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ABSTRACT

EVALUATING TAU-NEUTRINO ENERGY AND DIRECTION FROM ITS
SHOWER OBSERVABLES TO ESTIMATE THE NUMBER OF EVENTS BY
THE PROPOSED ARRAY
PhD THESIS
SEYMA ATIK YILMAZ
BOLU ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF
NATURAL AND APPLIED SCIENCES
DEPARTMENT OF PHYSICS
SUPERVISOR: PROF. DR. HALUK DENIZLI
BOLU, 22/03/2019

The detection of Ultra High Energy Cosmic Rays (UHECRSs) is an important
study in the area of Astroparticle Physics. The air showers having a wide range of
energies consist of electromagnetic, muonic and hadronic components which travel in
different directions. Since neutrinos having no charge and very small mass interact
weakly with matter, they carry the direction information unlike other possible primary
cosmic rays (protons, ions, etc.). While the UHE neutrinos travels 1/13 of Earth
diameter in Earth crust, they interact with the rock to produce the tau lepton which
subsequently create a shower just before it emerges from the crust. The main idea
of TAUWER (Tau-Neutrino Multitower Detector Experiment) array is to observe the
large angle showers around horizon created by tau decays which produced with charge
current interactions of tau neutrinos through the Earth Skimming method and mountain
chain screen strategy. The observation of the air showers initiated in Earth crust or
mountain chains is a novel idea, is also very effective method to remove interactions

with the unwanted sources.

In this study the look-up table is produced for the tau neutrino induced showers
including 5 different decay modes in 5 different energies with 4 different development
lengths with THIN ON selection about 8000 and without THIN ON selection 900
showers simulated using CORSIKA (COsmic Ray SImulations for KAscade) program.
They are analyzed to correlate the distribution of electromagnetic, muonic and hadronic
components with energy and particle density to reconstruct the shower energies. The
location of the stations with the arrival time information of the particles are used to

determine the direction of the induced showers.

The difference between the calculated and simulated zenith and azimuthal angles
are below 0.5 degree for all simulated energies and development lengths. In addition,
the expected number of the events for TAUWER array are estimated as 0.17, 0.25, and

0.43 events per year from latest neutrino flux upper limits using both Earth Skimming



method and mountain chain screen strategy. The results of these analysis will be
advisory on the optimization of detector array, the placements of detectors, and the
determination of the trigger for different characteristic of the showers as energy, the

development length and the decay mode.

KEYWORDS: Ultra High Energy Cosmic Ray (UHECR), Tau Neutrino, CORSIKA
Simulation, Surface Detector Array, TAUWER
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OZET

GOZLEMLENEN DUS URUNLERINDEN TAU-NOTRINOSUNUN ENERJI
VE YONUNUN BULUNARAK ONERILEN DiZiLiM ARACILIGIYLA OLAY
SAYILARININ BELIRLENMESI
Doktora Tezi
SEYMA ATIK YILMAZ
BOLU ABANT IZZET BAYSAL UNIVERSITESI
FEN BILIMLERI ENSTITUSU
Fizik Anabilim Dal
TEZ DANISMANI: PROF. DR. HALUK DENIZLI
BOLU, 22/03/2019

Cok yiiksek enerjili kozmik 1g1nlarin tespiti Astroparcacik fizigi alaninda 6nemli
bir calismadir. Cok ¢esitli enerjilere sahip duslar, farkli yonlerde hareket eden miionik,
elektromanyetik ve hadronik bilesenlerden olusur. Yiiksiiz ve ¢ok kiiciik bir kiitleye
sahip olan nétrinolar madde ile zayif etkilesime girdiklerinden, diger olasi kozmik
1sinlarin (protonlar, iyonlar, vs.) aksine yon bilgilerini tagirlar. Cok yiiksek enerjili
nétrinolar, yer kabugu icerisinde Diinya ¢apinin 1/13 kadarlik bir kisminda seyahat
ettikleri sirada yer kabugu ile etkileserek meydana getirdikleri tau leptonu kabuktan
cikt1g1 sirada bir dus olusturur. TAUWER diziliminin ana fikri, Earth Skimming metodu
ve sira dag stratejisi ile tau notrinolarinin yiiklii akim etkilesimleriyle meydana getirdigi
tau bozunumlari tarafindan olusan yataya yakin genis a¢ili duslarin gézlemlenmesidir.
Ozgiin bir calisma olan yer kabugu icerisinden veya sira daglardan gecerek olusan
duslarin incelenmesi, ayn1 zamanda da istenmeyen kaynaklar ile olusacak etkilesimleri

ortadan kaldirmak icin oldukga etkili bir yontemdir.

Bu ¢alismada CORSIKA programi kullanilarak, tau leptonunun 5 farkli bozunma
kanalinda, 5 farkli enerjide, 4 farkli dus gelisim mesafesi i¢in THIN opsiyonu ile
8000 adet, THIN opsiyonsuz 900 adet simiile edilmis dusu iceren bir benzetim
kiitiiphanesi olusturulmustur. Dus enerjilerini yeniden yapilandirmak i¢in bu duslarin
elektromanyetik, miionik ve hadronik bilesenlerinin dagilimlar1 enerji ve parcacik
yogunlugu ile iligkilendirilerek analiz edilmistir. Ayrica duglarin gelis agilarim
belirlemek i¢in, istasyonlarin konum bilgileri ile dus parcaciklarinin zaman bilgileri
birlikte kullanilir.

Benzetimi yapilan duglara ait zenit ve azimutal agilar ile hesaplanan degerler
arasindaki fark 0.5 derecenin altinda kalir. Bunlara ek olarak, TAUWER dizilimi
icin beklenen olay sayisi, hem Earth Skimming metodu hem de sira dag stratejisi
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kullanilarak yilda 0.17, 0.25 ve 0.43 olay olarak en giincel iist limit notrino akilar
kullanilarak tahmin edilmektedir. Analiz sonuglar1 kurulacak dedektor diziliminin
optimizasyonu, konumu, dagilimi ile ilgili ve enerji, dus gelisim mesafesi, bozunum
modu gibi farkli dug karakterleri icin tetiklemenin belirlenmesi gibi konularda ileriye

yonelik kararlarin alinmasinda yol gosterici bir nitelik tagimaktadir.

ANAHTAR KELIMELER: Cok Yiiksek Enerjili Kozmik Isinlar, Tau Notrino, Yiizey
Dedektor Dagilimi, CORSIKA Simiilasyonu, TAUWER
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1. INTRODUCTION

The Earth is exposed by many types of natural radiation which may originate
from the natural radioactive materials on the Earth’s crust, such as, the radioactive
uranium, thorium or potassium in the soil. It may also come from extraterrestrial
sources. For example, the protons, heavy nuclei are the charged particles that have
most energetic radiations coming from the cosmic background. The electrons, helium,
carbon, oxygen, iron, and other nuclei are the primaries compounded from the stars
(Patrignani et al., 2017). In earlier, it was expected that the radiation always originates
from the natural radioactive materials on the Earth’s crust and it was also not known
that natural radiation could originate from the cosmic background until the early the
1900s. However, the cosmic rays were discovered with a series of balloon flights in
1912 by Victor Franz Hess Hess (1912) while measuring the variation of ionization in
air with rising altitude. Therefore, a decrease was also expected on the radiation level
as it traveled towards the top of the atmosphere, although an increase in the radiation
level was observed by Hess with these balloon flights. Hess measured once again the
radiation during a total solar eclipse to provide the preventing of the Sun’s effect, as a
possible source. He still measured rising radiation at rising altitudes and concluded that
the radiation of very high penetrating power enters from above into the atmosphere.
Hess discovered a natural source of the high energy particles and afterwards they are

named cosmic rays by Millikan.

In Astroparticle Physics, understanding the possible origin of the cosmic rays and
regarding them as messenger particles from terrestrial sources are attractive subjects,
since there is no clear sign in where they are produced or the source of the production.
Especially, when their energies extend to 10?* eV/, the detection of the cosmic rays
becomes more interesting. When the energy per nucleon lower than 10° eV, they are
dominantly solar cosmic rays. After that energy, the origin of the cosmic rays may
suppose as our Galaxy up to the energies of 1017~ ¢V and the upper energies may be

coming from extragalactic sources.

The Figure 1.1 shows the cosmic ray flux as a function of energy (Boezio, 2014;
Cronin et al., 1997). The spectrum can be represented by a power law until the knee
which is around 10% eV. Around the knee region, the number of particle observed in a

year is one or less in 1 m? area due to the low flux of the cosmic rays at these energies
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Figure 1.1. The distribution of the cosmic ray flux depending the
primary energy (Boezio, 2014; Cronin et al., 1997).

and observations became difficult by the balloons or satellites out of the atmosphere.
The ground based arrays have advantages since they can be used in the atmosphere as

a detection medium.

The spectrum becomes smooth around 108 ¢V and it is interpreted as the ankle
where the second soft bend begins. The observations about this region is not enough
yet, but the Greisen-Zatsepin-Kuzmin (GZK) cutoff forms around 3-5 - 10! eV except
protons (Greisen, 1966; Zatsepin and Kuzmin, 1966) that defines an upper limit for
the energy of cosmic rays from distant origins. This rigid cutoff is originated from the
interactions between the protons and the cosmic microwave background on spreading
from their origins to Earth. The GZK cutoff was observed by the High Resolution Fly’s
Eye (HiRes) experiment Sokolsky (2009) and Pierre Auger Observatory (Abraham

2



et al., 2007).

The cosmic ray sources can be classified in terms of their energies. When the
energy is 10° eV or lower, they can be categorized as solar cosmic rays. On the other
hand galactic cosmic rays originated from our galaxy within the energy range of 10 —
10 eV. Above these energies they could be from extragalactic sources. The detailed

information is listed as in below for the possible sources.
Solar Cosmic Rays

Solar Cosmic Rays (SCRs) were discovered with the three times increasing in
ionization during magnetic storms in 10 years of record period (Forbush, 1946). They
are formed by charged particles such as protons, ions and electrons. The energy of the
particles, coming from Sun is about M eV range while they are passing through the
atmosphere. The solar flares may reach to our atmosphere but their energies can not

exactly determined around the GeV scale (Bazilevskaya, 2005).
Galactic Cosmic Rays

The cosmic rays generally refer to the Galactic Cosmic Rays (GCRs) which
are formed by shock waves in the supernova explosions inside our Milky Way galaxy
(Blasi, 2013). The particles are around GeV range of energy however sometimes they
can be reach to PeV energies in the Earth. The GCRs are atomic nuclei like hydrogen
and uranium which are interacted with magnetic fields because of being completely
ionized. These particles can travel near the speed of light and they have very likely

been accelerated around the last few million years.
Extragalactic Cosmic Rays

The Ultra High Energy Cosmic Rays (UHECRSs) are called Extragalactic Cosmic
Rays (EGCRs) whose energies are up to 102! V. There is no certain evidence about
their sources due to very low flux but the direction of the cosmic rays indicate that
they are originated from out of the Milky Way Galaxy (Aab et al., 2017). The origin
of the extragalactic CRs may be caused from the particles, formed in the core of
Active Galactic Nuclei (AGN), which means that they may produce neutrinos through

the interactions of the accelerated protons and ions with an acceleration disk target



surrounding a central black hole. The UHECRs may also be produced from Gamma

Ray Bursts (GRBs) or past galactic GRBs.

