeV is a pure iron while the composition in the extragalactic component
has nuclei of various types. However, proton is considered in most mixed composition models to
be dominant at the highest energies E > 10 EeV. This assumption is in contradiction with Auger

measurement at these energies [[13]].

The GZK mechanism

At high energies E >10'Y eV, a strong suppression in the flux was independently predicted in 1966
by Greisen [15] and Zatsepin and Kuzmin [16] and called the GZK cutoff. This prediction was based
on the assumption that the composition of the extragalactic component of the spectrum is pure proton

which interact with the cosmic microwave background photons (CMB) via photo-pion production.

The dominant interactions of protons with the CMB are:

p+yemp = AT s n+ " (1.2)

p+yemp — AT = p+7°,

Measurements by the AGASA experiment [10] showed no decrease in the energy spectrum for
energies above 10%° eV indicating no GZK-cutoff. However, the results from HiRes [17] showed
a cutoff in the flux at the predicted cutoff energy. This was also supported by the results from the

Auger collaboration [18]].
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1.2.2 Composition
Understanding the chemical composition of cosmic rays is important to reveal their origin and their

acceleration mechanism. Below 10! eV, Cosmic rays consist mainly of ~ 86% hydrogen nuclei,

~ 11% helium, ~ 2% heavier nuclei and ~ 1% electrons [[19].

108 S R I B
6 « Cosmic Rays (arriving) .
10~ g — Solar System (Lodders 2003) ]

10%
10°

1
1072[:
1074
1076

Relative Abundance

t
0 20 40 60 80 100
Atomic Number, Z

| o v |
]

Figure 1.5: The relative chemical abundance of elements in the Galactic cosmic rays (red circles)
compared to the abundance of the solar system matter (blue histogram). Data points for H and He
are obtained with the BESS balloon experiment [20]]. For 3 > Z > 30, the data points are from the
Cosmic Ray Isotope Spectrometer (CRIS) measurements [21]]. For elements with Z > 30, results are
from the HEAO-C3 and Ariel-VI experiments with a normalization to make them agree with the Fe

abundance [22]]. Plot is edited from [23]].

For energies up to 10'* eV, the chemical composition is measured precisely by balloon and satel-
lite experiments. Figure shows a comparison between the abundances of elements in Galactic

cosmic rays and the solar system abundance. A general similarity of the elemental composition is
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observed for the elements H, He, C, O, Ne, Mg, Si and Fe dominating both samples. Elements with
an even-Z have a predominance over elements with an odd-Z in the range Z=[6-20]. In addition,
several peaks are observed in the distribution, 6 < Z < 8 (CNO), Z ~ 26 (Fe), 50 < Z < 56 (Sn -
Ba), and 78 < Z < 82 (Pt - Pb). The overabundance of cosmic rays below these peaks is due to the

nuclear spallation reactions during the propagation of cosmic rays through the interstellar gas.

& ..
a50 —— TA, preliminary, (=17 ge‘{:rn2
E —— HiRes, (#)=26 g/cm’
D 800 —— HiRes/MIA
£
2

—— CASA-BLANCA
—— Yakutsk
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700
650

600

550 ---- QGSJetl|
0 b L Sibyll2.1
— EPOSv1.99
450 257
1 1 111118 1 1 L1 II 1 1 L1111 1 1 L1 III 1 L1111
10" 10'® 107 10'® 10'® 10°°
E [eV]

Figure 1.6: Measurements of the shower maximum X,,,, as a function of energy for energies from
different EAS experiments. Simulation of proton and iron primaries for different hadronic interaction

models are shown in red and blue, respectively [24].

For higher energies, indirect air shower experiments are used to study the properties of the sec-
ondary particles and to deduce the primary type and energy of the primary cosmic ray. These mea-
surements rely on the composition sensitivity of EAS observables to the primary cosmic particle
(expressed often by the shower maximum X,,,, or the mean logarithmic mass < In A >). Figure

[1.6] shows a comparison of the < X,,,,,, > as a function of primary energy from different air shower
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experiments. Up to 1017 eV, the measurements indicate a change in the mass towards heavier com-
position. At higher energies, the absolute values of < X,,,, > increases again towards the prediction

of light composition.

1.2.3 Sources

Cosmic rays, as charged particles, are deflected by the magnetic field of the Galaxy and the sun.
Therefore, they are uniformly distributed in all directions and do not point back to their origins.
Once the gyroradius R, of a particle exceeds the size of the accelerator, the particle is not contained
anymore and will be able to escape from the acceleration region and it is unable to gain more energy.

This Hillas criterion [25] sets the limit for the maximum energy:

Emax = (IBR, (13)

where ¢ is the gained energy, ¢ is the electric charge of the particle, B is the magnetic field and

R is the size of the source.

Figure is known as the Hillas diagram and shows the relation between the magnetic field of
the source B and its size R with various astrophysical sources are plotted. Sources above the upper
line can produce protons with energies up to 10%° eV, while sources above the bottom line are able
to produce iron with energies up to 10?° eV. Most astrophysical sources do not reach the the iron
confinement, leaving the best candidates for ultra high energy cosmic rays (UHECRs, energy above

10'® eV) to Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs) and neutron stars.

The observed structures in the cosmic ray energy spectrum may provide valuable information
to distinguish between cosmic ray sources. Cosmic rays with energies below 3'° (the knee) eV are
thought to be originating in our Galaxy. For energies beyond 3 x 10'® eV (the ankle), cosmic rays

are assumed to be from an extragalactic origin. The energy region between the knee and the ankle is
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Figure 1.7: Hillas plot: A diagram of the relation between the strength of the magnetic field and the

size of the possible source of cosmic rays (plot adapted from [26]).

still unclear [27]. However, theoretical models assumes the transition from Galactic to extragalactic

origin of cosmic rays happens in the energy range between 1017 eV and 10 eV (as discussed

in Section [T.2.7)).

Supernova remnants (SNR) were first proposed in 1934 by Baade and Zwicky [28] and usually

thought to be a candidate source of galactic cosmic rays at least up to the knee of the energy spectrum.
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When a massive star explodes, the ejecta are expelled into the surrounding interstellar medium with
a very high speed, carrying the kinetic energy of the explosion, and shock waves are formed. When
a particle crosses the shock waves many times and gains enough energy to escape and become a

cosmic ray.

Active Galactic Nuclei (AGN) are the most powerful compact objects in the universe and are
expected to be a possible source of extragalactic cosmic rays. They are composed of an accretion disk
around a supermassive black hole in their center and are sometimes associated with jets terminating
in hot sopts. One can classify AGNs into two categories: radio quit AGN with no jets and radio
loud AGN presenting jets. Both categories could accelerate particle to very high energies. The Pierre
Auger Collaboration [29] observed a correlation between the arrival directions of high energy cosmic
rays and the positions of some known AGNs (from the Veron-Cetty & Veron catalog (VCV) [30])
[31].

Gamma Ray Bursts (GRBs), first discovered by the Vela satellite in 1967 [32], are among the
most energetic and luminous explosions known in the Universe. The explosion of a GRB leads to the
formation of multiple shock regions which are potential acceleration sources for ultra high cosmic
rays (UHECRs). Based on the fireball model, neutrinos are produced from the interaction between
high energy cosmic rays protons and photons. Recently, searches with the IceCube Neutrino Obser-

vatory for neutrino emission from 300 GRBs found none:

”This implies either that GRBs are not the only sources of cosmic rays with energies exceeding

10*® eV or that the efficiency of neutrino production is much lower than has been predicted [33]”.
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Figure 1.8: Candidate sources of cosmic rays. Left: A composite image of a supernova remnant
(Cassiopeia A, 330 yr old) from three of NASA’s observatories [34][35](36]. Right: A composite
image of the nearest Active Galactic Nuclei, the Centaurus A radio galaxy [37][38]]. The scale is

different between the two images.
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1.2.4 Acceleration

Finding and understanding the process that can accelerate particles to the highest energy observed
in cosmic rays is a very important challenge in cosmic ray research. Many theoretical models have
been developed to explain the acceleration mechanism. In 1949 Enrico Fermi [39] proposed the so
called "Fermi acceleration mechanism” where he assumes that a cosmic ray particle can accelerate
and gain more energy by collision with moving magnetic clouds or shockwaves in the interstellar
space over a long period of time. Fermi proposed that, although particles can gain or lose energy per
acceleration cycle, there will be average energy gain after multiple cycles. Therefore, the energy of

the particle is increased significantly:

E, = Ey(1+¢&)", (1.4)

where Fj is the initial energy of the particle, £ is the relative energy gain and 7 is the number of
acceleration cycles “encounters” (n = ln(Eﬂo) /In(1 + £)). The number of propagated particles with

energy higher than E is:

o) -
1—-PFP.,)" 1 E
N(Z E) X E (1 - PesC>m = ( P P> = P (E) ) (15)

m=n

with P, the probability to escape from the acceleration region per encounter. The spectral index

v is:

In| —L—
<I_Pesc‘> Pesc 1 Tcycle
SR (1.6)
In(1+¢) § & Tes

’y:

with 7¢,.. the characteristic time for a single acceleration cycle. T¢. is the total time to escape

from the acceleration region.
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If the acceleration process has been running for a certain time ¢, the maximum energy becomes:

E < Ey(1 4 &)t/ Tevete (1.7)

There are two versions of Fermi acceleration. In the first version, charged particles start to collide
with the moving magnetic clouds of plasma and diffuse by scattering on the irregularities in the
magnetic fields (Figure[I.9a)). If the particle is moving in the direction of the moving magnetic field,
the particle loses energy and is reflected in the opposite direction. In a second collision, the particle
gains energy and is reflected again in the direction of the magnetic field. The energy gain was found

to be proportional to the square of the relative velocity of the cloud to the speed of light:

£ o 32, (1.8)

where ¢ is the energy gain and S = u/c. This is called the second-order Fermi mechanism because
the energy gain depends on 2. Since the speed of the cloud is very small compared to the speed of

light, this mechanism is very slow to provide the observed large energies [[1] [40]].

In the second version, charged particles are accelerated by strong shockwaves caused by e.g.
supernova explosions. Particles start to bounce back and forth in the upstream and downstream
regions (illustrated in Figure [I.9b)) with a speed much larger than the speed of sound and gain more

energy. The energy gain was found to be proportional to the velocity:

£ o B. (1.9)

Thereby, this version is called the first order Fermi mechanism.

This mechanism is regarded as very successful because it naturally predicts a power law of the
cosmic ray energy spectrum. One of the main problem in this mechanism is that there is a maximum

energy than can be achieved E,,,, ~ Z - 10** EeV, as explained in detail in [41].
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Figure 1.9: Left: Acceleration across a plane front moving with certain speed in the universe (First
order Fermi acceleration). Right: Acceleration by colliding with a magnetic gas cloud (Second order

Fermi acceleration).
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1.2.5 Propagation

Cosmic rays have to traverse a huge amount of matter in the universe before they are detected with
cosmic ray detectors, and they may undergo different interactions on their way from the source to the
detector. Therefore, the measured energy spectrum and elemental composition on the earth are not
the same as at the source. Several numerical models have been developed to describe the propagation

process of cosmic rays in the universe [40]][42].

The diffusion model is the most popular model to describe cosmic ray propagation in the Galaxy

at energies below about 10'7 eV. The propagation equation for a certain particle can be written as:

OY(T ,p,t d d 1
WTpt) _ o7, p,t) 4V (DexVYh — 7¢ )+ =P’ Dyppe— 1 (1.10)

ot —_— —— ~~ Op dpp

source diffusion convection - -
diffusive reacceleration
0 P T 1 1
N - 7/ N / N
particle loss spallation radioactive decay

with @/J(?, p, t) the cosmic ray density per unit of total particle momentum p at a position 7, Dy
is the spatial diffusion coefficient, 7 is the convection velocity, D, is the momentum gain or loss
rate, 77 is the time constant for loss by fragmentation and 7, is the time constant for loss by radioactive
decay. The concept of cosmic ray diffusion explains why high energy particles have highly isotropic
distributions and are retained in the Galaxy. Cosmic ray sources are assumed to be concentrated near
the Galactic disk and to have a radial distribution. Cosmic rays could be transported by the convection
of galactic winds. This could also produce adiabatic energy losses as the wind speed increases away
from the disk. The spallation part is generally assumed to have the same kinetic energy per nucleon

as the progenitor species. More details about Equation can be found in [42].

A very simple model to describe cosmic ray confinement is the so called leaky box approximation.

In this simplified picture, particles that traverse the Galaxy have a certain probability to escape from
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it. The diffusion and convection terms are approximated by the leakage term with some characteristic
escape time of cosmic ray from the Galaxy. No spatial dependence of cosmic ray distribution, source
density, and any other parameters are taken into account. The leaky box model states that cosmic
rays accelerated at their sources are transported uniformly through the interstellar medium and their

escape from the Galaxy is dependent on the energy of cosmic rays.

By neglecting the energy loss and gain through the propagation, a simplified propagation equation

can be written as [40]:

Ni(E) Bep 1 Bep
s Qi(E) - < N 7,{,Z)M(E) + WZoi,ka(E), (1.11)

k>i

where o; , represents the spallation cross section. This equation can be used when the fragmen-
tation process results in the same energy per nucleon for primary and secondary cosmic rays. The

energy spectrum for a given primary nucleus ¢ can be written as:

— Qi(E)Tesc(R)
1 + )\esc(R)//\z’.

Ni(E) (1.12)

The interaction length \; ~ 55 g.cm~2 in the case of proton and )., < ); for all energies.

Therefore, for and observed spectrum (N ~ E _(7“)), the source spectrum will be:

QE) ~E™, (1.13)

with a = 2.1. The interaction length \; ~ 2.3 g.cm~2 and the energy losses are due to interactions
rather than to escape at low energies. The iron spectrum is flatter that the proton spectrum up to ~ 1

TeV/nucleon [40].
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1.3 Extensive Air Showers

The flux of cosmic rays becomes very low at high energies (above ~ 10'* eV) which makes it
very difficult to detect them with direct measurements like satellite and balloon experiments, and
indirect techniques are used. When a very high energy cosmic ray enters the Earth’s atmosphere, it
will interact with an air molecule and exchange some of its kinetic energy producing a cascade of

particles called air showers, discovered in 1939 by P. Auger [2].

In Figure[I.10} a proton particle collides with the air molecule and a variety of secondary particles
is produced. If the energy is high enough, these secondary particles will penetrate the atmosphere to
ground level where they can be detected using variety of detection techniques. The first interaction
in the atmosphere is not fixed and depends on the primary energy and primary mass of the original
cosmic ray particle. This means that light primaries can penetrate deeper in the atmosphere before

the first interaction occurs.

The development of extensive air showers in the atmosphere is characterized by the interaction
and the decay of particles. Generally, a cosmic ray induced air shower has three components which
can be detected on the ground: a hadronic component, an electromagnetic component and a muonic

component (EM) [40].