The UHECRSs from the extragalactic sources pass through the Earth and they
create air showers. A high energy cosmic ray loses its energy as a result of the
collisions with the air molecules in the atmosphere and disintegrates their energy to
produce secondary particles. These secondary particles or cascade are continue to
their travel in the atmosphere and create more secondary. When they collide with the
air molecules, their energies decreases. The number of secondary particles increases
and many low energetic particles are absorbed by the atmosphere. This decreases
the total number of secondary particles produced by a primary particle. The action
of exchanging the primary energy of a cosmic ray into many lower energy secondary
particles is called as Extensive Air Shower (EAS). When the average energy per particle
decreases below the 80 M eV, the interactions cause to the absorption of particles and
to end of the cascade. That elevation where the cascade begin to die is known as
shower maximum (Cheng, 2009). Only the extremely high energy events may reach to
the shower maximum at the sea level.

Development of gamma-—ray air showers

Development of cosmic-ray air showers
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Figure 1.2. The demonstration of an air shower (a) produced by a
primary gamma ray consists of electron positron pairs and
photons, (b) by a nucleus producing various secondary
particles like pions, muons, neutrinos, photons,
etc. (Bernlohr, 1999).

The shower cascade includes different types of particles depending on the primary
particle. When a photon is the primary particle, the shower contains electrons, positrons,

and gamma rays. The cascade also includes muons, neutrinos, and hadrons while
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a nucleus is the primary particle. In Figure 1.2 Bernlohr (1999), both the gamma and
nucleus initiated showers are illustrated as a sample of schematic view of the air shower

development.

The EASs are formed from three main components which are electromagnetic,
muonic, and hadronic. For example, the components of a proton initiated EAS are

nearly 80% ~ rays, 15% e*, 2% p* and 0.2% hadrons.
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Figure 1.3. Schematic view of the development of electromagnetic,
muonic and hadronic components of the extensive air
shower (Haungs et al., 2015).

Hadronic Cascade

A hadronic shower is created by the interaction of a proton or nuclei with the
atmosphere and the secondary particles are mostly mesons, charged and neutral pions
in this hadronic interaction shown in the center of Figure 1.3 (Haungs et al., 2015).
When a proton as the primary particle, it gives large amount of its initial energy to
the secondary mesons. In the cascade, the number of charged pions is twice than
the neutral pions. If these secondary particles are sufficiently energetic, they may
be trigger more cascades which they are generally consisted of pions. Below the

interaction threshold, hadrons are continue to this process. The neutral pions decay



into two photons and they cover nearly one third of the primary hadron energy.

0 — 2. (1.1)

Muonic Cascade

The mesons produced in hadronic cascade, mostly pions, decay via weak interaction
into muons and neutrinos according to Equations 1.2 - 1.3 and they occur the muonic

cascade shown in the left of Figure 1.3.

™t =t + v, (1.2)

TS+ (1.3)

The charged pions dependently their energies can decay or interact with the air.
When charged pions have high energy, they almost interact. Low energy pions decay
into muons and muon neutrinos. Muons are also unstable and decay into electrons and

positrons.

pt = et + v+ 1, (1.4)

T N A T (1.5)

The interaction of high energetic charged pions create more charged and neutral
pions belong to the second generation of shower. The continuum proceeds until the

energy of the charged pions are reach to the energy where the decay process is dominant.
Electromagnetic (EM) Cascade

The initial energy of the ~y ray is transformed to the secondary particles which
they are known as the EM cascade illustrated in the right side of Figure 1.3. This
cascade is a combination of pair production and bremsstrahlung which they are shown
in Equations 1.6 and 1.7. The EM cascade development is described by the Heitler

model that the energy divides in half and the number of particles doubles after each



interaction in the cascade.

v (in EM field) — et + e, (1.6)
et (in EM field) — e* + 7. (1.7)

An electron-positron; e~ — e™ pair can be created via the interaction of a gamma
ray with the Coulomb field of the atmospheric nuclei and it is called pair production.
An electron travels or accesses into a material or a nuclei at high speed, it is interacted
by the opposite force of the electrons in the atom, then it will slow down or stop.
When it is slowed down, escape from the material with less energy. This energy must
be converted to other forms or absorbed by the nuclei. If the e~ is decelerated, an x-ray
is radiated by this energy. This phenomenon is called Bremsstrahlung and the x-ray on

this process is Bremsstrahlung x-ray.

The charged particles in both EM and hadronic cascade are travel in a dielectric
medium (the atmosphere) with a speed greater than the phase velocity of light in that
medium and they spread out Cherenkov light behind them in the shape of a cone
(Jelley, 1955). This light can be seen as in blue color around a nuclear reactor which
is surrounding with the water. This provide to measure the intensity of the reaction in
the reactor or the radioactivity of the used nuclear fuel rods. Cherenkov radiation
is also used as a particle detector in astrophysical research. The particles, which
created by the interaction of the high energy cosmic rays with the atmosphere, can
be detected by the Cherenkov effect in the observatories. For example, in the HAWC
(High Altitude Water Cherenkov Experiment) experiment, 300 pools each with 200
000 liters of purified water and four Photomultiplier Tubes (PMTs), are used for the

measurement of high energy particles from space (Abeysekara et al., 2013).
Earth Skimming

The detection of UHECRSs is significant especially vs in terms of collecting the
information about the source of the cosmic rays or the effect of the neutrino oscillations
on the neutrino flavor mixing rate. Since the neutrinos traveled through the large
distance without interacting, they have almost equal neutrino flavor mixing rate on the

Earth as a result of oscillations. One can test for the existence of neutrino oscillations



by looking for up-going showers from Earth Skimming tau neutrinos (Fargion, 2002).

/ W N +X

(or hadron shower) Earth
N

(nor p)

Figure 1.4. The demonstration of Earth Skimming method where the v
travels through Earth crust and produced a 7 shower.

The Figure 1.4 shows that, the tau neutrino v, is interacted with the chord of
the Earth or a mountain. When it penetrate to the crust, it may collide with the nuclei
in the material. This collision causes an interaction between the v, and a nucleus.
It creates a tau lepton 7 by the charged-current (CC) interaction. When the tau lepton
may emerge from the rock before its decay, 7 may produce a shower in the atmosphere.

This process is named as the Earth Skimming method.

The importance of the Earth or a material in this process is to provide an intensive
environment as a target which will increase the interaction rate. The rocks are quite

convenient for providing this dense environment.
The detection techniques

Designing the many different detectors for the detection of Ultra High Energy
Cosmic Rays is due to the effort to detect the cosmic rays in the best way. The area of
the detector array is very important to detect precisely the very high energetic particles.
The experiments on UHECRs are made to learn many of the uncertain information, and

researches are still ongoing about them.

The first array is constructed by John Linsley, Livio Scarsi and Bruno Rossi in

New Mexico in the early of 1960s as Volcano Ranch detector array with 8 km? area.
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The detectors on this array are consisted of scintillators and the experiment published
the detection of the cosmic rays with the energy of 102°cV and higher values (Linsley

etal., 1961).

SUGAR (Sydney University Giant Air-shower Recorder) (1968-1979) is the first
detector set up in the southern hemisphere and consists of 47 stations established on an
area of 70 km?. At these stations, scintillators with an effect area of 6 m? are below the
ground as 1.5 m inside liquid filled tanks. With this array, a cosmic ray with an energy
of 108 ¢V was detected in a direction close to the center of the galaxy (Bellido et al.,
2001). The data obtained from this experiment is also a unique result for later studies

and it has been tested by AGASA and Pierre Auger experiments.

AGASA (The Akeno Giant Air Shower Array) is the world’s largest surface
detector distribution consisting of 111 scintillator detectors with a surface area of
2.2/m?, totaly covering an area of 100 km?. With this experiment the world’s second

biggest cosmic ray recorded with an energy 2x10%° eV (Hayashida et al., 1994).

The Haverah Park experiment was constructed in United Kingdom with water

Cherenkov tanks in totally 12 km?

area. Each water tank have a PMT on the top
surface. The experiment was collected data for 20 years, and was switched off in
1987. The estimation of the primary energy with the density of particles in the shower

core is developed as a new technique (Lawrence et al., 1991).

The Fly’s Eye experiment is consist of 2 fluorescence telescopes separated by
3.4 km from each other. These telescopes made by mirrors with a 1.6 m diameter and
in center of the mirrors there are 12 or 14 PMTs. The total of 880 PMTs scan the all
sky with their ~ 5° field of view. The Fly’s Eye experiment published the result of their
claim about an event with energy of 3210%° ¢V which originate in the contemporary era
of the Universe (Bird et al., 1993). The Fly’s Eye experiment was operated the High
Resolution Fly’s Eye cosmic ray observatory (HiRes) as an extension of the original
experiment. It is an upgraded version of the experiment with larger mirrors, smaller

PMTs, and more sophisticated electronics (Bird et al., 1994).

The IceCube experiment located in South Pole is a neutrino observatory with a
cubic-kilometer particle detector made of the Antarctic ice. The experiment consist of
a surface array named IceTop and a more dense part is inside the ice named DeepCore

detectors. The DeepCore detectors are under the surface inside 86 boreholes with



mounted vertical strings. 5160 digital optical modules (DOMs), have PMTs and other
electronics, are arranged from 1450 m to 2450 m depth on the strings and each strings
are hold 60 DOMs (Achterberg et al., 2006). Also the surface detector array, IceTop
have 81 stations which are located on top of the strings (Abbasi et al., 2013). A high
energy neutrino with an energy of ~ 290 T'eV was observed in 2017 by IceCube
Neutrino Observatory (IceCube Collaboration et al., 2018).

The Pierre Auger observatory have two types of array as the surface detector
stations and the collection of air fluorescence telescopes. In this hybrid detector system,
two methods are applied independently. The first method is the water-Cherenkov
detectors for the surface detector array which detect the interaction of the high energy
particles with water. The second method is the observation of the ultraviolet light
emitted high in the Earth’s atmosphere with the fluorescence telescopes(Abraham et al.,
2004). The Pierre Auger observatory published an observation of the inclined events
with energies exceeding 4x10'8 ¢V between January 2004 and December 2013 (The
Pierre Auger Collaboration, 2015).

Another surface detector array is KASCADE (KArlsruhe Shower Core and Array
DEtector) experiment which launched in 1996 in Karlsruhe, Germany. The stations are
located on an area of 2002200 m? with 252 stations separated by 13 m. KASCADE
aims to observe particles which comes from the air showers with the energy of 1 Pel/
and above (Antoni et al., 2003). The CORSIKA program was created to simulate the
development of these particle showers for the KASCADE experiment.

The surface detector arrays have been generally designed and installed to detect
the downward showers. However, cosmic rays also travel to the upward through the

Earth.

TAUWER (The TAU-neutrino multitoWER Detector Experiment) is planned as
an experiment which collaboration of Carnegie Mellon University from USA, ’La
Sapienza’ University of Rome from Italy and Bolu Abant Izzet Baysal University
from Turkey. In TAUWER experiment, it is planned to observe the horizontal and
upward air showers through the interaction of tau neutrinos with the Earth’s crust on the
detector array constructed at a mountain surface. The stations consisting of scintillator
detectors positioned facing down from the mountain surface planned to detect UHE

(~ 0.1 =100 EeV) v, induced showers formed while passing through 1/13 part of the
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Earth’s crust and exit to the atmosphere based on the Earth Skimming strategy (Fargion
et al., 1999; Zas, 2005).
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2. AIM AND SCOPE OF THE STUDY

The main purpose of this thesis is to propose and optimize an array to detect
UHE neutrinos. To reach this goal the tau neutrino induced showers are simulated
using CORSIKA simulation program to build a look-up table with the 5 different decay

modes of v, and each modes have 5 different energy scales in 4 development lengths.