The hadronic component of an air shower is the first generation of particles from the collision
of the primary cosmic ray with the air molecules. Pions and kaons are the main particles created in
the hadronic interaction. Low energy charged pions and kaons decay to form the muonic component
of the air shower. Electrons and photons are produced from the fast decay of neutral pions into
photons, forming the electromagnetic component with more than a third of the energy. Nucleons and
other high energy hadrons will contribute further to the hadronic cascade.Therefore, the hadronic
component is an important component in the development of the air shower, since it directly feeds

the electromagnetic and muonic component [40] [43].
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Figure 1.10: A schematic view of the components of an extensive air shower generated when a

cosmic ray particle interacts in the atmosphere.

The electromagnetic component is the biggest component of induced air showers and contains
electrons, positrons and photons. The EM component is explained in detail by the Heitler model
[44] (Figure [I where every particle undergoes a splitting after traveling a certain distance (d =
A:In2), where A, is the radiation length. Two new particles are created by the interaction and the
energy is assumed to be equally divided between them. For each radiation length, the number of

particles will be doubled. After n splittings, at an atmospheric depth X = n\,In2, the cascade will
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n=1

Figure 1.11: Schematic representation of the Heitler model for electromagnetic (left) and hadronic
(right) cascade development. In the hadronic shower, not all pion lines are shown after the n = 2

level.

consist of N(X) = 2% with energy I = £ with E, the initial particle energy. The process will

X
QW

continue until the particle energy is not enough for more interactions and the cascade reaches shower

maximum X, [45][46]].

The muonic component is generated from the decay of charged pions or kaons. At high altitude,
mesons are more likely to decay rather than interact because of the low density of the atmosphere.
The number of muons N, in a cosmic ray induced air shower as a function of energy is given by

[47]:

N,(E) = KE ", (1.14)

with the spectral index of muons v, =~ 0.757 and K is a parameter highly dependent on the

primary mass.
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1.3.1 Detection of Extensive Air Showers

Several techniques were developed to indirectly detect cosmic rays at high energy by studying the
properties of the induced EAS. The most common detection techniques use the Cherenkov, fluores-
cence and radio emission of the EAS in the atmosphere to determine the cosmic ray primary particle.

In the following, some of the detection techniques are introduced based on [48].

Air Cherenkov Detectors

Along their propagation in the atmosphere, air showers emit Cherenkov light proportional to their
primary energy. This light is emitted in a cone collimated around the shower axis. This technique
can only operates on clear dark nights and in good atmospheric conditions. Small spacing between
detectors is required to measure the lateral distribution of the air shower. Therefore, it is not appro-
priate to use this technique at very high energy (£ > 10'7) eV where the low flux requires a large

detection area. An example of such detector is the Tunka experiment [49].

Air Fluorescence Detectors

The passage of EAS in the atmosphere excites nitrogen molecules of air and produces fluorescence
light (UV emission). The fluorescence light is produced isotropically, allowing the detection from all
directions. The fluorescence detectors can cover a huge volume of the atmosphere, and can directly
measure the longitudinal profile of the shower and the shower maximum X,,,,, which can be used
to determine the primary mass. Similar to the air Cherenkov detectors, Air fluorescence detectors

require a constant monitoring of the atmosphere and can only operate on clear moonless nights.

One of the first measurements using fluorescence light was done by Bunner in 1967 [50]. The
current, fluorescence detectors are used to operate in combination with ground based detectors to

give a stereo view of the air shower. This technique is used in the Pierre Auger Observatory [29] and
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the Telescope Array experiment (TA) [S1]].

Radio Emission Detectors

Radio emission from air showers has first been discovered experimentally in the 1960s.This emission
is produced by the deflection of charged air showers in the magnetic field of the Earth, the geosyn-
chrotron effect. The atmospheric conditions and noise from communication devices make it difficult
to identify the air shower signature with detectors of the radio frequency. The radio detection tech-
nique was applied in the Pierre Auger Observatory [52], and has been investigated as an extension

for IceCube and IceTop [S3].

Ground Based Detectors

The EAS can also be measured at ground level using an array of scintillators or water Cherenkov
tanks, deployed over a large surface area. The arrival time, the shower density and the location of the
shower core on the surface can be measured using such experiments. The primary energy could be

estimated from the lateral distribution of the signal in the perpendicular plane to the shower axis.

The most common air surface detection methods use water, ice Cherenkov tanks or plastic scin-
tillators. Cherenkov tanks detect the Cherenkov light emitted by air shower particles when they
pass through the tanks. This technique is used in the IceTop detector [54] (described extensively in
Chapter [2) and in the Pierre Auger Observatory [29]. In the case of scintillation detectors, plastic
scintillators are used to detect secondary charged particles at the ground. This technique is used in

the KASKADE experiment [55]].

Additionally, a combination of two techniques can also be used in one experiment in order to look
at different components of air showers. This method is employed in the IceTop-IceCube coincidence

analysis [46] and the Pierre Auger Observatory [29].
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Figure 1.12: An example of a simulated proton induced shower with a primary energy 10'®> GeV and
inclination of 45°, interacting in the atmosphere. The blue color represents the hadronic component

of the shower, the muonic component is in green and the EM component in red. Plot is from [56].
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1.3.2 Some Recent Experiments

CREAM

The Cosmic Ray Energetics And Mass experiment (CREAM) was designed and constructed to mea-
sure the cosmic ray elemental spectra using a series of ultra long duration balloon flights. The goal
of CREAM is to measure the cosmic ray elemental spectra in the energy range between ~10'! and
~10" eV. The first flight of CREAM was launched from McMurdo Station, Antarctica in 2004. The
balloon flew for 41 days and reached an altitude of 37 - 41 km. CREAM was flown six times between

2004 and 2010 accumulating ~ 161 days of flight time.
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Figure 1.13: Left: A photo of the CREAM instrument. Right: Energy spectra from a nominal ISS-
CREAM mission (red circles) and from previous measurements (black symbols). The energy spectra
are compared to data from previous experiments, BESS (open squares), ATIC-2 (open diamonds),
JACEE (X), and RUNJOB (open inverted triangles). The CREAM heavy nuclei data: Carbon (open
circles), Oxygen (filled squares), Neon (open crosses), Magnesium (open triangles), Silicon (filled

diamonds), and Iron (asterisks) [57].
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The CREAM experiment was able to measure the proton flux from 2.5 TeV to 250 TeV and the
helium flux from 630 GeV nucleon~! to 63 TeV nucleon—! at the top of the atmosphere[58]]. For
nuclei heavier than helium (C, O, Ne, Mg, Si and Fe), a broken power law can be fitted with spectral

indices vy, =-2.77 4+ 0.03 and ~, = -2.56 + 0.04, below and above 200 GeV, respectively [57].

KASCADE and KASCADE-Grande

KASCADE is a ground based experiment situated on the site of the former Forschungszentrum Karl-
sruhe in the valley of the river Rhine in Germany at 110 m above sea level[53]. It uses an array
of scintillation counters to measure the electromagnetic component of extensive air showers, the
muonic component by scintillators and tracking chambers at four different energy thresholds and the

hadronic component in a sampling calorimeter.
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Figure 1.14: Left: The Reconstructed energy spectrum of the heavy and light components together
with the all-particle spectrum for the angular range 0° — 40° for the SIBYLL hadronic interaction

model (left) and the EPOS hadronic interaction model (right) [59]].
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In 1996, KASCADE-Grande was built as an extension of KASCADE experiment by adding 73
stations of the former EAS-TOP experiment, with an average spacing of 137 m [59]. KASCADE-
Grande measured the all-particle energy spectrum in the energy range 10'® — 10'® eV. A hardening in
the spectrum was observed at 2 - 106 eV and a small break-off at around 8 - 10*¢ eV. However, these
structures was found to be dependent on the interaction model used in the simulations. A separation
of the mass into light and heavy components showed that the knee is caused by a break in the heavy

component [S9].

Pierre Auger Observatory

The Pierre Auger Observatory is located near Malarge in the province of Mendoza in Argentina,
and designed to explore the ultra-high energy cosmic rays (with energies > 10'8%eV) through the
detection of induced extensive air showers in the atmosphere. The detector was designed as a hybrid
detector using a surface array and nitrogen fluorescence detectors. The surface array consists of 1660
water Cherenkov detectors separated by 1.5 km and is used to determine the energy of the incident
cosmic ray. Itis overlooked by 27 fluorescence detectors to provide a calorimetric view of the shower
development through the atmosphere. Using the hybrid technique provides a more complete view of

the air showers [[60]].

Auger was able to measure the known ankle at 4.1 EeV where the spectral index changes from
a = 3.27 £ 0.02 to 2.68 £ 0.01. Another feature was observed at 26 EeV where the spectrum
becomes steeper. The suppression in the spectrum at the high energies, this can be due to the GZK

cutoff [[15,16]] or this is due to the maximum energy attained in astrophysical accelerators [61].
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Figure 1.15: The cosmic ray energy spectrum derived from the hybrid data combined with the one
obtained with the surface detector in the Pierre Auger Observatory. Error bars represent statistical

uncertainties. The systematic uncertainty in the energy scale is 22% [61]].
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Chapter 2

IceCube and IceTop

The IceCube Neutrino Observatory is a gigantic telescope located at the South Pole in Antarctica.
The detector consists of two main parts that can operate independently or as one combined detector.
The surface part is the IceTop air shower array and the other part is the IceCube array in the deep

underground ice. This analysis will use only the IceTop detector.

2.1 IceCube

The IceCube detector (Figure [62] [63] uses 1 km?® of Antarctic ice to detect Cherenkov light
produced by charged particles traversing through the detector volume. The IceCube detector was
constructed over seven years (between 2004 and 2011) and it consists of 86 vertical strings with an
average horizontal string spacing of 125 m, except for eight strings (called DeepCore [64]) deployed
at the center of the detector with a spacing of 10 m. Each string is equipped with 60 Digital Optical
Modules (DOMs [65], Section [2.2.2]) between 1450 and 2450 m depth. The DeepCore array aims to
lower the energy threshold of IceCube by over an order of magnitude, to energies as low as about 10

GeV.

35
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Figure 2.1: A schematic view of the IceCube and IceTop detectors. The vertical lines represent the 86
strings of the IceCube detector. DeepCore is the denser instrumented part of IceCube in the center,
mentioned in green vertical lines. IceTop is the surface array where each colored dot represents
one station. Different colors for the dots on the surface represent different years of construction.
The IceCube Laboratory (ICL) is situated in the center of the array and contains all electronics and

computers used to collect and process the data.
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Figure 2.2: The first two interesting high energy neutrinos observed by IceCube. The event of the
left is called “Bert” and has an energy around 1.1 PeV. The event of the right is called “Ernie” and
has an energy around 1.2 PeV [66]. The two events were detected with data between May 2010 and
May 2012. The size of the spheres represents the number of recorded photoelectrons in each DOM

and the color represents the time of the signal in the detector.

The primary goal of IceCube is to search for very high energy astrophysical neutrinos via Cherenkov
light produced by secondary charged particles created in the neutral current (NC) and charged current
(CC) neutrino interactions in the glacial ice. These neutrinos originate when accelerated cosmic ray
protons and nuclei interact with gas and light to produce pions and kaons which then decay, emitting
neutrinos with energies proportional to the energy of the high energy cosmic ray that produced them.
The observation of such very high energy neutrinos will provide insight into the origin and the ac-
celeration mechanisms of high energy cosmic rays. Because of the very low flux and the small cross
section with matter, a large effective area is needed. Large Cherenkov detectors like IceCube are able

to detect these neutrinos. In July 2012, the IceCube collaboration announced the observation of the
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first two extremely high energy astrophysical neutrinos ever observed with energies around 1 PeV

[66]], shown in Figure[2.2]
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Figure 2.3: A schematic view of the completed IceTop air shower array. The dots on the surface

represent IceTop tank. Each station has two tanks 10 m apart from each other and labeled as A and

B. Different colors indicate different year of construction. The InFill array is situated at the center of

the IceTop detector with smaller spacing between stations and consists of eight stations (26, 27, 36,

37,46, 79, 80, 81).
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2.2 IceTop

The IceTop air shower array is the surface component of the IceCube Observatory at the geographic
South Pole covering 1 km? area above the IceCube detector. On the top of each IceCube string,
one IceTop station is composed of two cylindrical ice-filled tanks separated by 10 m. Each tank is
equipped with two Digital Optical Modules (DOMs) as optical sensors to detect Cherenkov light
emitted by charged particles in the ice ([65]], Section [2.2.2)). Figure [2.3]shows the completed IceTop
detector with 81 stations and the yearly deployment of the tanks/ stations. At the center of the
detector, stations were deployed with smaller distances than other stations to make a denser array

called the InFill array, in order to lower the energy threshold of the detector.

The IceTop detector is designed to detect air showers in the energy range between 500 TeV and
1 EeV. The lower limit is determined by the distance between stations, and with the steeply falling
spectrum at high energies. A good measurement of the energy spectrum in this energy regime is very
important in order to have an overlap with direct measurements at low energy and with experiments

like Auger at the high energy.

2.2.1 IceTop Tank

Figure [2.4] shows a cross section view of one IceTop tank. Tanks are made of black, cross-linked
polyethylene which is 6 mm thick, 1.1 m heigh and has an inner diameter of 1.82 m. Most of the
tanks have a diffusely reflective white liner made of Zirconium dioxide powder in order to increase
the light yield at the photomultiplier. Only eight tanks deployed in 2005 and four tanks deployed in
2011 have Tyvek linings instead. The two DOMs are placed at the top of the ice with a separation of
85 cm between their centers. The bottom half of the DOMs contains the photomultiplier tubes and
it is submerged in the ice, while the upper half contains all the electronics used for data recording,

digitization and transmission. The tanks are similar to the water tanks used in other air shower
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Figure 2.4: A cross section view of the IceTop tank.

experiments such as the Haverah Park experiment and the Pierre Auger Observatory [29]].

2.2.2 Digital Optical Module (DOM)

The Digital Optical Modules (DOMs) [65]] are the basic component used, in both IceCube and Ice-
Top, to detect Cherenkov light produced by charged particles in the ice. Each DOM consists of a
10” Hamamatsu photomultiplier tube (PMT [68]]), a 2 kV high voltage (HV) power supply for the
PMT, the main board (MB), a LED flasher board with six pairs of LEDs, and a 13 mm thick glass
sphere, as shown in Figure [2.5] The assembled DOM is filled with dry nitrogen to a pressure of half

an atmosphere.

When the Cherenkov photons, created when the air shower particle interacts with the ice, hit the
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Figure 2.5: A schematic view of the IceCube digital optical module (DOM).

photocathode of the PMT and creates a bunch of photoelectrons (PE). The photoelectrons are accel-
erated and many secondary electrons are generated in the process (10° to 107 times more electrons)

until they are collected at the anode on the opposite end of the tube.