The detection of large angle v, induced showers around horizon is obtained
by applying the Earth Skimming method and mountain chain screen strategy with an
inclined detector array which has 0.5 km? area on the mountain surface. The particle
distribution on different decay modes, the shower core, the estimation of the energy
from the particle distributions and the arrival directions for each simulated shower are
evaluated and used to estimate the number of events in a year with the array proposed

in this thesis.
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3. MATERIALS AND METHODS

Tau neutrino (v,;) induced showers are simulated to study their
properties extensively on the mountain slope. To obtain v, induced showers from
v, decay to tau lepton (7) in the energy range 10 eV - 102 eV, the generations are
accomplished with selected tools. First one of these tools is the TAUOLA interface Was
and Jadach (1992) which used to decay 7 to its different decay channels. The secondary
particle of v induced showers are simulated with CORSIKA simulation program using
the output of TAUOLA. The Figure 3.1 shows the production of the simulated showers

in a flow diagram.

BINARY TO ASCII BINARY TO ASCII

l

UNTHINNING ANALYSIS

l

MAIN ANALYSIS MAIN ANALYSIS
OUTPUTS OUTPUTS
GRAPHS GRAPHS

Figure 3.1. Flow chart of the procedure followed during the analysis.

The simulations are generated the following decay modes of 7 (7, 7~ 7%, 7~ 77,
77070, 777~ 70) that involves 64 % of the tau branching ratio. The expected v,
induced showers are studied to optimize and identify the performance of the TAUWER

array.
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CORSIKA (COsmic Ray SImulations for KAscade), is a simulation program
based on the Monte Carlo technique, developed for the KASCADE experiment. This
program has been developed to study the properties and production of atmospheric
showers, taking into account the decays and interactions of the nuclei in the atmosphere,
hadrons, muons, electrons and photons. It can create the secondary particles with
different types, energies, locations, directions and arrival times in an air shower and
they can pass from a selected observation level. The required options for the array’s
geometry on the CORSIKA are compiled for the production of 7 induced showers.
In this study, the Quark Gluon String model with JETs (QGSJET) model is used for
hadronic interactions in high energies and the Gamma Hadron Electron Interaction
Shower code (GHEISHA ) 1s selected for low energy interactions. Other selected options
are; Horizontal flat detector array, SLANT, CURVED, INCLINED, UPWARD,
STACKIN, ROOTOUT, PLOTSH Shower Plot Production and THIN (when THIN

option is used).

The required input cards to run the CORSIKA Heck et al. (1998) (modified
version of 6.99) program are compiled with the selected options which created
separately to each decay channel, energy and shower development length, and the
planned inclined plane of the observation. Thus, it is possible to produce showers in
the desired energy, shower development length and decay channel. To simulate the 7
induced showers, a Dell R815 Server (2U) 4 AMD Opteron 6380, 2.5 GHz, 32 Kernel,
128 GB memory, 1600 MHz featured calculation system are used and 60 of the 64
virtualized kernels are continuously used throughout the entire run. The duration of
the simulations depends on THIN (ON / OFF), energy, shower development length
and decay channel. For example, when the THIN option is not activated, the 7~ 7°
decay channel shower changes from 10 hours (10'%¢V) to about 600 hours (10'%eV)
while in the 7~7~ 7t decay channel showers can be generated between 20 and 1800

hours.

3.1 Simulations of the Air Shower

The all programs, codes, interfaces or options used in the simulation of the data

for this thesis are briefly explained in this section.
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3.1.1 TAUOLA Interface

TAUOLA Interface is a library based on the Monte Carlo algorithms. The
interface can perform 7 lepton decays and the output like 7 generation can be attached
to any Monte Carlo program. To generate 7 decays, the TAUOLA interface is used
FORTRAN language with the defining its spin state and the frame which the decay
became. The detection of tau neutrino is made by observation the 7 induced shower
which is produced in the charge current (CC) tau-neutrino interaction. In this study,
the v, to 7 decay has been simulated using the TAULOA program (Was and Jadach,
1992).

3.1.2 Corsika Simulation Program

CORSIKA (COsmic Ray Simulation KAscade) is a simulation program based
on the Monte Carlo technique developed for the KASCADE experiment in Karlsruhe,
Germany. This program has been developed to study the properties and production
of atmospheric showers, taking into account the decays and interactions of the nuclei
in the atmosphere, hadrons, muons, electrons and photons. The options are compiled
which required for the production of the 7 induced showers with CORSIKA. In this
study, the QGSJET 6 model was used for hadronic interactions in high energies and

the GHEISHA routine for low energy interactions.

The CORSIKA program writes the ’binary’ information of the type, momentum,
position, weight and time of all particles on the observation plane specified on the entry
card, after simulating the shower development length. This data is analyzed in more

detail using the developed codes.

3.1.2.1 QGSJET Option

Quark Gluon String model with JETs (QGSJET) is purposed to study the high
energy hadronic interactions of the elastic scattering by hadron - nucleon collisions.
The newest version is QG S J E'T-11-04 and is improved compared to original QGSJET.
It can be given reliably results for hadronic cross section measurements (Ostapchenko,
2006). The related model of the QGSJET can be selected when the simulation is

constructed.
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Figure 3.2. The coordinate system of CORSIKA

3.1.2.2 GHEISHA Option

Gamma Hadron Electron Interaction Shower code (GHEISHA) is used for the
low energetic hadronic interactions as hadronic collisions up to 100 GeV'. This package
is generally used in the GEANT simulation program. GHEISHA can be handled
the reaction kinematics properly. GHEISHA and FLUKA also operate the different
momentum distributions for mesons in terms of secondary particle distribution, energy

deposition and atmospheric ionization (Mishev and Velinov, 2013).

3.1.2.3 Horizontal Flat Detector Array

The horizontal flat detector array is selected as detector geometry while installing
the CORSIKA simulation program. The detector array is constructed in a mountain
surface and this surface is a flat place. Also the type of the detectors is not a non-flat;
volume detector or vertical string detector. The flat detectors are used in well known

experiments such as KASCADE or Pierre Auger Observatory.
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3.1.2.4 SLANT Option

The SLANT option is used for the very inclined showers to acquire the ionization
energy loss, the deflection within the Earth’s magnetic field and the generation of
Cherenkov photons. They can be obtain while the charged hadronic primaries on their
path between entering the atmosphere and the first interaction point (Heck and Pierog,

2013).

3.1.2.5 CURVED Atmosphere Option

The CURVED option is an atmospheric feature which suitable for the showers
with large zenith angles above ~ 70°. Within small zenith angles the Earth’s atmosphere
is supposed as completely flat in spite of that the atmosphere is getting curved with
the zenith angle increase. The CURVED option provides the ionization energy loss,
deflection with the Earth’s magnetic field and the generation of Cherenkov photons for
charged hadronic primaries on their path between entering the atmosphere and the first

interaction point (Heck and Pierog, 2013).

3.1.2.6 INCLINED Observation Plane Option

INCLINED option is define the inclined observation plane besides the horizontal
observation plane which is predefined automatically in CORSIKA. In the input card
the keyword INCLIN specify the geometry of the inclined sampling plane. In this
thesis the observation plane is a mountain slope and it can be define with a inclined

plane.

3.1.2.7 UPWARD Option

The UPWARD option is selected to process the upward traveling particles in the
simulated data. The zenith angle is determined the direction of the shower between
0° < 0 < 70°and 110° < 6 < 180° for primary particles. In the simulated data for this
thesis, the UPWARD option is used to obtain the horizontal and upward showers obey
to the Earth Skimming technique.
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3.1.2.8 STACKIN Option

The STACKIN option is used to combine all the parameters which define the
secondary particles simulated in CORSIKA. For example, the altitude of the first
interaction, shower axis or first interaction start may be used to write out the parameters

of the secondary particles to a file.

3.1.2.9 ROOTOUT Option

The ROOTOUT option is useful to write the output in "DATA.root’ file in root
format. This provides the particle output data without storing the huge particle output

data file MPATAP. It may be fast and easy way to store the output files.

3.1.2.10 PLOTSH Shower Plot Production Option

The shower plot production can be set with the PLOTSH option to write the start
and end points of each particle track for the electromagnetic, muonic and hadronic
component. These start and end points written to files are particle identification, energy
(in GeV), Tutart> Ystarts Zstart (@l 10 cM), Lopqry (IN SEC), Tends Yends Zena (all in cm), and

teng (in sec). When the THIN option is on, the particle weight is also written.

3.1.2.11 THIN Option

THIN option of the CORSIKA simulation program can be applied to particles
of a shower in the same branch; writes them as a single particle then it gives a weight
equal to the total number of particles on that branch. If the energy of the primary
particle is £y, > 10'¢ eV, the duration of the simulation is very long. The THIN
mode produces outputs spending much less time compared with the normal (UNTHIN)
mode. The THIN option can be used to saving time while the simulation of data. The
ratio of the energy of the primary particle to the energy of all the secondary particles
produced (¢;, = E/Ej) determines the THIN level. When the THIN option is selected,
the THIN level is used as ¢;;, = 1075 in this thesis. In the output data, particles have
identity, position (X, y, z), momentum (p,, py, P, and p,), direction angles (¢, ¢) and

weight number for THIN option.
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3.2 The Array Geometry

The TAUWER array can detect the upward tau induced showers produced by the
tau-neutrino interaction. This array is a large surface array with stations pointing at
the horizon to detect particles of the air showers produced by large zenith angle. The
primary particle v uses the matter in front of the array as interaction target. To collect
the secondary particles of this shower, the array is constructed on an inclined surface.
The array consists of 640 stations (40 x 16) which are placed 30 m apart and located on
307 inclined plane of the mountain slope. Each station, named tower, in Figure 3.3(a)
constructed by two scintillator tiles (40 x 20 cm?) separated by 160 ¢m and pointed
below the horizon (approximately 2.5°) to measure upward moving showers coming
from v, interactions with the Earth’s crust. This setup covers approximately 0.5 km?

on the mountain surface, as in Figure 3.3(b).
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Figure 3.3. Schematic diagram of the array in (a) the ZX plane,
(b)YZ'-plane, the projection of YZ plane on the inclined
plane.
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4. RESULTS AND DISCUSSIONS

The main goal is to estimate the performance of the array proposed in this thesis
for Earth Skimming method and mountain chain screen strategy. Therefore CORSIKA
is used to produce showers with different energies, decay modes and development
lengths. Since the particles in the same branch are discarded with THIN option in
CORSIKA as described in Section 3.1.2.11, showers are also simulated with THIN
option to reduce the production time. This massive production provides better statistics
to understand the performance of the array. In order to accurately use the data with
THIN option, an unthinning method will describe in Section 4.1 is developed for

restoring the information lost during thinning procedure in CORSIKA.

Table 4.1. Time it takes to simulate a single shower for different energy
and development lengths without THIN option.

Development Length (km) Energy (GeV) Time (hours)

107 3 - 6

52107 12 - 50

3 108 20 - 140
52108 125 - 245

10° 210 - 600

107 5 - 13

52107 10 - 62

5 108 25 - 130
52108 120 - 245

10° 250 - 600

107 5 - 20

52107 1 - 78

7 108 20 - 135
5210% 100 - 245

10° 200 - 600

107 6 - 16

52107 10 - 75

10 108 22 - 132
52108 125 - 245

10° 210 - 600

The production time of one shower for both options has energy dependence. So
the higher energy of the primary particle is the longer it takes to simulate the shower.

For the analysis, data is produced with 5 different decay modes of tau neutrino (7,
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770, nntnT, n %70, 77t~ 7%) with 5 different energy region (107 GeV, 52107
GeV, 108 GeV, 52108 GeV, 10° GeV) and 4 development lengths (3 km, 5 km, 7 km,
10 £m). Each set has 80 and 9 showers with and without THIN option, respectively.
This corresponds to production of total 900 showers without THIN option and 8000
showers with THIN option. The detailed number of particles for mountain surface,
array and the center of the array which simulated without THIN option for 5 different
decay modes in 5 different energies with 4 different development lengths are given in

Appendix-A.

Table 4.1 summarize the simulation time range of one shower without THIN
option. For example, the simulation time for 10® GeV energy in 4 different development
length changes between 20 — 140 hours for one shower. With THIN option this
decreases to the range between 1 — 7 hours. It took 3 years to complete the production
of the data used in this thesis with a 64 core Dell R815 (2U) server.

4.1 Unthinning of CORSIKA THIN Data

The THIN option in the CORSIKA simulation program follows the secondary
particles in same branch of the showers which have an energy above 10" GeV. It
drops the particles to one particle and gives a weight according to THIN level. Only a
fraction of the secondary particles is followed in the shower development. This reduces
the computing time. There are methods in the literature Estupifidn et al. (2015); Stokes
et al. (2012) to unthin data produced with THIN option in CORSIKA. Therefore a
method called 'unthinning’ is developed to recover the lost particle information of
simulated showers by using CORSIKA THIN output. The unthinning method provides
to obtain very similar distributions of the particles by comparison with the original
data.

The unthinning method is developed in terms of the geometrical structure of the
shower along the inclined plane to obtain the real number of particles on that plane.
For this purpose, the numbered lines on the Figure 4.1 are used to obtain the equations
of the shower planes. In order to comprehend the marked points, some details can be
given. The position and direction information of the particles (7, P, P,) in point P
at the inclined plane are used to obtain the P* point on the shower axis. Then the point

F, which is the closest point from point P to the plane of the shower, is found. Using
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Figure 4.1. The line equations and their notations of the geometry which
belongs to the inclined plane to create the particles in
weighted numbers with the unthinning method.

the Monte Carlo method, some points are produced in a circle perpendicular to the axis
of the shower in a radius of PF'. The number of these points are obtained equal to the
weight information of the particles on the THIN option. To obtain the real number of

particles on the mountain surface, the equations of the lines are written as in below;

za), (4.1)
)

) =Bz
(2 —20) = Az i 4.2)
(2 — 2p) = D(x — zp) (P*P), 4.3)
(2 — zp) = B*(z — zp)" (PF), (44)
(= — 26) = aax — 2¢)" (PO, 4.5)
(z — xg) = bb(y — ya)™ (4.6)

o

where; A = tan(«), B = tan(f) and B* = tan(90 — 6) and the details of aa, bb
and D will be given in the text. Equation 4.1 shows the shower axis of the THIN data,
Equation 4.2 is the the slope of the inclined plane in terms of (z — x) and Equation 4.3
is the direction of the particles at point P using the momentum information. The point

P* where the intersection of the particles passing through the point P is found by

ishower axis

fiinclined plane on mountain slope
iy sing momentum info to get direction and find P*
Vine PF, to find perpendicular crossing point on shower axis
Vline passing through P* and G to find G* on the mountain plane
viparticle distribution in 3D
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solving the Equations 4.1 and 4.3.

The point F' on the shower axis is the vertical distance from the point P to this
plane and Equation 4.4 defines the line through the points P and . The perpendicular
line starts from the point P to the shower axis and  is a point on this line. The particles
on the point P are randomly produced, in terms of their weights written on THIN data,
with Monte Carlo generator within a radius as PF'. A line, which started from point
P~, passes through the point G. The solution of the Equations 4.2 and 4.5 together
gives the point G* which are the new coordinates of the particles on the inclined plane
as the weighted numbers. The result of these solutions is named as unthinning and in

this result the direction of the particles is not degenerated.

To create unthinning data set from CORSIKA thinning output files; the THIN
mode is selected as 107%. The first shower of the simulated THIN data is used to
perform the analyzation. The above equations, which belongs to different lines or

plane, are shown in Figure 4.1 to calculate unthinning shower where;

A =tan(a), a = 30°, “4.7)
B = tan(0), 0 = (0,aq - 82)° — 90°, (§ = 2.27°, 6,5 = 1.617ad)  (4.8)
B* = tan(90° — 0), (tan(1.57 — 0 - 2=)) (4.9)

for calculation of D in Equation 4.3 we have to look p, momentum is posivite or

negative, then we have two options for D as in below;

if (p < 0); ddd = tan™*((|2]) = (0raa — 1.57)), (4.10)

if (p- > 0); ddd = tan™'((|2]) + (6raa — 1.57)) (4.11)

where p, and p, are the momentum of z and x coordinates. D = tan(ddd) where

ddd is equal to 7y in Figure 4.1.

if (p. <0); D = —tan(ddd) (4.12)

To evaluate slopes of G* points, if the value of P* greater than G point, then we
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change the sign of slopes;

aa = (xg — xps) = if (xp« > xg) then; aa = —aa, (4.13)

bb = (2¢ — zp+) — if (zp« > 2¢) then; bb = —bb. (4.14)

As a brief explain of this study, the upward and inclined (curved) geometry is
used in the simulation as an input data. These events have been generated with a large
zenith angle 6 = 92.27° and supposed as the detector array being on an inclined plane

with an angle a = 30°.

The output of this simulation includes the particle properties such as particle
type, its momentum (total momentum and belongs to each of x,y and z coordinates)
and position (in 3D) as well as weight to it. The study was done to obtain real position
and amount of particles on inclined plane which is on the mountain surface (array
plane). To make this work, the calculations are started from equation of planes on the
schematic definition of the TAUWER detector array used for CORSIKA simulation as
in Figure 4.1. The numbered lines and equations solved to obtain position of particles
in each direction. For example in step 1, a particle transferred from inclined plane to
shower axis named as P and P* points, respectively. To obtain the radius of shower,
vertical components of point P to point F' are calculated in step 2 as xr and zg. The

radius of shower; PF' is calculated using circle formula;

(x—h)?+(y—k)>=r? 4.15)

as the center being at the point (h, k) and the radius being r. Thereafter the
finding of PF’, new particles are generated with Monte Carlo random generator with
ratio each particle’s weight to obtain the real numbered particles from unweighted
one’s by the unthinning method. In here there is a correction for position of particles.
When they created by Monte Carlo, their positions start from the origin of coordinate
system. But this coordinate system has not same starting point with the studied system.
Then to eliminate this difference, the F’ coordinate to z component of the point GG. In
step 4, the coordinates of these random particles calculated with achieved formulas

from the line equations. With this last step, the unthinning particles on the inclined
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plane are obtained.
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Figure 4.2. The position of point P in z — z plane.

The distribution of the particles from THIN data is depicted in Figure 4.2. The
Equations 4.1 and 4.3 are used to obtain position on P* for particles. For instance, the
Equation 4.3 is multiplied by —1 and summed up with each other to find xp-. The

results are given in following equations;

(z2p —24) = B(x —x4) — D(z — x,), (4.16)
2(B—D)=zp—z24+B.xs— D, 4.17)

The solution of Equations 4.16 and 4.17 gives the x p~ coordinates of the point
P

2p—z2a+B.axy— D.x,
B—-D

Tpe = (4.18)

To find zp~ coordinate, two sides of Equations 4.1 and 4.3 are multiplied by D

and B respectively, then obtained following equations;
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D(z — z4) — B(z — zp) = BD.(xp — x4), (4.19)
2(D—B)—D.zys+ B.zp = BD.(xp — ) (4.20)

zp~ can be found from the equation as follows

BD.(xp — D.zy— B.
op. = BD-ar Ig)jB AT P 4.21)
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Figure 4.3. The position of point P* and P in z — x plane.

The calculated z p« and zp~ coordinates plotted in Figure 4.3 as superimposed to
x and z coordinates. Black points are represented by the point P for each particle in
the output file and along the inclined plane. Red points are produced by point P* and
they are on the shower axis as expected. As can be seen from the Figure, the number

of the particles have not changed but they are moved to point P*.

Using Equations 4.1 and 4.4 x and z coordinates of the point ' can be obtained.
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To find x subtract Equation 4.4 from Equation 4.1;

2p—za=2(B—B")+ B"-xp—B-x4 (4.22)

then xf is;

— 2 —B*-1p—B-
zp= A P (4.23)

To find zr each equation divided its coefficient then the Equation 4.4 is subtracted

from 4.1;

1 1

E'(Z—ZA)—B*

(z—zp)=xp—1xa (4.24)

and zr is obtained as;

B-B* - (xp—x4)+B*-z4—B-zp
B*— B

Figure 4.4 shows the distribution of the closest point to the shower axis which

(4.25)

Zp =

called as point £'. Depending on the position P of the particle below or above of the

shower axis, point /' may be before or after from the inclined plane.

After this step to obtain the radius of the circular plane where is generated as

random points between the points P and [

PF = \/(zp —xp)?+ (2p — 2r)? (4.26)

Figure 4.5 is the distribution of the distance PF'. This indicates that most of the

particles are around 100 m radius.

Using Monte Carlo to generate random numbers in a perpendicular plane to the
shower axis, yg and 2 are obtained. For the calculation of x¢;
za—zp+ B*-xp

TG = = (4.27)

The z, y and z coordinates of point GG are depicted in Figure 4.6 as in left side z
versus x and in right side z versus y. In Figure 4.6(a), total 177820 points are generated

on the G point. Figure 4.6(b) is the Monte Carlo points on a plane with a random PF'
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Figure 4.4. The position of point /" and P in 2 — « plane.

250 —

200

# of Event
2

100

50

0 Lwv b by by by TRLTMRTY Aok iy . d
0 50 100 150 200 250 300 350 400 450 500

r[m]

Figure 4.5. The distribution of the particles on the circle with PF
radius.
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Figure 4.6. The position of point GG in (a) z — x and (b) z — y planes.

for each particle. The created points in terms of the particle weights are symmetric.

And it is indicating that there is no bias on the analysis so far.

In this step, z, y and z are calculated for G*. For the calculation of x4+ and zg-

points Equations 4.2 and 4.5 are used.