The FPGA (Field Programmable Gate Array), on the main board of the DOM, performs the
triggering, digitization and the communication between the DOM and the data acquisition system on
the surface through a single twisted pair cable. The timing of the DOMs uses a 20 MHz oscillator

inside the FPGA which is synchronized to a master clock in the IceCube lab.

DOMs are operated at different gains in order to increase the dynamic range of the detector. One
DOM is operating in low gain (LG) and the other in high gain (HG). Each DOM has two discrimina-
tors, called MPE “Multiple Photo Electron” and SPE ”Single Photo Electron”. Both discriminators

are used in IceTop for multiple PE thresholds. In high gain DOMs, the MPE discriminators are used
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for triggering on air showers with thresholds of about 20 mV which corresponds to a charge of a bout
23 PE, while the SPE discriminators are used to record scaler rates at different thresholds (from 0.5
PE to 30 PE). In low gain DOMs, the SPE discriminators are used with a threshold of about 4 mV

which corresponds to a 270 PE signal, while the MPE discriminators are not used [54][169].

In addition, each DOM is equipped with a LED flasher board of 12 LEDs (6 horizontal and 6
tilted at 40 degrees). They are used for the calibration of the array geometry and to study the optical

properties of the deep ice. They are only used in IceCube DOMs and not for IceTop.

IceTop DOMs have the same hardware as the DOMs deployed in the Inlce detector but with some
different characteristics of the data acquisition system due to different environmental conditions and
physics requirements [54]. IceCube DOMs are numbered from 1 on the top of the IceCube string to
60 on the bottom of the string. The IceTop DOMs are numbered from 61 to 64 in each station, where

61 and 63 are high gain DOMs and 62 and 64 are low gain DOMs.

2.2.3 Deployment

The deployment of the IceTop detector was started with four IceTop stations in 2005 and completed
with eight stations in 2011 to a total of 81 stations (Table . Tanks were set into trenches, then
the trenches were filled back with snow in a way that their top surface is at the same level of the
surrounding snow to avoid snow drifting and to minimize temperature variations. After the tank is in
its position, the two DOMs are inserted with the photocathode of the DOM submerged. Figure
shows the tank after the water is frozen and the two DOMs are in the ice before the tank is filled with

perlite and closed.

A junction box connects the two tanks in the station, the four IceTop DOMs, and the cable of
the corresponding IceCube string. The 64 DOMs from each IceCube string and IceTop station were

connected to the IceCube lab at the center of the array with a surface cable.
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(a)

(b)

Figure 2.6: Left: Group of IceTop tanks ready for deployment. Right: inside view of an IceTop tank.

The DOM are placed that the lower half containing the photocathode of the PMT is below the ice

surface.

Year

Number of IceTop stations

Total

2005
2006
2007
2008
2009
2010
2011

4
12
10
14
19
14
8

4 (IT-4)

16 (IT-16)
26 (IT-26)
40 (IT-40)
59 (IT-59)
73 (IT-73)
81 (IT-81)

Table 2.1: The yearly deployment of IceTop stations from 2005 until its completion in 2011.
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(a) (b)

Figure 2.7: Left: An IceTop tank is placed in a trench and a bulldozer is filling the trench back with

snow. Right: An IceTop station where the deployment of the two tanks is completed.

After the tank was filled with water to a depth of 90 cm and the DOMs were installed, the water
is circulated with a Freeze Control Unit (FCU) in the bottom of the tank to get rid of the dissolved
gas and make sure that the ice freezes perfectly clear, so that the Cherenkov light can be measured.
The freezing process takes about 50 days until the water in the tank is frozen. Then the tank was
opened and filled with 40 cm of expanded perlite, then it was closed again and the trench was back

filled with snow to the surface.
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Figure 2.8: The IceTop detector in a 3D view. Different colors represent different years of deploy-

ment. A slope of 5 m is inherent in the terrain over 1 km? area of the IceTop array.

2.2.4 Data Acquisition

In the case that the signal passed the discriminator threshold the PMT output is sampled by an in-
tegrated circuit called ”Analog Transient Waveform Digitizer” (ATWD) in 128 bins with 3.33 ns
width for each bin. This corresponds to a total sampling of 422 ns. Each ATWD has four channels
called ATWDO, ATWDI1, ATWD2 and ATWD3. The first three channels are used for data taking
and the fourth is used for other informations [65]]. Each DOM has two ATWD chips which are used
alternately to decrease the dead time. The three channels have different gains of 16, 2 and 0.25
respectively [54]]. If the DOM is triggered, the FPGA opens the ATWD channels in one chip. Digi-
tization starts for the highest gain channel and the other channels will only be digitized if any bin of

the higher gain channel records more than 768 counts.
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Pulses are digitized, in parallel, by a commercial 10 bit “Fast Analog Digital Converter” (FADC).

The data recorded by the FADC are not used (yet) in IceTop analysis.

Triggering

The full waveform informations are only transferred to the IceCube laboratory (ICL) if the DOM
receives a local coincidence (LC) from the neighboring DOM in the same station. If a high gain
DOM is triggered, a signal is sent to both DOMs in the other tank of the same station. The local
coincidence condition is only passed if one of the DOMs in the second tank saw a signal within a

time window of 1 us and the condition is called "Hard Local Coincidence” (HLC), Figure [2.9

<t =
LG (62) .- LG (64)
i
Tank A Tank B

Figure 2.9: A schematic of the Hard Local Coincidence condition (HLC) in IceTop stations.

If the HLC condition is not fulfilled, only information about the charge and timestamp are trans-
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mitted, and the condition is called ”Soft Local Coincidence” (SLC). SLC hits were only introduced
in 2009 and can be used to detect single muons from low energy or inclined showers where the

electromagnetic component is absorbed, and as a veto for in-ice studies.

Several trigger conditions are required in the IceCube lab before the event is kept permanently.
The typical trigger for IceTop is the IceTop Simple Multiplicity Trigger (IceTopSMT) which requires
any 6 HLC hits within 6 us. The readout window starts 10 us before the trigger window and lasts
until 10 ps after the last of the 6 hits. A minimum bias trigger (IceTopMinBias) triggers every 10*
hits (a prescale factor of 10*). A calibration trigger (IceTopCalibration) is used for VEM calibration

(Section [2.2.4| - calibration). All IceTop triggers are shown in Table

Trigger Name Condition Readout window | Rate (Hz)
IceTopSMT # hits > 6 HLCs 10us 30
IceTopMinBias Prescale = 10* 10us 0.3
IceTopCalibration | LC not fulfilled 1us 30

Table 2.2: List of IceTop triggers. IceTopSMT is the standard trigger used in the analysis.

Filtering

The disk space needed for the daily collected data from IceCube and IceTop is around 1 TB, which
is too large to be transmitted via satellites. Therefore, the data were filtered based on the number
of triggered stations and on the geometry of the detector according to different physics studies. All

IceTop filters are summarized in Table[2.3]

The IceTopSMT trigger has to be passed for most of the filter classes. The most important filters,
which will be used in this analysis, are the IceTopSTA3 and the IceTop_InFill STA3 filters. The

IceTopSTA3 filter requires at least 3 triggered stations. Events which pass the IceTopSTA3 filter
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and have less than 8 stations were pre-scaled for satellite transmission by transmitting only the third
event, and the rest is transmitted without pre-scaling. Therefore, events with less than 8 stations
have to be weighted by 3 before using them in the analysis. The IceTop_InFill STA3 filter requires 3

triggered stations from the InFill array and aims to select low energy events (around 100 TeV).

An additional IceTop filter, called InlceSMT _IceTopCoin [54], was implemented to veto inclined
high energy cosmic ray showers and to test and calibrate the entire IceCube detector. This filter

requires the InlceSMT trigger to be fulfilled and to trigger at least one IceTop station.

Filter Name Condition Prescale
IceTopSTA3_11 IceTopSMT, # stations >= 3 3
IceTopSTAS_11 IceTopSMT, # stations >= 8 1

IceTop_InFill STA3_11 | IceTopSMT, # InFill stations >=3 | 1

InlceSMT _IceTopCoin_11 InlceSMT, # HLC hits >=1 100

Table 2.3: List of IceTop filters. IceTopSTA3 and IceTop_InFill_ STA3 filters are used in the analysis.
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Calibration

The calibration process of the signal is done by calibrating the PMT and the electronics of the DOM
in order to obtain the charge in units of photoelectron and a time reference. Then the charge of the
tank is calibrated with the ”Vertical Equivalent Muon” unit (VEM) (shown in Figure which
is the signal produced by one single muon penetrating the tank vertically. The identification of the
signal produced by muons is also important for air shower composition analyses. The electronic
component of the DOM and the PMT gain are calibrated in a special calibration run with software

called "DOMCal”.

The time calibration is done by synchronizing the local 20 MHz oscillator of each DOM with
a GPS controlled clock in the IceCube lab called "Master Clock”, and the procedure is called
"Reciprocal Active Pulsing Calibration” (RAPcal). That was done by exchanging pulses between
the IceCube lab and individual DOMs, which requires a certain time delay. The precision of the time

calibration was found to be better than 1us. More details can be found in [54].

The detected charge by a DOM in a certain tank at the same energy is not comparable between
different tanks because of different optical properties of the tanks and DOM efficiencies. Therefore,
the tank signals are calibrated by the signal from a vertical muon, and the tank signal is expressed in
"Vertical Equivalent Muon” (VEM). Since 2009 a single muon calibration trigger is running together
with the normal data taking. The muon calibration spectrum of DOM 19-61 is shown in Figure 2.10]
The charge distribution can be expressed as a muonic signal and an electromagnetic signal. The
muonic signal is fitted by a combination of a normalized Landau function to describe vertical muons
and a Fermi function for non vertical muons “edge-clipping muons” which enter and exit the tank

through the side walls and do not go through the top and the bottom of the tank:

1.85 1
[z, p) =po<L(rc,p1,pz)+ o -exp(x_pl)Jrl), (2.1)

p2
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Figure 2.10: Left: The VEM calibration spectrum for one single tank (19A), taken from [54]. The

green fitting function is for the muonic component and the red for the electromagnetic component.

Right: The relative charge difference as a function of the low gain charge.

where the first term L(x;p;,ps) is a Landau distribution [70] and describes muons which are

going through the tank, p, represents the number of vertical muons. The second term is the Fermi

function which describes the edge-clipping muons, and p;, p; are the location and the width of the

Landau function. The factor 1.85 pg is obtained from geometrical considerations and was also veri-

fied with a toy simulation study.

The electromagnetic background signal can be fitted with a simple exponential with two free

parameters,

f(z, EM) = ps.exp(ps.x), (2.2)
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The VEM unit is then defined as the charge at 95% of the muon peak position. This corresponds
to about 120 PEs. The 5% offset of the muon peak was obtained from measurements of vertical
muons with a zenith angle less than 17 degrees, measured with scintillation detectors. Measurements
were done in 2005 and 2006 on tanks deployed one year earlier. The variation of the tank response

to the vertical muon tagged with the scintillation detector was then investigated [71].

The muon spectra are only fitted for the high gain DOMs. Since the recorded charges should be
the same in both high and low gain DOMs, a cross calibration for the low gain DOMs is applied
(Figure [2.10Db). The average charge difference between high and low gain for each tank as a function

of the low gain charge is fitted with the function,

Po T < p3

flz) = (2.3)

po + p1.logio (1 + po.(z — p3)> T > ps
with pg, p; and ps are the fit parameters, and © = p3 is the crossing point between the two
functions. The deviation from horizontal line above 2300 PE is due to the PMT saturation of the high

gain DOM. The offset from zero below 2300 PE corresponds to the relative differences in efficiency

of both DOMs which are higher for high gain DOMs [54].
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2.3 Physics Goals of IceTop

IceTop, as a 1 km? air shower array on the surface, and IceCube as a 1 km? detector in the deep
ice, can make a 3-dimensional air shower detector. There are several interesting physics topics that
IceTop can study, either alone or in combination with the in-ice array. The main goal of this 3-D
detector is to measure the energy spectrum of cosmic rays and determine their primary mass. The
present analysis will only use the IceTop surface array to measure the energy spectrum of cosmic

rays.

2.3.1 Energy Spectrum and Chemical Composition

The IceTop detector can detect air showers with energies around the "knee” (500 TeV until 1 EeV).
The InFill array at the center of the detector, with a smaller distances between stations, will extend
the energy range of the detector down to 100 TeV. At higher energies, the number of events will
be very small for an accurate measurement. An energy spectrum measurement with IceTop is very

important for several reasons:

- The detector is sensitive to a very interesting wide energy range which will provide an overlap
with direct measurements (balloons, satellites) at low energy, and the spectrum at very high energy

measured with other experiments (Auger, Telescope Array (TA)).

- At these energies, the transition from galactic to extra-galactic sources of cosmic rays is ex-
pected. The large amount of statistics will allow us to zoom in on the features of the energy spectrum

and lead to a more precise measurement.

- IceCube can be regarded as a three dimensional cosmic ray detector with the electromagnetic
component determined with surface IceTop detector and the high energy muon bundle, originating
from the first interaction in the atmosphere, measured with deep underground detector (coincident

events) [46]. Such measurement provides a powerful tool to measure the cosmic ray composition in
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the energy range between 500 TeV and 1 EeV.

- IceTop is located at a height of 2835 m above sea level which is equivalent to an atmospheric
depth of about 680 g/cm? [54] which is very close to the shower maximum for this energy range
(Figure [2.11)). Air showers around this atmospheric depth are in their maximum size, this increases

the amount of detected particles with the detector and reduces the shower fluctuations.
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Figure 2.11: The shower maximum as a function of energy for proton and iron induced showers
with different interaction models, and data from different experiments. The blue horizontal band
represents the atmospheric depth at the surface including atmospheric variations. IceTop is sensitive

to showers in the energy range shown in the magenta band.
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2.3.2 Solar Physics with IceTop

The solar flares are intense flashes of extreme radiation emitted from the sun. Due to the high altitude
and the nearly zero geomagnetic cutoff at the South Pole, secondary particle spectra at ground level
retain a significant amount of information on the spectra of the primary particles. These particles are
not able to trigger the IceTop detector but some of them still reach the surface and trigger individual
DOMs with high rates. IceTop can detect these particles by using the increasing scaler rates in IceTop

DOMs.

The SPE discriminators of the high gain DOMs are working at different thresholds (from 0.5 PE
to 30 PE) and are used to study the rates of solar flares. By simulating the response of IceTop, the

energy spectrum of these particle can also be determined in the energy range between 0.6 and 7.6

GeV [72].

2.3.3 Vetoing IceCube Events

Cosmic rays are the main background for the high energy neutrino detection with IceCube from the
southern sky. IceTop can play an important role in acting as a veto for coincident muons generated

by cosmic ray air showers [73]].