A-x—A-xp=2z—2zp (4.28)
z—zp+A-xp
= 4.2
T I (4.29)
z=zp+A-x—A-xp (4.30)

and in result of the combination of these two equations, the relation can be

obtained;

2 — Zpx _ T — T px @31
ZG — Zp* g — T px
where zp+ and zp- are defined from the Equations 4.13 and 4.14 as,
aa - (z — zp+) = (x —xps) - bb (4.32)

Hereafter, x is used in relation between Equation 4.2 and 4.5 then added in to

29



Equation 4.32;

bb -z —bb - bb- A -
aa -z — aa - Zpx :< & Z};+ rr) —bb - zp- (4.33)

where z represents zg«;

A-aa-zps —bb-zp+bb-A-xzp—bb-zp:- A

. = 4.34
¢ A-aa—bb (4.34)
then calculation for x4+ the Equations 4.30 and 4.32 are solved together;
aa-(zp+A-x—A-xp)—aa-zps = (x —xp«) - bb (4.35)
aa-A-x—x-bb=aa-A-xp+aa-zp- —aa-zp — Tp~-bb (4.36)
then z - is;
aa-A-xp+aa-zp- —aa-zp — bb- xp=
.= 4.37
y: A-aa—Dbb (4.37)
and lastly ys~ 1s obtained following equations which have same slopes;
x—xp=m- (Y — yp~) (4.38)
r—xg=m-(y—yc) (4.39)
from these 2 equations;
I'_xp*_x_xG (4.40)

Y—yp  Y—Yqg

T-yYy—T-Yo—Tpr Y+ Tp Yo =T Yy —T-Ypr — T Y +ac-yp (441)
therefore yq+ is as follows;

Yo+ T — Yg - Tp*
aa '

Yo = (4.42)
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Figure 4.7. The position of point G in (a) z — = and (b) z — y planes.

Figure 4.7(a) shows the z5+ versus zg+ plot for the entire shower. This graph
represents the shower axis on the mountain surface with all particles real weights. Total
2901091 particles plotted to see the shower axis in the « — 2z plane. Figure 4.7(b) shows
the 2~ versus yg- for all particles of the shower and their weights taken equal to real

values of particles.

As the final configuration of the dedicated TAUWER array geometry,
the Figure 4.8 shows the unthinned inclined plane is superimposed to the thin inclined
plane on the mountain slope. The red zp vs zp plot which define the thin inclined plane
is superimposed to the black unthinned inclined plane which that 25+ vs z4+. Started
from coordinates of P(x,y, z) and momentum, and generate Py« coordinates (z, y, ).

There is a symmetry distribution on the inclined plane and no bias introduced.

It can be seen also from the Figure 4.9, the arrival directions of the examined
shower have similar distributions for zenith (¢) and azimuthal (¢) angles in both point
P and G*. The arrival directions of the shower are around 2.5° (it is # — 90) and 0.001°

for 6 and ¢, respectively.

4.2 Reconstruction of the Air Showers

In this section, the basic shower reconstruction procedure is studied in terms

of the methods that are commonly applied to detector arrays. Section includes the
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Figure 4.9. The arrival directions for point G* are superimposed to the
arrival directions of point P as (a) # and (b) ¢ distribution

examination of the simulated showers with respect to the particle percentages, the
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lifetime of the decay channels, the energy classification with the density of particles in
triggered stations mean arrival times, spherical shower front, and the thickness of the

shower front. Also the effective area and the acceptance of the array are studied.
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Figure 4.10. The variation of particle percentages on the 7~ 7° decay
channel with various development lengths.

The simulated showers include different types of particles such as electrons,
muons, pions, etc. The variation of the particles are examined for each development
length and energy and the Figure 4.10 shows these results. The most existing particles
in the showers are s as nearly 60% and above for each energy and development length
in the 7~ 7% channel. The e*s follow secondly almost 20 — 40% of the total particles.
The p*s and 75%s have similar percentages in the total number of particles.

In Figure 4.11, the most existing particles in the 7~ 77~ channel are s around
60% as in the 7~ 7" channel. The percentage of s increase slightly with the rise of the
development length. The e*s have almost same distribution with the 7~7° channel.
The percentage of ;1*s are increase due to the 7 in the decay channel. The 7*s have
similar percentages with the 7~ 7" channel.

The lifetime of the 7~7° and 7~ 7 7~ showers are examined in terms of their

energies and development lengths and Figure 4.12 shows the results. In 3 km and 7 km
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Figure 4.11. The variation of particle percentages on the 7~ 77~ decay
channel respect to various development lengths.
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Figure 4.12. The lifetime of the 7~ 7" and 7~ 777~ decay channels
respect to various development length in terms of shower
energies.
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development lengths, 7~ 77~ showers with the 107 GeV, 52107 GeV, 5210% GeV
and 10° GeV energies have bigger lifetime than 7~ 7° showers except 10 GeV. The
lifetime of the showers in 7~ 77~ decay channel are higher than 7~ 7 showers in 107
GeV, 10% GeV, 5210% GeV and 10° GeV energies for 5 km. In biggest development
length, 7~7 7~ showers are bigger than 7~ 7" showers in terms of lifetime for 52107
GeV, 52108 GeV and 10° GeV energies on the contrary 7~ 7° channel has long
lifetime in the energies 107 GeV and 10® GeV/ .

4.2.1 The Energy Reconstruction

The goal of the analysis is to determine the groups for different energies ranging
from 10® GeV to 10° GeV. The procedure of the energy reconstruction is started from
precisely determining of the shower core on the array. The e number in each station
and their distance to the core are determined. The number of e* per station, where
at least one e* for each station, plotted as a function of the radial distance from core.

This plot provides to group the different energy scales using number of e per station.
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Figure 4.13. The number of e* in the stations versus the radius of the
showers grouped in different energies.

The showers are grouped into 4 different energy scales as in Figure 4.13 in terms

of their energies ranging from 10® GeV to 10° GeV. It can be seen that there is an
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exponential relationship between the grouped energies and the radial distance from
core. Also the energy of the shower can be separated looking by the number of e as a

function of the radial distance.

4.2.2 The Time Spread

In this section, the simulated upward EASs via 7~ decay channel are selected
to observe the performance of the array placed on the inclined plane. The energy of
selected showers, developed in a 5 km development length are ranging from 107 GeV/
to 10° GeV. The simulated tau showers on 7~ decay channel are discussed in terms
of the time spread of the particles on the array for the possible trigger decision in this

energy range.
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Figure 4.14. Particle density in a back or front tile of the station on 7~
shower that decay 5 km far from the array plane. The array
is composed by 40 horizontal rows and 16 vertical rows
with 30 m apart.

Figure 4.14 shows the particle distribution on the array and referred to the center
of the shower. The color code shows the number of particles on the tiles and the most
hitted tiles are pink tiles on the center of the array. From these simulation studies, it
results the signature of tau shower, is a very high-density electron cluster centered on
the tau flight path. The maximum number of hits in a single station for tau shower at

1000 PeV ranges from 1500-2500 hits on the center.
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Figure 4.15. The time distribution of the stations on 7~ shower that
decay 5 km far from the array plane. The array is composed
by 40 horizontal rows and 16 vertical rows with 30 m apart.

The timing spread is computed by looking at the arrival times of all hits in a
shower, identifying the earliest, and subtracting that from the rest, so each of the
showers has the same relative timing reference. The color map corresponds to time
difference from earliest to latest. According to Figure 4.15, one shower has 1.6 us

time window.
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Figure 4.16. The distribution of the number of particles along the radius
of the shower and the time difference between the first and
last particle on each station as a color code are shown for
7~ shower.
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The average timing spectrum for 7~ decay channel between 107 GeV and 10°
GeV for T induced showers that hit any scintillator in the 640 stations has been studied.
The timing spread of the stations is computed by looking at the arrival times of all
hits in a shower, identifying the earliest which is selected as relative timing reference
and we find a time delay in a (4x4) sub-array around the center of the shower covers

approximately 0.3 ps.

The radius of the shower is evaluated from 1 or more hitted stations and the
first fired station is selected as the reference point for x, y and z coordinates. The
Figure 4.16 shows that both number of the particles and the time window of the selected
shower versus the radius of that shower. The most of the particles are around the first
100 m of the shower and they have nearly 300 ns time window. After first 100 m on

the shower, the time difference on the stations are getting bigger than that.

4.2.3 The Thickness and the Spherical Shower Front
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Figure 4.17. The mean arrival time for e* in 7~ decay channel for 5 km
development length as a function of radial distance from
core.

The time reported in the output file of CORSIKA for each particle is the time
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when particle arrives to the mountain surface. However, there is a small amount of time
difference between the detectors and the mountain surface. For this reason, corrected
time may be calculated for the particles passing through the detectors. The results
for e* are given in Figure 4.17. The time correction is made for the particles hit to
the detectors which their positions and time informations are known from the data
simulated in CORSIKA. The known time informations of the particles are the arrival
times to the 30° inclined mountain surface. The time difference is calculated from the
distance between particle position on mountain surface and the position of the detector.
The mean arrival time also determined as a function of radial distance from core as in

Figure 4.17. The result also shows that the spherical shower front with the increasing

mean arrival time in far from the core.
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Figure 4.18. The spherical shower front for 5 km development length in
7~ decay channel.

The Figure 4.18 shows the 7, e* and ™ radial distance from core as function of
arrival time. The blue points refer to v, green points to e* and red points to x*. The
figure expresses that the distribution of these particles in a shape of spherical shower
front with the change of arrival times. Some of these particles are positioned on the
right side of the graph depend to excess number of station on right side.

In order to determine the time structure of the spherical shower front, the procedure

presented by Agnetta et al. (1997) is performed. The standard deviation is determined
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Figure 4.19. The shower front thickness for 7~ channel in 5 km
development length.

as;

Wi 2

o= s = fean)” (4.43)

i—1 w; — 1
where t,,.q., 1s mean delay time, w; is number of particle on each station;

tmean = - (444)

— W

=1

The Figure 4.19 shows the thickness of the shower as a function of radial distance
from core and the fit depicts the shower front thickness exponentially increase with
the radial distance. The thickness is increase especially far from the shower core
depending to the characteristic of the spherical shower front. Linsley and Scarsi (1962)
also determined the shower front curvature using p* and e*. They reported that, the

radius of curvature of the e* front increases at bigger core distances as can be seen in

Figure 4.19.
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4.2.4 The Limits of the Array

The design for a detector array is important for an accurate detection. One of
these optimize parameters is to specify the limits of the detector array. To obtain
the zenith and azimuthal angle for array, the upper and lower limits are basically
determined from the location of the stations. A parabolic fit is applied to these limits.
For instance to get the acceptance of the array center, the zenith and azimuthal angles

are weighted with the number of particles on each detector.
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Figure 4.20. The acceptance of the array for 5210® GeV in terms of
zenith angle.

The Figure 4.20 shows the zenith 6 angle limits of the detector array as a result
of parabolic fit. In the graph, the particles of the showers having different development
lengths are examined in terms of upper and lower limits and also for a main acceptance
for these particles on the stations. The fits results show that, the upper limit for 6 is
94.8° and lower limit is 88.4° for 5210% GeV energy. The acceptance of the array for
showers in the same features is about 92°. This shows that the simulated showers can

be totally detectable with this array in terms of zenith angle.

The Figure 4.21 shows the azimuthal ¢ angle limits of the detector array as a

result of parabolic fit. The fits results show that, the upper limit for ¢ is about 18°
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Figure 4.21. The acceptance of the array for 5210® GeV in terms of
azimuthal angle.

and lower limit is —19° for the showers with an energy of 5210% GeV and different
development lengths. The acceptance of the array for the showers in the same features
is about 0.8°. This shows that the simulated showers can be totally detectable with this

array in terms of azimuthal angle.

4.2.5 Effective Area of the Array

The effective area of the TAUWER array is determined for all reconstructed
energies and all decay modes of tau. For this determination, the number of hits per
station is selected as at least 1 and upper. These particles can be obtained in an area
between 0.058 km? and 0.103 km?2, 0.127 km? and 0.153 km?, 0.150 km? and 0.172
km?, 0.175 km? and 0.198 km? for 10® GeV, 32108 GeV, 52108 GeV and 10° GeV
energy scales, respectively. That means, the maximum used area of the array is 20%,
30%, 34% and 40% for energies 10® GeV, 3x10® GeV, 52108 GeV and 10° GeV,

respectively.

42



2.5x10° —
T +
71[17:7 X
T T T
71‘C+7E?Ttg
T T TT
2.0x10° g
X
[ DK
3 +
3
£ 15x10° | X 1
(0]
E= T
3] X
]
1.0x10° | g
+
5.0x10% | |
| | | |
1x108 3x108 5x108 1x10°
Energy (GeV)

Figure 4.22. The effective area of TAUWER array for all decay channels
and development lengths.

4.2.6 Arrival Direction Estimation

The estimation of the arrival direction has an important role on the reconstruction
of the extensive air showers. Many different techniques have been performed (Acharya
et al., 1993; Aglietta et al., 1993; Ashton et al., 1979; Kh, 2016; Krawczynski et al.,
1996; Mayer, 1993). The arrival direction may estimated with the arrival times of
the particles on the shower front using coordinates (z;, y;, z;) of the detector stations.
These particles are the first arrived shower front particles for flat detector arrays in
contrast to inclined surface detector arrays like in a mountain surface. The first arrived
particles to the arrays on the inclined plane are generally in the bottom edge of the
shower front. But these particles do not give the information about the shower core.
Therefore to accurately determine the shower core is important. Accordingly the
arrival time of the core has to be precisely find. Then the time of the core is used

in the determination of the arrival direction by Chi-Square function.

A good way to obtain the arrival direction of the primary particle is to get exact
location of the shower core. In order to find the shower core, the location of the
detectors on the mountain surface, how many particles are passed from this position
and the shower information of these particles are recorded by counting the particles

passing through the detectors. This information is used to find the shower core of the
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particles on the detector distribution. In Equation 4.45, x.ore, Ycores Zecores Which are the
core coordinates, are found to be weighted by the total number of coordinates of the

particles. Weight means the number of the particles on the each detector.

_ Zz(x’b - w;) _ Zz(yz - w;) . _ Zz(zz - w;)
:L'CO'/'E - ZZ (wl) ) ycore ZZ (’LUZ) ) core ZZ (wl) (4'45)

Afterwards, the coordinates of the shower core are found according to the weights
of the particles, the core time is determined using the distance between the core location

and the most triggered detector coordinates (Z,naz> Ymaz> Zmaz)- Lhe core distance is

defined by following equation;

dcore = \/(xmax F ajcore)2 + (yma:r - ycore)2 il (Zmax - Zcore)2 (446)

When the core location is upper than the location of the most triggered detector
in terms of z coordinates, the core time t.,.. is found by subtracting the correction
value from the first coming particle time of the most triggered detector otherwise it has
to be adding. The correction value means the time frame that can be taken with the

speed of light c to the distance dc.

. d
Zf Zmaz > Zeore  beore = bmaz — 021”67 (447)
. d
Zf Zmaz < Zeore  teore = tmaz + CZTE . (448)

The estimation of the arrival direction is a basic procedure for reconstruction
of an EAS. There are many kind of reconstruction procedure using different shower
variables like the density and the coordinates of the particles and arrival
time informations. Also the structure of the detector array is effective on the calculation

of the arrival direction.

The more comprehensive investigations for the showers are started with the
presence of the core location and time. In order to determine the arrival directions
of the showers, a minimization is applied to the coordinates and time using the Minuit

program (James and Roos, 1975). The most common method used in the literature for
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finding of the arrival direction of the EAS is to fitting the recorded arrival time to the

expected arrival time to detectors and minimize them as given below (Kh, 2016).

N
= wi(t5F — 1) (4.49)

=1

where N is the number of stations and w; is the total number of the particles in
each station and it called as weight. The simplest form of t“*? is given by the Plane

Front Approximation and the plane is

n- (ri - rcore) =cC- (ti - tcore) (450)

where i = (n,, n,, n,) is the unit vectors on the EAS shower axis. If this

equation is rewritten;

na:(xz - xcore) + ny<yi - ycore) + nz(zz . Zcore) - C(ti i tcore) (451)

The minimization of x* solution in the limit of n7 + n? 4+ n? = 1is;

N
X2 = Z wz(nx(x - xcore) + ny(y - ycore) + nz(z - Zcore) - C<tz - tcore)>2 (452)

After this step, by obtaining the normal vectors of the shower plane as n,, n,,

n,, the arrival direction of the shower is determined.

n2x? + nzyf +n22? + 20Ny TY; + 20N, T2 4 20N Y20 — 2en, 25 (8 — teore) —
QCnyyi<ti - tcore) - Qanzi (tz - tcore) + 62 (tz - tcore)2
(4.53)

‘When the function in minimization is written as a more clear statement, the new

expression is in Equation 4.53.

o2 0 o o2 ox?

on, T Ony ’ " Oteore

— 4.54
o 0 (4.54)
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The new expression is now suitable to apply the solutions on Equation 4.54. For
each normal of the plane, the partial derivatives are applied and they give 4 equations

in below;

21, (@) + 2ny (- yi) + 20, (T - 21) 4 2Ctcore (i) = 2¢(; - 1;) (4.55)
2n, (- i) + 20y (Y2) + 2n,(yi - 2i) + 2t eore(Yi) = 2¢{y; - t;) (4.56)
2n, (- 2i) + 20, (y; - 2i) + 20, (22) + 2¢tcore(2i) = 2¢(2; - £;) 4.57)

2cn, () 4 2en,(yi) + 2cn.(z;) 4+ 26t eore = 2% (t;) (4.58)

where;

1N
:E;x 2) w;x (xits) th (4.59)

and so on. The Equations 4.56- 4.58 are simultaneous equations and they can

be solved using matrices. When these four simultaneous equations are put to matrix

form,
2(x2) 2wy 2wz 2c(xy) N 2¢(x; - t;)
2w -y) 200 20wi-m) 2y | | my _ | 2yt (4.60)
2w -2y 2yi-z) 228 2c(z) n, 2¢(z; - t;)
2c(x;) 2¢(y;) 2¢(z;) 2c? teore 2% (t;)

n, = ' ‘ ' 4.61)

(
20y 20 20y x) 2c(ys)
20wi-zi) 20yi-z)  2(2]) 2¢(
2c(z;)  2c(y;) 2¢(z;) 2¢?
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2(x?)  2c(wi-t; (
20i-yi) 2c(yi-ti) 2yi-z) 2c(yi)
2w; - z) 2e(z - t; (

2c(z;) 23 {t;) 2¢(z;) 2¢?

N ( 2(x?) 2wy 2w - zm) 2c(wg)

(4.62)

(
20w -y) 2y 20 z) 2c(y)
2w - z) 2y z) 228 2c(z)
2¢(w;) 2¢(y;)

2(x?y 2w -yi) 2e{m;-t;) 2c
20z -y 2(y7)  2c{yiti
2w - zi) 2y - zi) 2¢(z - t;) 2c

2c{z; 2c{y; 2¢%(t; 2¢?
Lo\ ) e 22 2 e
2(x2) 2wy 2w z) 2c

2 (x
20wy 20 2y x) 2c(ys)
20wi-2z) 2yi-z)  2(2)) 2¢(z
2c(z;)  2c(y;) 2¢(z;) 2¢?

[\
9}
—
RN
~—
[\
(@}
o
\—/\_/;/

Too much calculations have been implemented to obtain the normal vectors 7,

n,, n of the shower plane. The results provide the condition of n2 = 1 —n} +n; < 0.

The equations are solved and they give the results in below;

0 = cos™'(n.)
o, (4.64)
¢ = sin (sm(e))

On the other hand, the reconstructions of the arrival direction of the EAS are also
performed by the minimization of the 2 fit with same variables of the EAS. All the
minimization procedure is applied by the Minuit of the CERN library. This application

provides to save the time.

The arrival direction of the 7 induced shower is calculated with the core locations
and the core time based on the minimization of the normal vectors of each plane

by both hand solving and the Minuit library. The coordinates of the stations which
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triggered by the e* and their arrival times are put into the calculation of the normal

vectors (1, ny, n.) of the EAS.

The core location (Zcores Yeores Zeore) 18 determined using number of particles and
the locations of the detectors. For the arrival direction of the shower the number of the
eT are selected at least 2 in a station then these stations are taken into account. Also
the energy of the primary particle range between 100 PeV/ and 1000 PeV with 7 km

development length.
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Figure 4.23. The zenith angles 6 for 27 different showers are evaluated
from at least 2 triggered stations.
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Figure 4.24. The azimuthal angles ¢ for 27 different showers are
evaluated from at least 2 triggered stations.

The Figures 4.23 and 4.24 shows the arrival directions which 6 and ¢ for 27
different shower in the same energy range. The arrival directions 6 and ¢ are estimated
with an error of 0.16° and 0.045°, respectively. The detailed results for arrival direction

are given in Appendix-B.
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4.3 Effect of ECUT in the Analysis

CORSIKA has many properties in the creation of the EASs with several options.
The user can configure the input card of CORSIKA to achieve the desired result.
ECUT, is an option which defined as the low energy cut-off of the particle kinetic

energy for hadrons, muons, electrons and photons.

The effect of the different ECUT values is investigated in terms of the detected
particles in two different primary particle energy range for 7~ 7° decay channel. Shower
development length is selected as 5 km and the shower energy changes between 10°
GeV - 52108 GeV. The energy ranges grouped as low and high for ~ 107 GeV
and ~ 10® GeV and each group has 9 showers. The chosen ECUTs are 0.05 GeV
and 0.1 GeV for both hadrons and muons in this study. The results of doubling the
energy cut is compared for particle distribution on the same detector array distributed
on the mountain slope for upward 7 induced shower detection and these results are

published (Atik Yilmaz et al., 2018).

The array with a large zenith angle is constructed as an inclined plane on a
mountain surface to catch the Earth Skimming v,. The analyzation is made to determine
the number of particles (total, v, e*, u*) on the mountain surface, array, the center of
the shower and the width of the shower in 2 direction (y, z) as well as the reconstruction
of shower directions (zenith and azimuthal angles) with different arrival directions.
The width of the shower is defined from the number of hits on the detectors. The

different ECUT values and shower energies are related with the analysis.