2.3.4 High pT Muons

Muons with high transverse momentum (<1 GeV) are produced early in the shower development
and can therefore be a probe of the initial interaction. These muons are produced from the decay of
pions and kaons (conventional muons) or from the decay of heavy quarks , mostly charm (prompt
muons). Prompt muons are expected to dominate beyond 100 TeV. Analysis of data from IC59

configuration showed that IceCube can measure the lateral separation of muons [74]. A study to
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use the reconstructed energy from IceTop to measure the composition of high energy cosmic rays is

ongoing [[75]].

2.4 Environment Effects

Since the primary energy and primary mass are calculated by reconstructing air shower particles and
not directly, any effect in the interaction medium has to be considered. The variations in the South
Pole atmosphere and the snow accumulation on top of IceTop tanks have an influence on the number

of detected particles and their energies.

2.4.1 Atmosphere

The South Pole atmosphere has a pronounced annual cycle. The atmosphere during the winter season
at South Pole (from May to October) is cold and dense, therefore, particles are more likely to have
early interactions with atoms and molecules in the atmosphere and produce secondary particles which
will be later detected with IceTop. On the other hand, the atmosphere is warmer and less dense during
the summer season. Therefore, particles are able to travel further and have more time to decay into

muons to be detected with IceCube.

In addition, the sun, winds and clouds cause daily variations. These variations result in a change
in the surface pressure. In Figure we clearly see that the variation in the surface temperature is
much larger in winter than in summer. In the summer season, the atmosphere has a nearly constant
temperature (-20 to -30 degrees). In winter, by contrast, clouds and winds are changing the tem-
perature significantly. The pressure varies with the temperature and density of the atmosphere. The
average barometric pressure at South Pole is 680 hPa, and changes between 660 hPa and 710 hPa

during the data taking period for the analysis.
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The effect of South Pole atmosphere on cosmic ray detection with IceCube has been studied in
[76]]. The study showed that the atmospheric variations have a large effect on the muon multiplicity

used in the coincidence analysis, while the effect is rather small on IceTop variables.
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Figure 2.12: The South Pole surface pressure, temperature and wind speed variations over the entire
2011 (a) and 2012 (b) years. The yellow area shows the variations during the period of the data used

for this analysis. The data points used here are obtained from [77].
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2.4.2 Snow

At deployment, IceTop tanks were buried into the snow in such a way that their top surface is leveled
with the surrounding snow level. Snow accumulation (about 25 cm per year) over time forms a layer
of matter on top of the IceTop tanks which attenuates air shower particles. This attenuation depends

on the particle type, its energy, direction and distance from the shower core.

The snow is not accumulated uniformly on the surface. Tanks from early deployment have more
snow than tanks from the last season. Moreover, the accumulation depends on snow drifting caused
by the blow of winds against buildings and sloped terrain. Figure[2.13|shows the snow accumulation
on the array in October 2011. The distribution of snow varies from ~ 2 m in the part from earlier

seasons to a small amount on the latest deployed stations.
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Figure 2.13: The IceTop array covered with accumulated snow in October 201 1. Black dots represent

IceTop tanks. The magenta squares are buildings and telescopes on the surface.

Snow heights on top of the IceTop tanks are measured by IceTop physicist during the summer

season at South Pole and we rely on VEM calibrations (section [2.2.4] calibration) for the winter
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period on a weekly basis. The snow attenuate the electromagnetic component more than the muonic
component where muons are more likely to penetrate the tank. Therefore, the change in the ratio of
the muon signal f,, Eq. [2.1]to the electromagnetic background fzs Eq. [2.2] (Figure ) is used to

estimate the snow height:

2.0
f,dS
Su 0.f3 g

24
Bonr (2.4)

Y

20
[ femdS
0.3

Figure shows the correlation between the ratio S,/ Bg)s and the measured snow heights.

An estimation of the snow heights is obtained by fitting the data point by the following function:

hest = a - log( B‘S];’L + b) (2.5)

with typical parameters a~1.37 and b~1.75 from [54]]. The obtained values are compared to the

real measured snow heights [2.14b
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Figure 2.14: (a): Correlation between the ratio of the muon signal to the electromagnetic background

and the measured snow heights. (b): Snow heights determined from VEM calibration as a function

of the measured snow heights. The measured snow height points are from February 2010, December

2010 and February 2011.
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Figure 2.15: An example of the snow accumulation on top of IceTop tanks and the snow height

estimation. The blue circles shows the measured snow height twice a year, the black line shows

the estimated snow height from VEMCal, and the black squares represent the monthly average of

estimated snow height.



Chapter 3

Simulation

In order to study the cosmic ray energy spectrum at high energies and over a wide energy range (100
TeV to 100 PeV) , one needs to use Monte Carlo simulations to have an accurate determination of
the detector efficiency and to relate the measured parameters to the properties of the primary cosmic

ray particle.

The IceTop simulation chain consists of two parts. First: simulating the development of the cos-
mic ray particle from the first interaction in the atmosphere to the ground level. Second: Simulating

the detector response.

3.1 CORSIKA

CORSIKA ”Cosmic Ray Simulation for KASCADE” is a program to describe the evolution and
properties of extensive air showers produced by high energy cosmic ray particles in the atmosphere.
CORSIKA was originally designed in 1989 to simulate air showers for the KASCADE experiment
[SS] and then for its upgrade KASCADE-Grande [59]], before is now developed as the standard

simulation software used for most experiments dealing with air shower. Protons, light nuclei up to

61
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iron, photons, and many other particles can be used as a primary cosmic ray particle. CORSIKA can
track the decay and interactions of particles in the atmosphere up to energies about 10?° eV and give

the type, energy, location and the arrival direction of the created secondary particles.

Hadronic interaction models are the most uncertain part of CORSIKA and they are based on
different theoretical frameworks. IceCube and IceTop use SYBILL 2.1 [78] as the the standard
interaction model at high energy (E > 80 GeV), and use FLUKA [79] for lower energies. The

electromagnetic processes are described by the EGS4 [80] code.

The computing time and disk space needed to simulate very high energy showers (above 106
eV) are huge, which sets a limitation on the amount of statistics at such energies. A thinning proce-
dure [81] is introduced in CORSIKA to simulate those high energy showers. If the sum energy of
secondary particles exceeds the thinning energy threshold, only one of these particles is tracked and
an appropriate weight is given to it. Showers with energy more than 100 PeV are not used for this
analysis, so the thinning procedure is not applied (It was used for energy spectrum and composition

analysis with IceCube and IceTop [46]).

The atmospheric model used in CORSIKA was modeled according to the MSIS-90-E parametriza-

tion of the South Pole atmosphere in July 1, 1997 [82] which has a ground pressure of 692.2 g/cm?.

CORSIKA version 73500 was used in IceTop simulations. [83]. The configurations used in the

CORSIKA production are shown in the steering file in Appendix [Al

3.2 Hadronic interaction models

The description of the high energy hadronic interactions plays an important role in the interpretation
of the extensive air showers measurements. In particular, in the energy range which exceed the energy
provided by man-made accelerators, the hadronic interaction properties have to be extrapolated. The

highest energy available from particle accelerators comes from the Large Hadron Collider (LHC) at
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CERN [84] with energies about 3 - 10'7 eV.

Many models have been used in EAS experiments. Here I will discuss briefly only the most used

hadronic interaction models in EAS experiments which are implemented in CORSIKA.

SIBYLL 2.1 [78]] is a hadronic interaction model based on the dual parton model (DPM) [85],
the Lund Monte Carlo algorithms [86] and the mini jet model [87]. It accounts for the hadron-
hadron and hadron-nucleus interactions and uses a semi-superposition model to determine the first
interaction point in the nucleus-nucleus interaction. It can be used for very high energy air showers
up to 10! GeV. SIBYLL is widely used in air shower experiments and will be used as the high energy

interaction model for this analysis.

QGSJETO1 (Quark Gluon String model with JETs) [88] is based on the Gribov Reggeon Theory
(GRT) [89]. It accounts for mini-jet production and operates up to energies about 102 GeV. The

cross section is tuned with LHC data in the most recent version.

VENUS (Very Energetic NUclear Scattering) [90] is also based on the GRT theory but does not

accounts for the mini jet production. The model is valid up to 107 GeV.

NEXUS (NEXt generation of Unified Scattering approach) [91]] is a combination of VENUS and

QGSIJET with an extrapolation to higher energies.

EPOS (Energy conserving quantum mechanical multi-scattering approach based on Partons, Off-
shell remnants and Splitting Parton Ladder) [92] is a second generation of the NEXUS model where
several technical problems have been solved and a better agreement with the RHIC data has been

observed. [

! All models are now ongoing through major updates with the latest data from LHC.
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3.3 Mass production

Air showers were simulated in a wide energy range from 100 TeV to 100 PeV with CORSIKA
73500 [83]]. Proton and iron showers are considered as the two extreme cases for primary mass
assumption. Masses heavier than iron could not be simulated with CORSIKA and have anyway a
small contribution in the spectrum. The measured data is expected to be in between the predictions
of the two extreme assumptions. We generated 2000 showers per energy bin (energy bin is 0.1 in
log10Epim) according to an E~! spectrum to ensure enough statistics. The events are generated over
a 360° azimuth angle and in a zenith range between 0° and 65° Table [3.1] The spectrum will be

re-weighted to an E~27 spectrum before the knee and E~3 above the knee.

Mass | Energy range (log;0E/GeV) | Number of showers | Zenith angle range °

H 5-8 60000 0-65
Fe 5-8 60000 0-65

Table 3.1: Simulation datasets used in the analysis.

In order to have a better description of the cosmic ray composition between the two extreme cases

in future, more mass groups between proton and iron will be simulated.

3.3.1 Resampling

Simulating the shower development in the atmosphere with CORSIKA takes much longer than simu-
lating the particle propagation in the detector. An oversampling procedure is used in order to increase
the statistics and for a better understanding of the detector response. This means that each generated
CORSIKA shower was used several times with an energy dependent radius to insure the shower will

trigger the detector.
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The resampling number was chosen for each energy bin (0.1 in log,,E) such that every CORSIKA
shower is used at least once. The resampling radius was optimized to be large enough that all events
that can trigger the detector will be contained in the resampling area. It was found that the resampling

radius is energy dependent [46]. The chosen resampling numbers and radii are shown in Table [3.2]

Figure [3.1] shows the distribution of the distance between the shower core and the center of the

IceTop detector in three energy decades (5 - 6, 6 - 7 and 7 - 8), and without any cut.
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Figure 3.1: The distance between the core position and the center of the detector in three energy

intervals for proton air showers.
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Energy range (log;oE/GeV) | Number of showers per energy bin | Number of resamples | Resampling radius

5-6 2000 100 800
6-7 2000 100 1100
7-8 2000 100 1700

Table 3.2: Resample radii and number of resampling per energy bin used for both proton and iron

datasets.

3.4 Detector simulation

The output file produced by CORSIKA contains informations about the properties of the particle
(type, position, momentum and the number of generated secondary particles). The injection and
propagation of these particles into the IceTop tanks are simulated with the Geant4 toolkit [93]], which
is a program used to simulate the propagation of particles through matter. The Geant4 program takes
all information of the particles from the CORSIKA output, and simulate the amount of light produced

in the ice inside the tank and detected in the PMT.

The Cherenkov light produced when the particle interacts with the ice in the IceTop tank, the
geometrical dimensions and reflectivity of the tank, and the amount of snow on top of each tank are
simulated with in the Geant4 program. The propagation of Cherenkov photons in the ice takes a
big amount of CPU time. Therefore, Cherenkov photos are not tracked through the ice and only the

number of emitted photons is considered.

The PMT and the DOM are simulated with a software called PMTSimulator and DOMSimulator.
The simulated PMT signal was obtained by superimposing Gaussian single photoelectron (SPE)
waveforms and the charge was calculated according to the measured SPE distribution [68]. The
DOMSimulator module simulates the electronics of the DOM starting from the PMT response [94].

Next the discriminators and local coincidence conditions are simulated. The trigger simulation is
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done using TriggerSim software and carefully checked by applying the trigger simulation software

to real data [46].

The signal is calibrated with the VEM calibration procedure in the same way as for real tanks.
The VEM unit is assumed to have the same number of Cherenkov photons for all tanks. The number
of Cherenkov photons is converted first to VEM, then the number of photoelectrons at each DOM is

obtained from the VEM calibration of a typical tank (Section. [2.2.4)) [54].
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Chapter 4

Air Shower Reconstruction

The energy of the primary particle is not obtained directly because IceTop can only observe secondary
particles. The arrival time and the amount of light recorded for each event are used in reconstructing
the properties of the air shower. These are the shower core position, shower direction and the size
of the shower. From these quantities, an estimation on the energy of the primary cosmic ray particle

can be made.

This chapter describes the shower reconstruction procedure that has been used in this thesis.

4.1 Reconstruction Tools

IceTop reconstruction is an extraction process for the basic quantities of the detected air shower. The
main reconstructed parameters by IceTop are the shower core position (x, y), shower direction (6, ¢)
and the shower size S.,,. These are obtained by fitting the recorded charges with a lateral distribution
function and the signal times with a function to describe the shower front. First guess approximations
for the core position and the direction of the air shower are made and used as a seed for an advanced

likelihood logarithm in the next reconstruction steps.

69
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4.1.1 Shower COG

A simple approximation method to estimate the core position of the air shower is to calculate the
center of gravity (COGQG) of the position of the tanks with the highest signals weighted with the square

root of the signal size.

Zl‘i'\/@

S I 4.1
rcoG Z\/Q 4.1)

where r; the position and (); is the recorded charge (in VEM) of the tank s.

For a better estimate of the core position, only seven tanks with the highest signals are used.

4.1.2 Plane Fit

The arrival times of tank signals are used to estimate the shower direction. The shower front is
assumed to be a simple plane perpendicular to the shower axis propagating approximately with the
speed of light. The direction of the shower is n = (n,,n,, —/1 —n2 —n2) with n = 1, and is
calculated from the following x? minimization:

t;n . tflane 2
Xt = Z (Gl S0k ; ) (4.2)

g;

t + (nxxl+ny)’1) ))2

= Z (" - c : (4.3)

where ¢} are the times of the measured signal, ¢, is the arrival time of the plane, (x;, y;) are the
tank coordinates, n,=sin(6) cos(¢), ny=sin(f) sin(¢) with  and ¢ are the zenith and azimuth angles,
respectively, and the time uncertainty is assumed to be constant for all tanks o; = 5 ns for all tanks.
The height for all tanks is assumed to be the same. This assumption will be taken into account in the

second iteration of the reconstruction.
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The two first guesses for the core position (COG) and the shower direction (n,, n,) are used as
inputs for a maximum likelihood fitting procedure to fit a lateral distribution function (LDF) to the

recorded signals, explained in the next paragraph.