The total number of particles (all types) are shown in Figure 4.25(a) as on the
inclined plane, on the array and around the center of the array with blue, red and
green colors, respectively. The energy scale is lower and ECUT value is 0.1 GeV for
hadrons and muons. Figure 4.25(b) is also for low energy scale with ECUT in 0.1
GeV case for hadrons and muons. It shows that ,ui numbers on the inclined plane,
array and around the center of the array with blue, red and green colors, respectively.
In Figure 4.25(c) for each showers, the diameter of the showers (in y,z directions) are
plotted from the detected particles in the stations. The diameter of the showers are
approximately 140 m and 136 m for y and z directions, respectively. Figure 4.25(d),
4.25(e) and 4.25(f) are for ECUT value of 0.05 G'eV for hadrons and muons. When the
results are compared with the ECUT value applied as 0.05 GeV/, the total number of
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Figure 4.25. For low energy scale the number of particles for (a) all, (b)
u* and (c) the shower diameters in y-z directions for 0.1
GeV ECUT, (d) total number of particles, (e) 4~ number of
particles and (f) the shower diameters in y-z directions for
0.05 GeV ECUT.

particles on the mountain plane, on the array and around the center of the array increase
as 10%, 5% and 6%, respectively. The ECUT for hadrons and muons is reduced by half,
the number of ;1 decreases on mountain plane and stay within the statistics error on the
array and around the center of the array. The average diameter of 9 different showers
increases 30 m in y direction and decreases 4 m in z direction when the ECUT value is

0.05 GeV'. Furthermore the area of the showers increases as 19% approximately with

50



total particles “itot

10" , : — . : ,
0 < Nyt > = 1.85395€+08 on Mountain 10 1ot = 808332 on Mountain
10 [ < Ny > = 10329.4 on Array 1 107"k . Wor =44.8889 on Array
10 <Nyt > = 567756 around Center 101 = 2511111 around Center
9
10 E 8
2 * * * w ] 10
2 8 * % = o
£ 10° ¢ 3 £
g « S 6L
- 7 « 10
© 10 E 5]
5 2
6 ]
E 10 g 10% b
10° 1 ,
% . . 10
10 - = - : E E
108 . . x . . 10° . . . .
0 2 4 6 8 10 0 2 4 6 8 10
shower number shower number
(@) (b)
detected Shower Diameter total particles
400 : : : 400 10" . , , =
<Y > =250 [m] around Center ——— 0 < Nyt > = 1.91482e+08 on Mountain
350 | < Z > =203.333 [m] around Center 1 350 1010 [ < Ny > = 10906.9 on Array
<Nyt > = 62118 around Center
9
300 | ! ! ] 1300 10 ) ;
13 8 * ¥ > x =
o 10° ¢ *
250 % ; | 250 £ 0 .
E 1 T S0
= 200 [ 1 9200 = °
> % N & 108 [
150 - 150 E
2 10°F
100 100 10t 4 : R
50 - 1 50 108 [
0 . . . . 0 102 . . . .
0 2 4 6 8 10 0 2 4 6 8 10
shower number shower number
(© (d)
ot detected Shower Diameter
= ; — 400 : ; : : 400
10 Wit = 1.00338e+06 on Mountain <Y > =270 [m] around Center
10 . MWy =53.1111 on Array 350 | < Z>=193.333 [m] around Center 1 350
Wiet = 287778 ‘around Center
10 ] soof |} : ] ] L, e
g 1 1
',E 250 % 1 250
@ 6 * =
« 10 —_
5 £ 200 {200 £
3 > i N
g 104 4 150 150
c
100 4 100
2
10° 3
3 3 50 50
10° . . . . 0 . . . . 0
0 2 4 6 8 10 0 2 4 6 8 10
shower number shower number

(e) ®

Figure 4.26. For high energy scale the number of particles for (a) all, (b)
u* and (c) the shower diameters in y-z directions for 0.1
GeV ECUT, (d) total number of particles, (e) 4~ number of
particles and (f) the shower diameters in y-z directions for
0.05 GeV ECUT.

the decreasing of ECUT on hadrons and muons.

Figure 4.26(a), (b) and (c) show the total number of particles and the number of
1 on the detection plane and the diameters of showers in high energy scale for ECUT
value equals to 0.1 GeV and when ECUT value equals to 0.05 GeV they are shown in
Figure 4.26(d), (e) and (f). When the ECUT value is changed from 0.1 GeV to 0.05
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Figure 4.27. The simulated arrival directions; .,;cuiateqa for hadrons
ECUT (a) 0.1 GeV, (c) 0.05 GeV in low energy scale, (e)
0.1 GeV, (g) 0.05 GeV in high energy scale, ¢.qicuiateq fOT
hadrons ECUT (b) 0.1 GeV, (d) 0.05 GeV in low energy
scale, (f) 0.1 GeV and (h) 0.05 GeV in high energy scale.

GeV the number of total particles increases about 3% on the mountain surface, 6% on
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the detector plane and around the center of the detector array. Also the number of ;*
on the mountain surface and the detector array increases while around the center of the
array is not changing. The size of the shower on the inclined plane which specified
from trigger at least 5 hits in the stations, is not changing by the reducing of the ECUT
value. The diameter of the showers are 250 m in y direction and it increases 20 m
and 203 m in z direction and it decreases as 10 m. Therefore the area of the showers
increases as 4% approximately with the decreasing of ECUT on hadrons and muons.
The area at the low energy scale increases more than at the high energy scale due to

the smaller increase on the diameter in y direction and the decrease in the z direction.

The arrival directions ( # and ¢) are calculated by the procedure which given in
Section 4.2.6. The calculated arrival directions of the simulated showers are shown
in Figure 4.27. The arrival directions are not affected significantly by changing the
ECUT on hadrons and muons. In the low energy scale 0.,cuiateq 1S 0.14° off for 0.1
GeV hadron ECUT and 0.11° off for 0.05 GeV hadron ECUT while ¢.qjcuiateq 18 0.18°
off for 0.1 GeV hadron ECUT and 0.05° off for 0.05 GeV hadron ECUT. In the high
energy scale 6.qcuiateq has 0.12° off for 0.1 GeV, 0.16° off for 0.05 GeV and ¢cuicuiated
has nearly 0.03° off for both hadron ECUT values.

4.4 Estimation the Number of Expected Shower

The knowledge about the UHECRs are still in an insufficient level depending the
low amount of data especially for the energies above 1000 PeV'. Many collaboration
have been developed different types of array Aartsen et al. (2017); Abbasi et al. (2013);
Abeysekara et al. (2013); Abreu et al. (2012a); Bellido et al. (2001); Sokolsky (2011);
The Pierre Auger Collaboration et al. (2015) to detect or collect the information about
the cosmic rays. Also the ultrahigh energy neutrinos can be detected with the ground
based detector arrays both coming from the atmosphere (downward going) or from
the Earth crust (upward going or Earth skimming) especially for the tau neutrinos
(Aartsen et al., 2016; Abreu et al., 2012b; Aramo et al., 2005; Asaoka and Sasaki,
2013; Iori et al., 2014). The v, detection is important due to have knowledge about
the astrophysical v, flux and the origins of them. Up to now there has been no distinct
detection of the high energetic v,. In this section, the number of the showers on the

TAUWER array is estimated using different v flux upper limits reported by IceCube
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from 3 and 9 years of data, respectively (Aartsen et al., 2016, 2014), (Aartsen et al.,
2018).

In this section, the probabilities for neutrino’s charged-current interaction with
the Earth shell and decay of generated 7 lepton will be estimated. By combining
them together the probabilities of showers generated from 7 neutrinos with different
energies and incident angles is derived. The simulation results of the expected shower
for TAUWER array will also be displayed at the end of this section and comparisons

will be made between these results for latest upper limit fluxes.

4.4.1 Probability Calculations

The v, flux is depended to the neutrino cross section because of they formed in
the neutrino conversion to tau lepton. The number of expected shower on the array
depends to the neutrino flux, the cross section of the interaction and the target. So the
cross section has to be known to determine how many shower can be observed in this

array.

There are two types of neutrino interactions; charged - current interaction and
neutral current interaction. In charged - current interaction, the neutrino is converted to
the charged lepton and in neutral current interaction, the neutrino transfers its energy
and momentum to the interacted particle. The charged - current interactions happen

with the changing of a W= boson, while in neutral current interactions Z° is changed.

The interaction of the v, with the nucleus in the Earth shell through charged -
current interaction is interested since a 7 lepton to generate a shower for detection on

the TAUWER array. The charged-current interaction can be represented as,

v, N — 17X (4.65)

where N is a nucleus.
The cross section for charged-current interaction of neutrino between the energy
10 PeV and 10° PeV according to CTEQ4-DIS within 10% based on the study by
(Gandhi et al., 1998) as;

Ez/ 0.363
ooc = 5.53 x 10730 em? <1 GeV) (4.66)
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where I, is the energy of neutrino.
The neutrino interaction length L;,,; in rock can be derived as
1

Lint = 4.67)
' gccNaprock /A

where N4 = 6.022 x 10%*mol~! is the Avogadro’s number, p,oc = 2.65g/cm?
is the density of rock and A = 1g/mol is the molar mass of neutron. The tau neutrino
v, has short interaction length in rock at high energies than lower energies as in
Figure 4.28. The charged - current interaction length of 7 neutrino is about 1818 km
for 50 PeV and 613 km for 1000 PeV .
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Figure 4.28. The interaction length of neutrino in rock with respect to
neutrino initial energy.

The probability of v, traveling from inserting point to the point of the charged -

current interaction happens in rock is obtained by the formula;

Pint = / St e (4.68)
0 int

where L is the path through the Earth’s crust and (L — z) is the traveling
distance before the interaction. The distance L integrated as 50 km and dz represents
the short distance for the charged-current interaction with rock to generation of a 7
lepton. Figure 4.29 shows the interaction probabilities of v for various initial neutrino

energies in terms of traveling distance in rock. When neutrino travels along a mountain
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Figure 4.29. The neutrino interaction probability with respect to
traveling distance in rock for different neutrino initial
energies.

in front of the array as in upper left side of the Figure 4.30, we can use the relation
L = 27 R cos(m — 0) with 6 < 90 for the “screening effect’and the radius of the Earth

is R = 6371 km. The screen is selected as 100 km to obtain 7 induced air shower.

As in Figure 4.30 the v, travels a distance (L — x) along the Earth’s crust and
interacts with the rock at the ” = ” point. It produces a 7 lepton by the charged-current
interaction, it travels through a distance (x) before emerging from the rock, hence it
interacts with the atmosphere, and starts to develop a shower which can be detected by

the array on the mountain slope.

In the simulations it also considered as; a mountain chain in front of the array
shown in Figure 4.30 as a "screen" to improve the tau emerging shower produced when
the neutrino interaction with the mountain chain. The thickness of the mountain chain
is considered as 100 km. The initial energy of the 7 is to be minimum 10 PeV to
escape from the rock before its decay in order for both the Earth Skimming v, method
(> 90°) and the mountain chain screen strategy (< 90°). The threshold distance of
travel between the interaction point and the surface of 7 has to be enough to generate a
shower in the air else the shower detection probability will be zero. So, the maximum
traveling distance of 7 may determined as 50 £m in the Earth shell depending on its

initial energy.
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Figure 4.30. The geometrical view of the neutrino skimming from the
Earth and using of a nearby mountain as a target while the
7 induced shower emerging from the rock to the detector
array (not in scale). L-x is the interaction distance for the
v,, the interaction point shown as ” x 7 symbol, x is the
traveling distance for the 7, and Ry, is the Earth radius.

The lepton inelasticity for the interaction is defined as y,

y=v_Zr (4.69)

where E), is the initial energy of v, and E" is the energy of the 7 lepton when it
is generated. < y > is nearly 0.2 for the analytic approximations by Reference (Dutta
et al., 2005). Dependently the average inelasticity, the tau energy E* is 0.8 E,,. So, the
7 lepton starts the traveling with the energy E’ and it loss some of the energy which

can be described as,

- dE.
dx

>= _(O-/ + 5ET)prock: (4.70)

where dx is the traveling distance of tau in Earth’s crust, o represents
the ionization energy loss and is nearly 2 x 1073 GeVem?/g and 3 represents the

energy loss from Bremsstrahlung, pair production and photonuclear interaction.