4.1.3 Lateral Distribution Function (LDF)

The signal measured in an IceTop tank is a combination of an electromagnetic and a muonic com-
ponent of the extensive air shower. The electromagnetic component can be fitted with the so-called
NKG function [45], but this is not appropriate for the muonic component or a combination of both
components. Therefore, the signal charge expectation as a function of the distance to the shower axis

was studied with Monte Carlo simulations [95]] and was parametrized as:

—B—rlogyo( R:ef )
r
> , 4.4)

S(r>:Sref' (R ;

where S is the expectation value of the signal (in VEM) at a reference distance R,¢ (m) from the
shower axis. [ is the slope of the lateral distribution function at R..; which depends on the core

position and direction . x was fixed from simulation to 0.303 [54]].

The logarithm of the signal log,,(S/VEM) is:

r T
logm(S(r)) = 1Og10(5ref) — (- logy (R f) — K- 10?;%0 (R_f> ) 4.5)

and the function is called a " Double Logarithmic Parabola function” (DLP function). An example

of two IceTop events fitted with the LDF is shown in Figure

Studies are ongoing to find a composite lateral distribution function to describe the muonic and

the EM components separately [96]].
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Figure 4.1: Distance between the shower core and the triggered stations for events with more than

ten stations (a), and for small showers (b).

Reference Distance (R, s)

The measured signals in the IceTop tanks are used for the estimation of primary energy. Therefore,

the accuracy in the determination of the parameters that could have an influence on this estimator is

very important. The reference radius ..y was chosen to be the best distance for evaluating the LDF,

and is taken as the mean value of the distribution of the distance between the shower core position

and the triggered stations. For showers that can trigger more than ten stations (Standard Showers

Section. [5.1.1), this distance was found to be 125 m (Figure 4.1](a)). It was also found that the

signal fluctuation and the correlation between the S,y and 3 [97] are minimal at 125 m. On the other

hand, for showers that can trigger the InFill array and have less than ten stations (Small Showers

Section. [5.1.1), R,.; was found to be 80 m (Figure [4.1(b)). The shower size is named S125 and Sg

for standard and small showers, respectively.
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Figure 4.2: An example of two IceTop events. (a) shows an event that triggers more than ten stations,
and (b) is for an event which triggers less than ten stations and triggers the InFill filter. On the left,
the LDF function is shown where each data point corresponds to the tank signal measured in VEM.
The footprint of both events on the IceTop detector is shown on the right. The dotted lines show the
direction of the shower (azimuth) and the size of the arrow is proportional to the zenith angle. The
color code represents the arrival times. The half circles are proportional to the signal detected in the

tank. A reference radius of 125 m is used to evaluate the LDF in (a) and 80 m is used for (b) (see

Section. [4.1.3)).
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Likelihood Fit

The likelihood fit is used to achieve the best determination of the shower core position x., y., the
time ¢y, the direction of the shower plane 6, ¢, the strength of the signal at a certain distance from
the shower axis S,.s and the slope of the fit 5. In addition, the likelihood function accounts also
for stations that did not have hits and for saturated tanks. So the likelihood function consists of four

terms,

L=Ls+ L+ Lo+ Lo, (4.6)

where L; is the signal size likelihood, £; describes the timing likelihood for the signal arrival

time, Ly accounts for stations that do not trigger, L, is a saturation likelihood.

The signal size likelihood L represents the probability to measure a signal S in a tank ¢ given

the expectation values Sif " from Eq.

log,, S; — log o Si™ i
log Lo =—) ( 10202(5 m;o ) _ Zln(os(Sif ), 4.7)

i

The sum runs over all triggered unsaturated tanks. The second term of the likelihood represents
the charge fluctuations. To account for the charge fluctuations, the measured charge in both tanks of a
station were compared. The charges were found to be log-normal distributed around their expectation

values [98)]].

(

—0.5519 — 0.078 log,,(S) log,,(5)<0.340 VEM
log10(05(5/™)) = § ~0.373 — 0.658log,o(S) + 0.15810g%,(S) 0.340 VEM < log,,(S)<2.077 VEM
—1.0581 2.077 VEM < log,,(5)

\

(4.8)

The timing likelihood L; represents the probability to measure the arrival time of the signals on
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a curved shower front, taking into account the signal time fluctuation. The shower front curvature is

fitted to improve the reconstruction of the shower direction.

The shower front curvature (Figure is parametrized as:
—( Ry )2
At(R;) = aR? +b| 1 — e “Vaoeurs’ |, (4.9)

with the constants: a = 4.823 x 10~* ns/m?, b = 19.41 ns and ¢ = 83.5 m from [54]].

The arrival time fluctuations depend on the distance of the tank from the shower axis and found

from experimental data [54]:

oy (R;) = 2.92ns + 3.77 - 10 *ns - (R;/m)%. (4.10)

The resulting timing likelihood is described as:

tz’ - tplane

where #; is the measured signal time, /%" is the expected time from Equation [4.2{ and o;(R;
g i p q

represent a radius dependent time fluctuation from Equation4.10

When one tank in the station does not trigger, the station will be counted as a no-hit station.
Therefore, the LC condition is not passed (Section [2.2.4) and the other triggered tank in the station
will be counted as SLC hit. This is not included int the reconstruction yet because a discrepancy in
the number of SLC hits between data and MC is not yet completely understood. The no-hit likelihood
L accounts for stations that do not trigger,

Lo=>_ <1n(1 — (Pﬁ“)z‘)), (4.12)
with (P/*)?) is the probability that one tank in the station has a signal at a given charge expectation,
| 1 i logyy S; — logyy S7)2
Pith — i / exp . ( 0819 Ofgitlo 7 ) dloglo Si7 (413)
V2T 01091085 203(5;")

lOglo Sthr
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Figure 4.3: The time residual of the tank signals as a function of the distance to the shower axis. The

distance is negative for hits that happened before the shower front crosses the core position.

St is the charge threshold of the tank, Sif " is obtained at the center of a line joining the center

of the two tanks in the station.

When the signal exceeds the saturation threshold of a tank (Section [2.2)), the measured charge
will be an underestimation of the real value. A saturation likelihood L,,; is introduced [46] to treat
the saturated tanks separately,

“+oo

1 log,y S; — logyg Sexp.i 2
Low = ———exp | — 1072 10 e"p”) dlogy, S;, 4.14
=11 / Noro Xp( ( V20, B0 19

i
10%10 Ssac,i

where the product runs over all saturated tanks. This term has been studied in detail in [46].

In the case of standard showers, the likelihood function is seeded with the two first guesses for
the core and direction reconstruction, then the likelihood minimization was done in several iterations
to improve the stability of the fit. In the first iteration, the shower direction is fixed and the shower

core, Sy.r and (3 are used as free parameters. In the second iteration, the direction is released to fit
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the shower front curvature. In the last iteration, the direction is fixed again and the fit is repeated.

The number of stations is small in the case of the small showers and might not have enough
degrees of freedom for the LDF fit with a curved shower front. Therefore, the shower direction
information was fixed and used directly from the first guess reconstruction, and the likelihood mini-

mization was done in only one step.

4.2 Snow Correction

Although the deployed level of IceTop tanks is the same as the snow surface, snowdrift, caused by
prevailing wind, buries IceTop tanks over-time under a snow layer which attenuates the electromag-
netic signal of the air shower. Moreover, tanks deployed in earlier years have more snow than those
deployed in the last season. Therefore, the amount of accumulated snow on top of IceTop tanks is
different from tank to tank (Section [2.4.2). The charge of the detected particles in the IceTop tank
will be affected by the accumulated layer of snow and this will directly affect the reconstructed pa-
rameters of the air shower. The expected signal measured by IceTop S,,,, is the main parameter used
by various IceTop analyses [46] [99] [97] and will be used to reconstruct the energy of the primary
particle for this analysis. Therefore, a snow correction procedure for the electromagnetic component
is introduced to correct the expected signal S.,, [99]. The correction uses the snow height on top
of the tanks and the attenuation length in snow to compensate for the attenuation on the measured
signal,

dsnow S€C O
Scorr = Smeas - €Xp (—) 3

(4.15)
Aeff

with S, is the corrected signal, S,,.qs is the measured signal, d,,, is the monthly snow height
measured for 2011 data and A s is the effective attenuation length in the snow.

The strategy of the snow correction is based on dividing the IceTop array into two parts. The

first part contains all stations deployed before 2009, up to IC59, and will be called ”old array”. The
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Figure 4.4: The IceTop detector is divided into two parts with the green dashed line. The old array

includes all stations deployed before 2009 and the new array includes the remaining stations.

second part includes the stations deployed later than 2009 and will be called “new array”. Because
IceTop tanks in the old array are deployed earlier, a larger amount of snow is on top of the tanks in
the old array than the new array (Section [2.4.2)). Therefore, without the snow correction, the expected
signal in the old part will be more attenuated than the signal in the new part, and this results in two
different S.,, spectra. After applying snow correction with the correct snow attenuation length, the

expected signal should agree between both arrays.

Figure {.5a) shows the expected signal spectrum obtained from the old and new arrays without
snow correction. The shower size in the old array is more attenuated compared to the expected signal
from the new array and the ratio between old and new spectra differs from one. After applying the
snow correction (Figure with Acff = 2.2 m, a good agreement between the two shower size
spectra is achieved (ratio plot around 1). A discrepancy is still observed at low energy (log;(Sesp) <

0). This is due to the high trigger efficiencies for showers in the old array. Moreover, events in
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the low energy part of the spectrum will be dominated by showers with the small shower selection

(Section [5.1.1)) which are more likely to be in the new part of the detector.

Close to the shower core, the detected signal is mainly produced by the electromagnetic compo-
nent of the air shower, while the muonic component becomes dominant far away from the shower
core. This dependence on the distance from the shower core is not taken into account in this cor-
rection. A more complicated correction accounting for the muonic component and the zenith depen-

dance is still ongoing [[100].
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Figure 4.5: The shower size spectrum obtained from the old array compared to the one from the and
new array. The lower plots represent the signal ratio of the old and new part. (a): The showers size
spectrum before applying the snow correction. (b): The shower size spectra after snow correction

with A =2.2 m.



Chapter 5

Event Selection and Energy Estimation

In this chapter, the method for event selection, the determination of primary energy, and the effective

area will be discussed.

5.1 Event Selection

The data used in this analysis were taken in the period between May 13, 2011 and May 15, 2012,
when the IceTop detector was running with its first year of 81 stations configuration, giving a detector
livetime of about 331 days. The event selection process is based on the expected energy of the
triggered events and the reconstruction performance. The goal of this analysis is to study the energy
spectrum around the knee and to focus on the low energy part of the spectrum. Therefore, the event
selection process ensures that we keep low energy events and that the selected events are likely to be

well reconstructed.

81



82 CHAPTER 5. EVENT SELECTION AND ENERGY ESTIMATION

5.1.1 Levell

The level 1 selection was optimized to select events based on triggering and the geometry of the

detector. Different selections are applied for low-energy and high-energy showers.

1. Low-energy showers:

e InFill filter (IceTop_InFill STA3): This filter is mainly designed to look at the 8 stations
at the center of the detector (InFill stations) where the distance between stations is less
than other IceTop stations in the rest of the IceTop array (See Section [2.2). Events which

trigger a minimum of three InFill stations pass the InFill filter and are kept.

e Events which pass the InFill filter with less than five InFill stations are required to have
the triggered stations close to each other, because it can happen that the three stations
required for the InFill filter are far away from each other. Such events are most likely to

be noise and they will be badly reconstructed.

e Events which pass the InFill filter with more than ten stations are also rejected because
they are most likely to be high-energy events which can trigger the InFill filter and the

STA3 filter and these events are kept in the next selection.
2. High-energy showers:

e High-energy showers are defined as showers which do not pass the low-energy shower
selection and pass the IceTop_STA3 filter. The IceTop_STA3 filter requires at least three

IceTop stations to be triggered.

Events that pass the low-energy condition have energies less than few PeVs and are called later
"small showers”. Events which pass the high-energy condition are in the same energy range as
detected showers with IceTop in previous seasons (without the InFill array). Therefore, they are

called ”standard showers”.
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Figure 5.1: Left: The IceTop detector. The magenta line is a polygon connecting the outer stations
and centered on the center of the detector. The green line represents 75 % of the polygon centered
with the center of the center of the detector. Each dot on the surface represents one IceTop tank
and different colors indicate different year of deployment. Right: Distance between the true and
the reconstructed core position selected with different containment cuts, using simulation of proton

shwers.

5.1.2 Level 2

This level is applied to ensure the good quality of the reconstruction. Cuts were optimized using

simulations, then applied to check the experimental data.

1. IceTop containment: The containment cut is defined as a polygon (Figure of 75% of
the surface area of the IceTop detector and centered on its center. The reconstructed shower
core is required to be included in the polygon area (green line in Figure [S.I). Events with
the reconstructed shower core outside the detector can still trigger some stations on the outer
boundary of the IceTop array. As a consequence, those events have the largest signal close
to the reconstructed core position outside the IceTop array. Contained events have a much

better core position reconstruction (Figure right). Therefore, 25% of the surface area was
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removed from the boundary of the IceTop array to exclude events with the reconstructed shower
core on the edge or outside the detector. A study to include the uncontained showers in the

reconstruction process is currently ongoing.

2. Successful fit: This means that the minimizer of the lateral fit found a converging point. Oth-

erwise, the reconstruction fails and the event is excluded.

3. Direction: In order to include the zenith dependence in the analysis, events are selected, based
on their arrival direction, in two zenith bands:
Q1: 0.9 <cos (#) < 1.0, which corresponds to a zenith angle [0° — 26.8°].
Qs: 0.8 <cos (#) < 0.9, which corresponds to a zenith angle [26.8° — 36.9°].
This makes the studied zenith angle between 0° and 37°. Air showers with larger angles will
not be included in the analysis because of the bad angular and core resolution. A study to

improve the reconstruction for inclined showers can be found in [96].

4. The slope [3: The slope of the lateral fit has to be between 1.6 and 4.5, because most events

with a slope outside this range are not well reconstructed.

5.2 Effective Area

The effective area is an important variable to describe the efficiency of the detector for detecting air
showers. It is calculated from Monte Carlo simulations for proton and iron showers after applying

the event selection and the quality cuts:

T Agen (5.1)

where N,.. is the number of reconstructed events which remain in the final sample after all cuts,

Nyer, is the number of generated events in simulations, and A, is the generation area.
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Figure 5.2: The effective area as a function of energy for proton and iron induced showers after all
cuts. Proton is in red and iron in blue for {2; while proton is in green and iron in pink for €25. All

curves are fitted with a sigmoid function @
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Figure[5.2]shows the effective area for proton and iron induced air showers as a function of energy.
For energies lower than 100 PeV, the effective area increases rapidly with energy before it becomes
constant at higher energies. The energy threshold is higher for iron shower than for proton showers.
This is due to the different interaction point in the atmosphere for different primaries. Iron showers
start interacting higher in the atmosphere and showers are in a different stage of development at the
detector level. This makes the probability for showers to reach the detector level and trigger at low
energy to be smaller for iron than for proton showers. Therefore, the effective area is at maximum
and flat starting from 500 TeV for proton showers and from 1 PeV for iron showers. The effective

area is fitted with a sigmoid function for each primary:

Po
(1 + exp(—p1logiy E + p2))’

with pi, p2 and ps the fit parameters shown in Table They will be used for the energy spectrum

Acpr = (5.2)

calculations.

Event Selection Proton Iron

o Qs 0, 0

Po

P2

(2.35 £0.003) - 10°
6.6 £0.41

349+22

(2.29 £0.002) - 10°
7.34 £ 0.37

395+£20

(2.36 +£0.003) - 10°
6.19 +0.22

338+£12

(2.29 +£0.003) - 10°
6.29 +0.29

350+ 1.6

Table 5.1: Parameters of the sigmoid fit for proton and iron primaries, and the two zenith bands ),

and (2.

Figure [5.3] shows the effective area in two zenith bands for proton and iron induced air showers.
For more inclined showers, the amount of atmosphere that showers need to traverse before arriving
at the detector is larger than for more vertical showers. Therefore, inclined showers will be more
attenuated in the atmosphere and this results in a lower effective area and a higher energy threshold

for inclined showers than vertical showers.
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Figure 5.3: The effective area as a function of energy for proton (a) and iron (b) induced showers in
the two studied zenith bands. Proton is shown in red and green while iron is shown in blue and pink,

for (2, and €2, respectively.
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5.3 Performance

To check the quality of the reconstructed variables, the core and angular resolution for proton and
iron induced showers are studied (Figure [5.4). It is expected that the resolution gets worse at low
energy (below 6.5 in log;, E), because of the small number of triggered stations at low energy which

makes it harder to precisely reconstruct the core and the direction of the air shower [101].

The core resolution is defined as 68% of the cumulative distribution of the distance between
the reconstructed track and the true track on the surface. As it can be seen in Figure [5.4a] the
core resolution is about 20 m in the worst case at low energy. This value improves significantly
for energies above 3 PeV (= 6.5 in log,,E) where the core resolution is always less than 10 m (6
m at the highest energy bins). Due to their early interaction in the atmosphere, iron showers will
be more attenuated and less stations will be triggered at the same energy. This results in a worse
core resolution for iron showers than for proton showers. A core resolution between 6 and 22 m is

achieved over the entire energy range.

The angular resolution is defined as 68% of the cumulative distribution of the angle between the
reconstructed track direction and the true track direction. The angular resolution achieved is better
than 0.5° at energies £/ > 3 PeV while it gets worse at low energies (around 1.4°). The worse
resolution at low energy is expected since the reconstructed direction is used from the first guess
reconstruction (see Section 4.1.2)). An angular resolution between 0.5° and 1.4° is obtained for the

studied energy range.
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Figure 5.4: The core (a) and angular (b) resolutions as a function of energy for
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proton and iron

induced showers in the two studied zenith bands (€2, in red and blue, and {2, in green and pink).
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5.3.1 Data MC Comparison

Before the variables obtained from the Monte Carlo simulations can be used to reconstruct the energy,
they have to be verified with experimental data to be sure that they are well describing the data. Here I
will show a comparison between the most important variables that have been used in the analysis, for
proton and iron simulations and experimental data. Distributions are scaled to 1 because the number

of events between data and simulation is different.

Shower Size S.,,:

The shower size S.,, is an important parameter for the analysis since it is used for estimating the
energy of the primary cosmic ray particle. Simulated and measured shower sizes in the zenith range
of the analysis (0.8 <cosf <1.0) are shown in Figure Distributions of the shower size for
showers selected with the standard showers selection (log;(.S125) in Figure and with the small
showers selection (log,,(Sso) in Figure show a good shower size agreement between data and

Monte Carlo.

The Slope 3:

Figure [5.6] shows the distribution of the slope of the lateral fit 3. The parameter § was limited to a
range 1.6 < <4.5 in order to exclude badly reconstructed events on the borders of the distribution.
behaves differently for proton and iron primaries because it depends on the longitudinal development
of the shower. However, the data fall between proton and iron induced simulated showers. Since 3

was not used as a parameter for primary energy or primary mass, it was not studied any further.
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Figure 5.5: The measured and simulated distributions of the shower size in data and Monte Carlo.

For standard showers (a) and for small showers (b).
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Figure 5.6: The distribution of the lateral fit slope 3 in data and simulations.

Zenith and Azimuth:

The reconstructed zenith distribution from data, proton, and iron showers is shown in Figure
The distribution of experimental data lies in between the two extreme masses within statistical uncer-
tainties. Figure shows a comparison for the reconstructed azimuth angle distribution in data and
simulations. The variation in the proton and iron distributions is due to the low amount of statistics

compared to the data, but the distributions are flat and the ratios always around one.
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Figure 5.7: The distribution of the cosine reconstructed zenith angle (a) and the reconstructed az-
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Number of Stations:

The number of triggered stations depends on the primary energy and composition of the primary
cosmic ray particle. Figure [5.8] shows the number of HLC stations participating in IceTop events for

data and simulations. The data lies in between Proton and Iron as expected. .
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Figure 5.8: The number of HLC stations that participate in IceTop events for data and simulations.
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5.4 Determination of the Primary Energy

The relation between the expected signal and the true primary energy from simulation is used to
estimate the energy of the primary cosmic ray particle. Since the expected signal depends not only
on the energy but also on the mass of the primary particle and the zenith angle ¢ of the air shower,
the energy conversion is determined using proton and iron simulations in two zenith bands. Figure
5.9 and Figure are two examples of expected signal as a function of the true primary energy
for proton and iron simulations in the zenith band 0.9 < cos(f) < 1.0. Simulated proton and iron
showers, in a given zenith band, were binned in A log;(Se;,) =0.1. For each interval, the distribution
of the logarithm of the simulated primary energies log,,( Fy.) was fitted with a Gaussian. The mean
of the Gaussian is taken as an energy estimate for showers in the respective log;,(Se,,) interval.
Examples of some of these energy distributions in several expected signal intervals are shown in

Figure [5.11] for proton and iron showers and all distributions can be found in Appendix [BJ.

The relationship between log;,(Se.,) and log,o(Eye) is fitted with a parabola:

logiy Etrue = Po + p110g1g Seap + p2(logyg Sea:p)Q' (5.3)

The parameters pg, p; and ps are the fit parameters and they depend on the zenith angle and the
primary mass. This function is fitted separately to both distributions of log;(Sesp) Vs 10g,o( Etrye ) for
proton and iron simulations and in the two studied zenith bands. A set of parameters, shown in Table
were obtained for each composition assumption and each zenith band for standard and small
showers. These parameters were used to reconstruct the energy with the corresponding assumed

composition.

Figure shows the relation between the shower size and the primary energy for simulated
proton and iron showers with a zenith angle 0.9 < cos() < 1.0 fitted with Equation. This rela-

tion shows a clear dependence on the primary mass and it becomes less sensitive to the composition
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Figure 5.9: Distribution of the shower size S, as a function of true primary energy for proton
showers with 0.9 <cos 6 <1.0. The distribution from standard showers is shown in the top and from

small showers in the bottom.
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Figure 5.10: Distribution of the shower size S.,, as a function of true primary energy for iron

showers with 0.9 <cos 6 <1.0. The distribution from standard showers is shown in the top and from

small showers in the bottom.
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Event Selection

Standard Showers

Small Showers

Proton

Iron

Proton

Iron

&

{

&

b

&

O

&

{

Do

D1

D2

6.014 £4.4- 107
0.884 £1.1-107°
0.029 £7.2- 107

6.137 £4.6- 107
0.797 £1.1- 107
0.041 £6.8- 10~

6.108 £5.2- 10~
0.862 £1.3-107°

0.026 £8.1- 10~

6.282 £5.8- 107
0.772 £1.5-107°
0.040 £9.3- 10~

5575£1.2-107°
0.775 £5.8- 107
-0.114 £8.9- 107

5748 £1.1-107°
0.628 £5.6- 107
-0.018 £9.8- 1073

5.689 £1.3-107°
0.691 £5.7-107*

-0.048 £1.1- 1073

5898 £1.3-107°
0.680 £5.4-107*

-0.021 £1.1- 1073

Table 5.2: Parameters of the parabolic fit for proton and iron primaries, and the two zenith bands

(Ql and QQ)
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Figure 5.11: True Energy distributions in two different shower size bins fitted to a Gaussian, for

proton (a) and iron showers (b) and in a zenith band 0.9 < cos(#) < 1.0. Distributions for all shower

size bins can be found in Appendix ﬁ
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Figure 5.12: Distribution of the shower size S,,, as a function of true primary energy for proton

showers compared

to the distribution for iron showers, both fitted with a parabola in 0.9 <cos 6

<1.0. For standard (top) and for small showers (bottom).
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Figure 5.13: Distribution of the shower size S, as a function of primary energy for proton (a) and
iron (b) showers with a zenith angle (0.9 < cos(f) < 1.0 and 0.8 < cos(#) < 0.9). Left for standard

showers and for small showers on the right. All distributions are fitted with a parabolic function.
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assumption at high energy. A comparison of the energy conversion for each primary separately is

shown in Figure[5.13]

The parameters of the fit function (Equation are shown in Table and they are used to
reconstruct the energy of the standard and the small showers selections. The obtained energy from
both selections is combined in one histogram. Therefore, in the following, the reconstructed energy

is representing showers from both selections.

5.4.1 Energy Bias and Resolution

The energy bias and resolution are studied using Monte Carlo simulations for proton and iron induced
showers. They were checked to decide about the accuracy of the reconstructed energy. The fraction

of the reconstructed and true energy is calculated:

ET'QCO
IOglo(A(E)) = logy ( )7 (5.4

with Ey.,. the true primary energy from Monte Carlo simulations and )., the reconstructed
energy obtained using the fit parameters in Table[5.2] The energy bias is defined as the mean of these
distributions, and the energy resolution oa(iog,,(£)) 18 the RMS. Figure shows a set of these

fractional distributions for proton and iron and at different energy bins

The energy bias (shown in Figure [5.14) is very small almost over the entire energy range and
much smaller than the energy resolution (Figure [5.15). The energy resolution starts at 10% for
energies above 1 PeV (log,, £ = 6.0) and it becomes less than 5% beyond 10 PeV (log,, F = 7.0),
The increase of the energy resolution at low energy is due to the bad core and angular resolutions
and to the shower-to-shower fluctuation. In the other hand, the energy resolution for air showers in
the zenith band 0.9 < cos(f) < 1.0 (more vertical) is better than the resolution in the zenith band

0.8 < cos(f) < 0.9 (more inclined). This is due to the better reconstruction and less attenuation in
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the atmosphere for more vertical air showers.
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Figure 5.14: The energy bias as a function of reconstructed energy for proton and iron showers in

the two studied zenith bands.



5.4. DETERMINATION OF THE PRIMARY ENERGY

0.2 | — — (— T T T T T T ]
018_— —fp— H :1.0=cos( &) =09 7

— = H 109 =cos( 8) =08 .
016_— e 2210 = cos( 8) =09 T
TR —®— Fe:0.9>cos| 8)>0.8 -
0.14 — —]
3 - 7
w012 — —
g = -
L 0.1 _E._|—'—|—'~._'—. T
o O g .
o [ St '-‘-'i: i
=2 0.08 [, = —_— —
° S —.-==|'=.=|-t- ey 7
- e -

o5 - T e :
[ [ ] **"""""-I-'hl_'_ —

= ]

0.04 — IRk B e ]
0.02 | —
ol | 1 1 1 1 | 1 1 1 1 1 | 1 1 1 L

B8 6.5 7.5 8

Iogm{E}GeV)

Figure 5.15: The energy resolution as a function of reconstructed energy for proton and iron showers
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Chapter 6

Energy Spectrum

The objective of this analysis is to determine the cosmic ray energy spectrum in the energy range
between a few hundred TeV and 100 PeV. In the previous chapter, the technique used to derive the
primary energy of the cosmic ray particle by converting the expected signal parameter S,,, into

energy, has been discussed (Figure[5.12).

In this chapter, I will explain the calculation used to derive the energy spectrum, discuss the
possible systematics that can affect the measurement and present the results of the cosmic ray energy

spectrum with the IceTop detector.

6.1 Flux Determination

The energy spectrum is defined as the number of cosmic ray particles N per unit time ¢, per unit solid

angle €, per unit area A, and per unit energy F. The flux is calculated as,

- 1 dN
Q- Aggplog(10) dlogy, E

J(E) 6.1)
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where t is the livetime of the detector for the studied data taking period, €2 is the solid angle, A s

dN
dlogy E

is the effective area, and is the number of events per energy bin (£ is obtained from Equation

5.3).

To calculate the livetime ¢ of the detector, an exponential function (Equation |6.2) is fitted to the
distribution of time differences between successive events (At) for each month. The exponential

decay constant (1/7) is the average trigger rate for that month.

N(At) = Ny - e 27, (6.2)

Then the livetime is calculated by multiplying 7 with the total number of events t = 7 - N. The
livetime for the selected data taking period (between May 13, 2011 and May 15, 2012) is ¢t = 331.78

+0.3 days. The uncertainty in the livetime comes from the error in 7.

The simulated solid angle €2 is the zenith angle distribution caused by the atmospheric attenuation

integrated over the solid angle d{2:

Qz//cos(@) sin(@)d&dqbz//cos(Q)dcos(G)dd) (6.3)
= 271'/(308(9)(1(308(9),

with 6 the zenith angle and the term 27 represents the generated azimuth angle ¢. This results in

a solid angle €2 = 1.131 sr for the zenith angle (0° — 37°) used in the analysis.

The effective area is obtained from the sigmoid fit function in Equation and the parameters
of the fit obtained in Table [5.I] A cut on the energy threshold is applied at 500 TeV for proton

assumption and at 1 PeV in the case of iron assumption.

The energy spectrum can then be calculated using the energy conversion form Equation

the effective area from Equation [5.1] and the livetime and solid angles values. Figure [6.2] shows
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Figure 6.1: An example of the livetime of the detector during June 2011. Plots for all months are

given in Appendix H

the cosmic ray energy spectrum measured for different zenith bands ( 0.8 < cos(f) < 0.9 and
0.9 < cos(#) < 1.0) with proton and iron assumption. Since, cosmic rays come isotropically from
all directions of the sky, spectra from different zenith bands should agree. The measured energy
spectra from different zenith bands do not agree because of the zenith dependence on the composition
assumption used to derive the energy spectrum. The amount of atmosphere that showers need to
traverse before detecting them on the IceTop detector is larger for more inclined showers than for
more vertical showers. The first interaction in the atmosphere for iron showers is higher than for
proton showers. Moreover, the zenith angle effect is different for different composition assumption.
In the case of pure proton assumption (Figure [6.2a)), the flux in the more vertical zenith band (0.8 <

cos(f) < 0.9) is higher than the flux in the more inclined zenith band (0.9 < cos(f) < 1.0), while



108

the behavior is reversed in the case of pure iron assumption (Figure [6.2D).

zenith angle can be used for composition analysis.
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Figure 6.2: The cosmic ray energy spectrum multiplied with £%7 in the two studied zenith bands.