The different cases are formed for 5 by Reference Dutta et al. (2005) to find
the best result of Monte Carlo simulation and the following solution is selected for the

related energy range for this study;
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B = By + iln(E;/Ey)
i 4.71)

E. = exp[—@(l — PPy 4 ln(&)e’ﬁlpx]Eo
B Eq

where 3y = 1.2 x 107%em?/g, 81 = 1.6 x 107" em?/g and E; = 10'° GeV.
According to the Equation 4.71, the energy of 7 decreases when it travels. Also,
depends on the energy of 7 lepton, it can be escape from the rock before its decay.
We need to define a threshold energy to detect the shower more than few tracks in the
array and it is Fy, = 10 PeV. Thereby the = on the Equation 4.71 transform to Xy,
when Ey, = E.(Xy,), the threshold distance of travel between the interaction point
and the surface of 7 has to be enough to generation of shower in the air else the shower
detection probability is zero. So, the maximum traveling distance of 7 is 50 km in the

Earth shell based on its initial energy.

The survival probability of the tau can be represented in terms of the distance it

passed Dutta et al. (2005);

dPSUT"U _ PS’U/V"U

= _ 4.72
dx ctoE-/m; (4.72)
where t is the life time of 7 lepton.
dP, dz
surv. _ d
Psurv CtOET/mT f<m) !
(4.73)
where f(x) = _de
ctoE./m;

With Equation 4.73, the survival probability of tau is derived with the knowledge
of B, = E.(x)

Py = Ne™ Jo 1(@)dz 4.74)

where N is the normalization coefficient. Before the tau starts traveling, it is on

0 position so, the survival probability is 1 and N can be calculated as;
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Psurv‘x:O =1
N=1
. 60 BO i —pB1pz
E.(z) = exp(—— + (= + In(E},,/Fo))e )Eq
B B
1

Psurv = - —d
exp| /0 ctoE-(z)/m, g

where t; = 2.906 x 107! s is the mean life time of 7 lepton and the mass of 7 is

(4.75)

m, = 1776.82 MeV in Equation 4.75. Figure 4.31 shows the survival probabilities of
7 leptons with several initial energies versus the distance they passed. As can be seen
from the graph, the survival probability is exponentially decreasing while the thickness

of the rock was increasing.
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Figure 4.31. The neutrino survival probability with respect to traveling
distance in rock for different initial energies.

Finally, the escape probability can be obtained by the integration of the interaction
probability for v and the survival probability for 7 to various energies, path length and

incline angle as in follows;
Pescape = /Pintpsur'u

L 1 x 1
dpe L2/ Lint _—_oqppl / ——dx
\/0 Lint p[ 0 CtOET(x)/mT ]
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Figure 4.32. The escape probability of 7 with respect to traveling

distance for different initial energies.
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The results for escape probability in terms of traveling distance of 7 for different

initial energies are in Figure 4.32.

Escape probability with respect to 6 and v, energy
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Figure 4.33. The escape probability of 7 with respect to traveling

distance for different escape directions from shell.

100

The escape probability values in Figure 4.33 are calculated for incident angle

from 91 to 98 degree and the integral path is up to 50 km due to 7 decay length.
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The efficiency is determined by the number of stations having at least 1 hit over
total number of stations. The efficiency is used to evaluate the number of the showers
in the TAUWER array. The Figure 4.34 shows the efficiency of the TAUWER array in
terms of decay channels for the 100 to 1000 PeV energy range.
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Figure 4.34. The efficiency of TAUWER array for all decay channels
and energies.

4.4.2 Discussions

As discussed in Section 4.4.1, the v, interaction length and its charged - current
interaction probability are evaluated to calculate the 7 survival and escape probabilities
during traveling through the Earth and the mountain at PeV energies. Table 4.2 shows
the 7 escape probabilities calculated for different initial energies and escape directions
from the Earth’s crust. The escape probability calculations of each energy range
are separately added to the calculation of the tau neutrino event /N, to improve the

statistics.

The present neutrino upper limit fluxes are accepted to calculate at the 90%
confidence level of the v, event for the TAUWER array. The estimation is calculated

with;
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Table 4.2. The escape probability with respect to ¢ and v, energy

O(degree) / Energy (Pev) 10 20 50 100 200 300 500 1000
<90; L=100 km 3.221 x 1077 5.169 x 107 1.180 x 107 2.300 x 10~ 4.327 x 10®> 6.082 x 107° 9.027 x 107 1.454 x 102
91 2.681 x 107*  4.082 x 10~ 8.490 x 10~* 1.506 x 1073 2.510 x 107% 3.236 x 103 4.223 x 10~ 5474 x 1073
92 2.164 x 107* 3.099 x 107* 5782 x 107" 9.188 x 10~ 1.329 x 1073 1.550 x 1073 1.741 x 10~ 1.751 x 10~°
93 1.747 x 107*  2.353 x 107*  3.938 x 10~ 5.607 x 10~* 7.044 x 10~* 7.425 x 10~* 7.180 x 10~* 5.605 x 10~*
94 1.410 x 107 1.787 x 107 2.683 x 10™* 3.424 x 107* 3.734 x 10~* 3.560 x 10~* 2.963 x 10™* 1.796 x 10~
95 1139 x 107* 1.358 x 107* 1.829 x 107* 2,092 x 107* 1.982 x 10™* 1.708 x 10™* 1.224 x 10* 5.763 x 10~°
96 9.203 x 107° 1.032x 107 1.248 x 107*  1.279 x 10~* 1.052 x 10~* 8.207 x 107° 5.066 x 107> 1.852 x 107°
97 7438 x 1075 7.850 x 1075 8517 x 10™° 7.825x 107> 5.596 x 1075 3.948 x 1075 2.100 x 10~ 5.967 x 10~°
98 6.015 x 107° 5973 x 1077 5.819 x 107° 4.794 x 10~°> 2.980 x 10~ 1.902 x 10~° 8.718 x 107% 1.927 x 10~°
E"L(L(L'
N, = O(E)P,(E)(e(E) x B;)dEAtAAAQ 4.77)
Emin

0 0.0

7t w00, ot a0

where (. is tau branching ratios for 7=, 7~
modes, ¢ is efficiency of detector array in terms of the energy range (10 — 1000 PeV)),
P, is the escape probability of 7, 1 year period for At, 0.5 km? area and 7 km shower
development length. To evaluate the events, two scenarios have been taken into account

by the Equation 4.77: Earth-Skimming methd and the mountain cahin screen strategy.

Table 4.3. The number of events for TAUWER array corresponding to
the different upper limit flux in km~2sr~! per year.

Flux Scenario Energy range (PeV) Neyent

Skimming [100— 1000]  0.005

Skimming [10 — 1000] 0.08

2 x 1078 (GeVem ™25 1sr~1) (all flavor) (Aartsen et al., 2018) Screen [10 — 1000] 0.09
Skimming + Screen [100 — 1000] 0.14

Skimming + Screen [10 — 1000] 0.17

Skimming [100 — 1000]  0.008

Skimming 10 — 1000] 0.12

3 x 1078 (GeVem™2s1sr1) (all flavor) (Aartsen et al., 2014) Screen [10 — 1000] 0.13
Skimming + Screen [100 — 1000] 0.21

Skimming + Screen [10 — 1000] 0.25

Skimming [100 — 1000] 0.01

Skimming [10 — 1000] 021

5.1 x 1078 (GeVem™2s'sr™!) (v, flavor) (Aartsen et al., 2016) Screen [10 — 1000] 0.22
Skimming + Screen [100 — 1000] 0.36

Skimming + Screen [10 — 1000] 0.43

The expected number of events by the TAUWER array was estimated using the
latest neutrino flux upper limit reported by IceCube experiment (Aartsen et al., 2016,
2018, 2014). The results of different scenarios are summarized in Table 4.3. The
TAUWER array has 0.17, 0.25, and 0.43 events in km~2sr~! per year, respectively.
If the integrated time is selected like in the IceCube’s papers: the study done for 9
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years Aartsen et al. (2018) and 3 years Aartsen et al. (2016, 2014), the expected event
numbers for TAUWER array are 1.50, 0.75 and 3.83 in km~2sr~!, respectively.
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5. CONCLUSIONS AND RECOMMENDATIONS

In Section 4.1, the unthinning method for restoring information lost in THIN
option is described. The proof of this method is made with comparison of the thin and
unthinning showers in terms of the particle distributions on the mountain surface. The

results shows that there is no deviation for the distribution on the inclined plane.

The Section 4.2 summarizes the particle variation in terms of types, their arrival
times, the energy reconstruction procedure, corrected mean arrival time, spherical
shower front, thickness for the inclined showers and also the array properties such as,
acceptance and effective area. The properties of the TAUWER array are investigated
and the results show that the TAUWER array can detect all the simulated showers in
this study.

In Section 4.2.6, the main purpose is to determine the arrival directions of the
inclined showers detected on TAUWER array. In order to obtain the arrival directions,
the core location and the time for the shower core are used. The arrival direction
estimation are performed from the coordinates of the detectors on the array, the arrival
time of the particles and the number of the particles on the detectors. The core location
is achieved with a good precision, and the arrival directions are determined below 0.5

degree for all simulated decay modes, energies and development lengths.

In Section 4.3, the focus is on two goals. The first is to observe more muons in the
array with the reducing of the energy cut-off for both hadrons and muons. The second
goal is to analogise the performance of the array in terms of particle distributions,
shower diameter and arrival direction when reducing the energy cut-off to half value.
The total number of particles are comparatively changed with the reducing of ECUT
to half. Also the ECUT is more efficient on the high energy scale (~ 10® GeV) in
comparison with the low energy scale (~ 107 GeV). When the ECUT is reduced by
half the distribution of the muons on the high energy scale is raised. On the other hand
the arrival directions €.qcuiated ANd Peaicuiated 18 NOt depending to the differences on the

ECUT value considerably.

In Section 4.4 the estimation of the expected showers on TAUWER array is
studied using the latest neutrino flux upper limits. The results of different scenarios

are reported as TAUWER array has 0.17, 0.25, and 0.43 events in km~2 sr—! per
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year, respectively. To improve the number of showers in TAUWER array the Earth

Skimming method and mountain chain screen strategy are used together.

The thesis contains results which can be advisory about the optimization of
TAUWER array, the placements of detectors and the determination of the trigger for

different characteristic showers.
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7. APPENDICES

Appendix A
The number of particles on mountain slope, detector array and around the center
of array are simulated with/without THIN option for 5 different decay modes in 5

different energies with 4 different development lengths.
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Appendix B

The arrival direction of 27 showers estimated from the number of the e in the

center of core are selected as at least 1,3,4 and 5 in a station. The energy of the primary

particle range between 100 PeV and 1000 PeV with 7 km development length.
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Figure 7.1. The zenith angles 6 for 27 different showers are evaluated
from at least 1 triggered stations.
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Figure 7.2. The azimuthal angles ¢ for 27 different showers are
evaluated from at least 1 triggered stations.
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Figure 7.3. The zenith angles 6 for 27 different showers are evaluated
from at least 3 triggered stations.
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Figure 7.4. The azimuthal angles ¢ for 27 different showers are
evaluated from at least 3 triggered stations.
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Figure 7.5. The zenith angles 6 for 27 different showers are evaluated
from at least 4 triggered stations.
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Figure 7.6. The azimuthal angles ¢ for 27 different showers are
evaluated from at least 4 triggered stations.
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Figure 7.7. The zenith angles 6 for 27 different showers are evaluated
from at least 5 triggered stations.
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Figure 7.8. The azimuthal angles ¢ for 27 different showers are
evaluated from at least 5 triggered stations.
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