The energy spectrum with proton assumption for the primary mass is shown on the left and with iron

assumption on the right.

6.2 Systematic Uncertainties:

There are several systematic uncertainties in this analysis that could affect the measurement of the

cosmic ray energy spectrum with IceTop. These systematics are related to Monte Carlo simulations

(interaction model used in CORSIKA, atmosphere ...), the detection principle (VEM calibration,

Figure [2.10), environmental effects on detector (snow correction Section4.2), or the method used in

the measurement (composition assumption). These systematic uncertainties are discussed below and

only the systematics due to snow correction and VEM calibration will be included in the measurement

of the energy spectrum for this analysis.
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6.2.1 Snow Correction Uncertainty:

Snow has a large effect on the detected signal with IceTop. The signal is attenuated with the amount
of snow accumulated on top of IceTop tanks (as explained in Section[2.4.2). The determination of the
effective attenuation length ). in the snow correction procedure produces a systematic uncertainty
on the energy spectrum. This correction does not account for the dependence on the zenith angle
of the shower, and for the dependence on the distance from the shower core where the EM and the
muonic contribution of the shower are different. This dependence is still under study [100] and will

be taken into account in IceTop future analysis.

The attenuation length obtained for the entire year of datais A = 2.2 m and we will use a variation
of £0.2 m on the attenuation length as the systematic uncertainty due to snow. Figure [6.3] shows the

effect of the snow attenuation length uncertainty on the energy spectrum.

The effect of snow is minimal at low energy because most of these low energy events are in
the new part of the detector and selected with the small shower selection (See section 5.1.1). A
main concern in the future is to improve the snow correction procedure [100] and have a better

understanding for the effect of snow at low energy.
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Figure 6.3: The cosmic ray energy spectrum multiplied with £ with 0.2 m uncertainty in the snow

attenuation length (shown in the band).

6.2.2 VEM Calibration Uncertainty:

The signal measured with IceTop tanks is calibrated with the signal from near vertical muons (see
section [2.2.4). The uncertainty in the charge calibration gives an uncertainty in the energy scale.
This was studied using Monte Carlo simulations [102]] and was found that the VEM spectrum can be
generated with an uncertainty of 2 — 3%. This error is translated as a shift in the S, parameter and
therefore produces an uncertainty in the energy spectrum. Figure shows the uncertainty in the

energy spectrum using +3% uncertainty in the charge calibration.
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Figure 6.4: The cosmic ray energy spectrum multiplied with E?7 with +3% uncertainty in the

charge calibration (shown in the band).

6.2.3 Interaction Model Uncertainty:

The hadronic interaction model used to produce in the Monte Carlo simulations for this analysis is
SYBILL 2.1 [78] (see section [3.1)). To determine the uncertainty in the interaction model, one has to
produce a sample of air showers with a different interaction model (QGSJET) and see the effect on
the energy estimator S,,, and consequently on the energy spectrum. This uncertainty was found to
be small in previous IceTop measurements (2.3% at 3 PeV [46]) and will be taken into account in a

later analysis.
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6.2.4 Mass Composition Uncertainty:

Since the composition of the primary cosmic ray particle is unknown and not measured in this anal-
ysis, a composition model has to be assumed. Proton and iron are the only available simulated
primaries. Therefore, the primary cosmic ray particle in this work is considered to be pure pro-
ton or pure iron, the most extreme cases for the composition. It can also be seen from Figure [6.4]
that the energy spectrum is different for different composition assumption although this composition

dependence becomes very small at high energy.

In order to have a more accurate composition assumption, More primary masses must be simu-
lated and included in the composition assumption. Since CORSIKA can not simulate masses heavier
than iron, only primary masses lighter then iron will be simulated (Helium and Oxygen). A composi-
tion assumption of four elements (Proton, Helium, Oxygen and Iron) will provide a better description

of the primary cosmic ray particle.

6.3 Energy Spectrum Results

Figure [6.5] shows the measured cosmic ray energy spectrum with IceTop for the one year of data
taking period mentioned earlier. Since the composition of the primary cosmic ray particle is unknown
and is not measured directly in this analysis, the energy spectrum is derived for two extreme mass
assumptions, pure proton and pure iron. Due to their early interaction in the atmosphere, the energy
threshold for iron showers is higher than for proton showers (as explained in Section[5.2). Therefore,
the energy spectrum is shown starting from 500 TeV for proton assumption and 1 PeV for iron
assumption. The systematic uncertainties from snow and charge calibration are added in quadrature
and the numerical values are given in Appendix |[El The results shows that the energy spectrum is not
a smooth power law for both proton and iron assumptions. The spectra differ up to a factor of 2 at

low energies but the dependence on composition becomes rather small at high energy. A comparison
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of the results to previous IceTop energy spectrum measurements and energy spectra from different

cosmic ray experiments is given in Chapter [7]
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Figure 6.5: The cosmic ray energy spectrum multiplied with £%7. The systematic uncertainties are

obtained by adding the uncertainties of snow and charge calibration in quadrature.

The cosmic ray energy spectra obtained in this thesis show a remarkable deviation from a single

power law. In order to study the features of the energy spectrum, three power laws were fitted to the

spectrum with pure proton assumption in the vertical zenith band (0.9 < cos(f) < 1.0), and in three

different energy ranges (Figure[6.6). The first power law is fitted in the energy range 5.9< log,(E<6.7

and has a spectral index of ; =-1.57 4+ 0.077. The second power law is fitted in the energy range

6.7< log,,E<7.3 and has a spectral index of v, = -2.37 £ 0.014. The third power law is fitted in

the energy range 7.3< log,,E<8 and has a spectral index v = -1.81 £ 0.017. A first break in the

energy spectrum is observed at 6.71 in log, ,E which corresponds to an energy of 5.1 PeV, found from
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the intersection point of the first two power laws. A second break is found at 7.32 in log;,E which

corresponds to an energy of 21 PeV.

The elemental composition of cosmic rays is believed to be dominated by the light components

at low energy. Therefore, the energy spectrum with iron assumption was not fitted.
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Figure 6.6: The cosmic ray energy spectrum with proton assumption. The spectrum is fitted with

three power laws in different energy ranges.



Chapter 7

Discussion and Outlook

7.1 Comparison with Previous IceTop Measurements

The cosmic ray energy spectrum has been measured, with IceTop alone and in combination with
IceCube, when the detector was in its 26, 40 and 73 configurations [97, 103, 104,46, 99]. The IT26
[97] energy spectrum measurement was done with IceTop data only (between June 1, 2007 and Oc-
tober 31, 2007) and used a one dimensional unfolding procedure to estimate the primary energy. The
IT-C40 [104] analysis used coincident events that trigger both the IceTop and the IceCube detectors
(August 2008). This analysis used a neural network method to measure the energy spectrum and the
composition of cosmic rays at the same time. 3 years of data (between June 1, 2010 and May 2, 2013)
were analyzed with two independent methods. In the first [[105], only IceTop data were used and a
composition model (H4a [[106]) was assumed in order to measure the all-particle energy spectrum of
cosmic rays. The H4a model consists of five elemental groups: H, He, CNO, MgSi and Fe. Each
group has three components (Galactic cosmic rays from supernova remnants, Galactic cosmic rays
from unknown origin and an extra Galactic component). In the second [[105], the coincident data

from both IceTop and IceCube were analyzed to measure the energy spectrum and composition of

115
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cosmic rays using an neural network approach.
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Figure 7.1: The cosmic ray energy spectrum in this analysis compared to previous energy spectrum
measurements with IceTop only [97,105]]. Error bars represent the systematic uncertainties for each

measurement.

Figure shows a comparison of the cosmic ray energy spectra measured in this and previous
analyses using the IceTop detector only. A composition model was assumed in previous measure-
ments. The two component model was assumed for the IT26 energy spectrum measurement [97] and
the H4a model was assumed for the I'T73 energy spectrum [105]]. For high energies (beyond 7.5 in
log,,(E/GeV)), the measured energy spectra with proton and iron assumption are in a good agree-

ment with other IceTop spectra. The effect of the composition assumption becomes stronger at lower
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energies. However, in the case of a pure proton assumption, the results are consistent with previous
measurements within systematics uncertainties, mainly with the I'T73 energy spectrum measurement

which uses the same technique for the energy reconstruction.
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Figure 7.2: The cosmic ray energy spectrum in this analysis compared to previous energy spec-
trum measurements with IceTop-IceCube coincidence analysis [[104, [105)]. Error bars represent the

systematic uncertainties for each measurement.

In Figure[7.2] the measured energy spectra are compared to measurements of the energy spectrum
using coincident events in IceTop and IceCube. The main difference between my analysis and the
coincidence analysis is that we assume the primary cosmic ray is pure proton or pure iron, while

the mass composition and the all-particle energy spectrum were determined at the same time in the
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coincidence analysis [104, [105]. The comparison shows that the measured energy spectrum with
iron assumption is not comparable at low energy while the spectrum with proton assumption agrees

within systematic uncertainties over the entire energy range.
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Figure 7.3: The measured cosmic ray energy spectrum with proton assumption compared to the
energy spectrum measured with IT26 with proton assumption [97]]. Error bars represent the statistical
uncertainties for the IT26 energy spectrum and systematic uncertainties for the energy spectrum of

this analysis.

The measured energy spectrum with proton assumption can also be compared to the IT26 [97]
spectrum with proton assumption (Figure[7.3)). The difference between the two spectra can be due to

the smaller zenith angle used in the IT26 energy spectrum (0° — 30°) which is very sensitive to the
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assumed composition, as seen in Section [6.1] Another reason could be due to the improvements in

the reconstruction and the simulation used in my analysis.

7.2 Comparison with Measurements from Other Experiments

Figure shows a comparison of the measured energy spectra in this work under the proton and
iron composition assumption with spectra from other cosmic ray experiments. For low energies,
the energy spectrum with proton assumption is comparable to the spectrum measured by the Tibet
experiment [[107] where the dependence on the interaction model and primary mass are minimal,
because of the high altitude of the Tibet experiment (4300 m above sea level) where the air showers
are dominated by the electromagnetic component and close to their shower maximum at these ener-
gies. For higher energies, both spectra (with proton and iron assumption), converge and are slightly
higher than the spectrum measured by Tibet which becomes also lower than other measurements.
However, the spectrum is in good agreement with the GAMMA [[108] and KASCADE-Grande [109]

measurements.
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Figure 7.4: The cosmic ray energy spectrum from this analysis compared to other energy spectrum
measurements: IceTop 73 [103]], IT73-IC79 coincidence analysis [103]], Tibet [107], GAMMA [108],
KASCADE-Grande [109]]. Error bars represent the systematic uncertainties in this measurements,

only statistical uncertainties are shown for other measurements.
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7.3 Outlook

The main goal of my analysis was to measure the cosmic ray energy spectrum with the completed
IceTop detector and investigate the possibility to extend the energy spectrum measurement towards
lower energies using the Infill array in the center of the detector. This has been done using one year of
data and in a wide energy range from 500 TeV and 1 PeV for proton and iron assumption of primary
mass, respectively, up to 100 PeV. The extension of the energy threshold to 500 TeV is very important
because at these energies the energy spectrum becomes very close to energy spectra measured with

direct cosmic ray experiments.

The energy spectra measured in this analysis show a good agreement with energy spectra from
previous IceTop analyses. While the composition of primary cosmic ray is assumed to be pure proton
or pure iron, the composition together with the energy spectrum have been measured previously using
coincident events between IceTop and IceCube. The comparison of the energy spectra measured
using two different methods is very important for a better understanding of the detector. The energy

spectrum measurement with proton assumption showed a clear deviation from a single power law.

Energy spectra with proton and iron assumption were studied in two zenith bands (€2; = [0° —
26.8°] and 5 = [26.8° — 36.9°]). The results led to a disagreement between spectra from different
zenith bands. This disagreement is due to the zenith dependence of the primary mass assumed to

derive the energy spectrum.

Several steps can be done in order to improve the measurement. Firstly: Snow which will con-
tinue to accumulate above the detector tanks in the following years . With an extra layer on top of the
IceTop tanks, low energy showers will be attenuated and they will not trigger the tanks anymore. In
addition, snow is on of the main sources of systematics in current IceTop analysis. Therefore a better
treatment of the snow effect is needed in data and simulation. Secondly: Since the composition is

not measured directly in this analysis, simulating more elements will enable us to assume a certain
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composition model and thereby understand the zenith dependence on primary mass and to extract the

all particle energy spectrum.



Appendix A

CORSIKA Steering File

The run number depends on the job number and was chosen to be unique. PRIM is the primary
particle produced (H or Fe). ERANG indicates the required energy range (100 TeV to 100 PeV). The
SEED depends on both the run and the job numbers. MAGNET is the magnetic field at the South
Pole according to the International Geomagnetic Reference Field (IGRF) [110] and it was set to an

average value between June and October 2007.

RUNNR {RUNNR} Number of run

EVTNR 1 Number of first shower event
NSHOW 1 Number of showers to generate
PRMPAR {PRIM} Type of primary particle

ESLOPE -1.0 Slope of primary energy spectrum

ERANGE {Depends on the dataset
and JOB_NR}
Energy range of primary particle
THETAP 0. 65. Range of zenith angle (degree)

PHIP 0. 360. Range of azimuth angle (degree)

123

(GeV)
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SEED
SEED
OBSLEV
ELMFLG
RADNKG
ARRANG
FIXHEI
FIXCHI
MAGNET
HADFLG
SIBYLL
SIBSIG
ECUTS
MUADDIT
MUMULT
LONGI
MAXPRT
ECTMAP
STEPFC
DEBUG
DIRECT
ATMOD

EXIT

{} 0 0
{} 0 0

2834.e2

16.59 =-52.79

.05 .05 .01 .002

T 20. T F

l.e4d

F 6 F 1000000

APPENDIX A. CORSIKA STEERING FILE

Seed for 1. random number sequence (Hadron sh
Seed for 2. random number sequence (EGS4)
Observation level at South Pole (cm)

EM flags (NKG, EGS)

Outer radius for NKG lateral density.
Rotation from CORSIKA to I3 coordinates
First interaction height

Starting altitude (g/cmx=*2)

Magnetic field at South Pole. (uT)

Flags hadronic interact and fragmentation
Model for high energy hadronic interaction
Cross sections

Energy cuts for particles (hadrons/mu/e/gamma
Additional info for muons

Muon multiple scattering angle

Longitudinal distribution & step size & fit
Maximum number of printed events

Cut on gamma factor for printout

Mult scattering step length fact.

Debug flags

Output directory

Atmospheric model (July is used)

Terminates input



Appendix B

Energy Calibration

The energy calibration was done using the relationship between the shower size (S.,,) and the true
primary energy from simulations (Figure |5.9|for proton and Figure for iron). For a given zenith
band, we plot the logarithm of the true energy distributions in 0.1 intervals of log;(Se,;,). A Gaussian
is fitted for each true energy distribution and the mean of the Gaussian is assigned as the estimated
energy for the respective log;, Se., interval. The relationship between log;(Sesp) and log;o(Erye)

will be fitted with Equation |5.3|for proton and iron induced showers in two zenith bands.
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B.1 Proton:

B.1.1 First Zenith Band (0.9< cos(0) < 1.0):
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Figure B.1: True energy distributions in log,y(Se.p) intervals fitted with a Gaussian for proton
induced showers and in a zenith band 0.9 < cos(f) < 1.0. Plots are obtained with the small showers

selection.
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Figure B.2: True energy distributions in log,,(S.,,) intervals fitted with a Gaussian for proton

induced showers and in a zenith band 0.9 < cos(f) < 1.0. Plots are obtained with the standard

showers selection.
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B.1.2 Second Zenith Band (0.8< cos(6) < 0.9):
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Figure B.3: True energy distributions in log;,(S.,,) intervals fitted with a Gaussian for proton
induced showers and in a zenith band 0.8 < cos(#) < 0.9. Plots are obtained with the small showers

selection.
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Figure B.4: True energy distributions in log,,(S.,,) intervals fitted with a Gaussian for proton
induced showers and in a zenith band 0.8 < cos(f) < 0.9. Plots are obtained with the standard

showers selection.
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B.2 Iron:

B.2.1 First Zenith Band (0.9< cos(f) < 1.0):
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Figure B.5: True energy distributions in log,,(.S..,) intervals fitted with a Gaussian for iron induced

showers and in a zenith band 0.9 < cos(f) < 1.0. Plots are obtained with the small showers selection.
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Figure B.6: True energy distributions in log;,(S.,,) intervals fitted with a Gaussian for iron induced
showers and in a zenith band 0.9 < cos(f) < 1.0. Plots are obtained with the standard showers

selection.
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B.2.2 Second Zenith Band (0.8< cos(6) < 0.9):
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Figure B.7: True energy distributions in log,,(S.,;,) intervals fitted with a Gaussian for iron induced

showers and in a zenith band 0.8 < cos(#) < 0.9. Plots are obtained with the small showers selection.
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Figure B.8: True energy distributions in log;,(Se,,) intervals fitted with a Gaussian for iron induced
showers and in a zenith band 0.8 < cos(d) < 0.9. Plots are obtained with the standard showers

selection.
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Appendix C

Energy Bias and Resolution

The energy bias and resolution are obtained from Equation [5.4] The mean of these distributions is

used as the energy bias and the RMS as the energy resolution for proton and iron induced showers.

C.1 Proton:

C.1.1 First Zenith Band (0.9< cos(f) < 1.0):
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Figure C.1: Fractional distributions of true and reconstructed energy for proton induced showers
with a zenith angle 0.9 < cos(f) < 1.0. The energy bias and resolution are considered as the mean

and RMS of these distributions, respectively.
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C.1.2 Second Zenith Band (0.8< cos(#) < 0.9):
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Figure C.2: Fractional distributions of true and reconstructed energy for proton induced showers
with a zenith angle 0.8 < cos(f) < 0.9. The energy bias and resolution are considered as the mean

and RMS of these distributions, respectively.

C.2 Iron:

C.2.1 First Zenith Band (0.9< cos(f) < 1.0):
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Figure C.3: Fractional distributions of true and reconstructed energy for iron induced showers with

a zenith angle 0.9 < cos(#) < 1.0. The energy bias and resolution are considered as the mean and

RMS of these distributions, respectively.
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Figure C.4: Fractional distributions of true and reconstructed energy for iron induced showers with

a zenith angle 0.8 < cos(f) < 0.9. The energy bias and resolution are considered as the mean and

RMS of these distributions, respectively.
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Appendix D

Livetime
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Figure D.1: The livetime of the detector for the selected data taking period for the analysis. The
livetime is by multiplying the number of events with the exponential decay constant obtained from

Equation @ The livetime is shown month by month.

143



144 APPENDIX D. LIVETIME



Appendix E

The Energy Spectrum

The measured cosmic ray flux as a function of energy for air showers with a zenith angle § < 37°
with pure proton assumption (in Table|E.1]) and with pure iron assumption (in Table E.2). Systematic

uncertainties and statistical errors are also included.
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log1o(Energy/GeV) | Flux (m2s~!sr~!GeV~1) | Stat. Uncertainties | Sys. Uncertainties (+) | Sys. Uncertainties (-)
58—-59 5.97498 - 10712 4.53468 - 1074 3.74956 - 10713 3.33605 - 10713
59-6.0 3.53350 - 10712 2.68373 - 1071 2.33447 - 10713 2.11458 - 10713
6.0—-6.1 1.97101 - 10712 1.49885 - 10~ 1.40919 - 10713 1.35413 - 10713
6.1—-6.2 1.04819 - 1012 7.98493 - 1071 7.88631 - 10714 7.91313 - 1071
6.2—-6.3 5.54126 - 10713 4.23057 - 10715 4.23101 - 1071 4.32725 - 10714
6.3—-64 2.94703 - 10713 2.25598 - 10715 2.27919 - 107 2.35940 - 10714
6.4—-6.5 1.56904 - 10713 1.20503 - 10~1° 1.22198 - 10~ 1.24781 .10~
6.5—6.6 8.28278 - 1071 6.38711- 10716 6.40773- 1071 6.73497 - 1071
6.6 —6.7 4.31609 - 1014 3.34540 - 10716 3.39602 - 1071 3.61376 - 1071
6.7—-6.8 2.21727-1074 1.72988 - 10716 1.83651 - 10~1° 1.89678 - 1071°
6.8 —-6.9 1.11516 - 10~ 8.77463 - 10717 9.32987 - 10716 9.78502 - 10716
6.9—17.0 5.49844 - 1071 4.37476 - 10717 4.61141 - 10716 5.21082 - 10716
70-7.1 2.71485 - 10715 2.19021 - 10717 2.43024 - 10716 2.43238 - 10716
71-72 1.30921 - 107 1.07570 - 1077 9.99257 - 10~ 1.24339 - 1071
72-173 6.09300 - 10716 5.10744 - 10718 5.36066 - 10717 5.16127 - 10717
73-74 3.11783- 10716 2.67973- 10718 2.53753 - 10717 2.70445 - 10717
74—-175 1.61922 - 10716 1.43204 - 10718 1.31855 - 10717 1.50253 - 10717
75176 8.32535 - 10717 7.62630 - 10719 6.93605 - 10718 7.32656 - 10718
76177 4.05406 - 10717 3.86299 - 10719 3.40952 - 10718 3.24155 - 10718
77—-78 1.99664 - 1017 2.00366 - 10719 1.53970 - 1018 1.92585 - 10718
7.8-179 1.11679 - 10~ Y7 1.17409 - 10719 7.64493 - 10719 8.42690 - 10719
7.9 —-8.0 5.75480 - 10718 6.46306 - 10720 7.01596 - 10719 5.35943 - 10719

Table E.1: Results of the IceTop 81 data with proton assumption.



log;o(Energy/GeV) | Flux (m?s~!sr 'GeV~1) | Stat. Uncertainties | Sys. Uncertainties (+) | Sys. Uncertainties (-)
6.0—-6.1 3.74716 - 10712 2.64838 - 1071 2.39457 - 10713 2.14481- 10713
6.1—-6.2 2.03809 - 10712 1.44216 - 10714 1.40537 - 10713 1.31555- 10713
6.2 —6.3 1.04144 - 10712 7.38282 - 1071 7.69926 - 10714 7.65030 - 10714
6.3 —6.4 5.20114 - 10713 3.69624 - 10715 3.97858 - 107 4.05975- 1071
6.4—6.5 2.61961 - 10713 1.86738 - 10717 2.02583 - 10714 2.07718 - 1074
6.5 —-6.6 1.32007 - 10713 9.44637 - 10716 1.02613 - 10~ 1.06926 - 1014
6.6 —6.7 6.64694 - 107 4.77951 - 10716 5.22968 - 1071 5.34987 - 1071°
6.7—-6.8 3.29040 - 107 2.38089 - 10716 2.63081 - 10715 2.83420 - 1071
6.8 —-6.9 1.60606 - 1014 1.17165 - 10716 1.31559 - 10~1° 1.38182-1071%
6.9—-7.0 7.65759 - 1071° 5.64749 - 10717 6.53304 - 10716 7.01011 - 10716
70-71 3.61519- 1071 2.70427 - 10717 3.02225 - 10716 3.36798 - 10716
71-72 1.70379 - 10~1° 1.29785 - 1017 1.46368 - 10716 1.58823 - 10716
72-73 7.47047 - 10716 5.81717- 10718 6.20641 - 10717 6.59827 - 10717
73—-74 3.71979 - 10716 2.97350 - 10718 3.04260 - 10717 3.17421 - 1077
74—-175 1.86657 - 10716 1.53898 - 10718 1.64014 - 1017 1.77634 - 10717
7.5—17.6 9.45478 - 10717 8.08746 - 1071 7.57468 - 10718 7.76908 - 10718
76—-7.7 4.50514 - 10717 4.02012- 1074 3.53943 - 10718 4.34545 - 10718
77—178 2.17480 - 10717 2.05139 - 10719 1.65506 - 1018 1.68467 - 1018
78—-179 1.18885 - 10~Y7 1.18030 - 10717 1.05005 - 10718 9.20934 - 10719
7.9—-8.0 6.04282 - 10718 6.43874 - 10720 4.46466 - 10719 5.52271 - 1071

Table E.2: Results of the IceTop 81 data with iron assumption.
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Glossary

e CMB: Cosmic Microwave Background.
e ISM: Interstellar Matter.

¢ QCD: Quantum Chromodynamics.

e SNR: Supernova Remnant.

e GCR: Galactic Cosmic Rays.

e AGN: Active Galactic Nuclei.

e GRB: Gamma Ray Burst.

e UHECRs: Ultra High Energy Cosmci Rays.
e EAS: Extensive Air Showers.

e EM: Electromagnetic.

e UV: Ultra Violet.

e DOM: Digital Optical Module.

e HG: High Gain.

e LG: Low Gain.

149



150 GLOSSARY

e HV: High Voltage.

e PE: Photo-electron.

e PMT: Photomultiplier Tube.

e ICL: IceCube Laboratory.

e FADC: Fast Analog to Digital Converter.

e FCU: Freeze Control Unit.

e FPGA: Field Programmable Gate Array.

e LED: Light Emitting Diode.

e MPE: Multiple Photo electron.

e SPE: Single Photo electron.

e ATWD: Analog Transient Waveform Digitizer.

e VEM: Vertical Equivalent Muon.

e AMRC: Antarctic Meteorological Research Center.

e COG: Center of Gravity.

e DLP: Double Logarithmic Parabola.

e LDF: Lateral Distribution Function.

e LHC: Large Hadron Collider.

e MB: Main Board.

e TA: Telescope Array.
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HLC: Hard Local Coincidence.

SLC: Soft Local Coincidence.

VEMCal: VEM Calibration.

MC: Monte Carlo.

CORSIKA: Cosmic Ray Simulation for KASKADE.

GRT: Gribov’s Reggeon Field Theory.

NN: Artificial Neural Network.

IT26: 26 IceTop stations

IC40: 40 IceTop stations and 40 IceCube strings

IT73: 73 IceTop stations

IT73-1C79: 73 IceTop stations and 79 IceCube strings
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Samenvatting

Kosmische straling zijn hoog-energische subatomaire deeltjes die bijna tegen de licht snelheid kun-
nen reizen. Ze komen uit de ruimte en bombarderen de aarde van uit alle richtingen. Ze bestaan

hoofdzakelijk uit 86% waterstof kernen, 11% helium 2% zwaardere kernen en 1% electronen.

Kosmische straling is ontdekt in 1912 door een Oostenrijkse fysicus genaamd Victor Hess. Hoewel
dat de ontdekking van de kosmische straling meer dan eeuw geleden was, zijn veel fundamentele
vragen over hun oorsprong, voortplanting and versnellingsmechanismen in het universum nog niet
beantwoord. De kosmische straling met energieen van minder dan 104 eV kunnen bestudeerd wor-
den met directe observaties, door middel van satellieten en ballon experimenten. De intensiteit van
kosmische straling vermindert sterk met de energie van het primaire deeltje en dus wordt het heel
moeilijk om kosmische straling met een hogere energie direct te detecteren. Daarom wordt kosmis-
che straling met een energie meer dan 10'* eV indirect gedetecteerd. Dit door het detecteren van
de, deelteslawines of “Extinsive Air Showers (EAS)” gecreéerd door de interactie van de kosmische

straling met luchtmoleculen, op het aardoppervlak.

In Hoofdstuk (1| werd een overzicht over de gescheidenis van kosmische straling sinds hun ont-
dekking gegeven. De fysica achter de kosmische straling, tezamen met de gerelateerde vragen over
de oorsprong, voortplanting en versnellingsmechanisme,n werd besproken. Verder werden ook de

EAS geintroduceerd en hun detectiemethoden besproken.

Het IceCube Neutrino Observatorium werd in detail beschreven in Hoofdstuk 2] Een beschrijving
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van de verschilende componenten van de detector, de plaatsing, de data acquisitie en de doelen werd
gegeven. We focussen hierbij in detail op IceTop, de detectiemodules op het oppervlak, aangezien

enkel IceTop gebruikt werd in dit werk.

Hoofdstuk [3| beschreef de Monte Carlo simulatie die in de analyse gebruikt werd. De simulatie
speelt een belangrijke rol bij de meting van het energiespectrum van kosmische straling. Gede-
tailleerde informatie over de simulatie van deze EAS in de atmosfeer en de detector simulatie werd

in dit hoofdstuk besproken.

Hoofdstuk | behandelde de reconstructie procedure voor de simulatie en de gemeten data. Dit re-
constructie proces werd toegepast om de belangrijkste observabelen gemeten door IceTop te kunnen

reconstructueren: de positie, de richting en de groote van de EAS.

Na de reconstructie van de EAS, werd de selectie van evenementen (één evenement is één EAS)
beschreven in hoofdstuk 5. De methode die in de analyse gebruikt werd om de energie van het
primaire kosmische stralingdeeltje te bepalen, de efficientie en de kwaliteit werd ook in dit hoofdstuk

besproken (Hoofdstuk [3).

De eindresultaten voor de meting van het energie spectrum van kosmische straling werd gepre-

senteerd en besproken in Hoofdstuk [6]

Uiteindelijk vergeleken we het in dit proefschrift gemeten energie spectrum met andere analyses
door middel van de IceTop detector, alsook met gemeten energie spectra door andere experimenten.
Een samenvatting en conclusie werd ook getrokken aan het eind van dit proefschrift, tezamen met

enkele ideeen voor de toekomst (Hoofdstuk [7).
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