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ABSTRACT

CALORIMETRIC MODE PHOTON ANALYSIS USING THE ALPHA
MAGNETIC SPECTROMETER (AMS-02)

Tiirkoglu, Cenk
M.S., Department of Physics
Supervisor : Assoc. Prof. Dr. M. Bilge Demirk6z

February 2015, [68| pages

Alpha Magnetic Spectrometer (AMS-02) is a particle detector built for the purpose
of detecting primordial anti-matter and signals of dark matter. AMS-02 operates as
an external module on the International Space Station and will be operational for at
least 10 years. For finding traces of the strongest dark matter candidate, neutralino,
peaks in the background positron, antiproton and gamma ray flux have to be stud-
ied. For this purpose, AMS-02 includes a permanent magnet that bends particles and
anti-particles in opposite directions, a tracking system and high precision detectors
(Transition Radiation Detector (TRD), Electromagnetic Calorimeter (ECAL)) which
identifies electrons and positrons among other cosmic particles. There are two ways
to do photon analysis: conversion mode and calorimetric mode. Conversion mode
inludes the photons which start their showers in the upper parts of AMS-02 detec-
tor. In calorimetric mode, photons which convert into electron-positron pairs after
entering Electromagnetic Calorimeter (ECAL) are taken into account. In this thesis,
calorimetric photons will be studied above 5 GeV.

Keywords: Alpha Magnetic Spectrometer, AMS-02, Dark Matter, Weakly Interacting
Massive Particles, WIMP, Calorimetric Mode, Photon



0z

ALFA MANYETIK SPEKTROMETRESI (AMS-02) ILE KALORIMETRIK
MODDA FOTON ANALIZI

Tiirkoglu, Cenk
Yiiksek Lisans, Fizik Bolimi

Tez Yoneticisi : Dog. Dr. M. Bilge Demirk6z

Subat 2015 , [68] sayfa

Alfa Manyetik Spektrometresi (AMS-02), ilkel karsit madde ve karanlik madde sin-
yallerini bulmak amaciyla insa edilmis bir parcacik dedektoriidiir. AMS-02, Ulusla-
raras1 Uzay Istasyonunda harici bir modiil olarak islev gérmektedir ve en az 10 yil
boyunca calisacaktir. En giiclii karanlik madde aday1 olan nétralinonun izlerini bul-
mak i¢in pozitron, antiproton ve gamma 1sinimi akisi arkaplanindaki tepe noktalari
calisilmalidir. Bu nedenle, AMS-02 pargaciklari ve karsit parcaciklar: farkli yonlerde
biiken daimi bir miknatis, bir iz bulma sistemi ve elektron ile pozitronlar: diger koz-
mik parcaciklar arasinda tespit eden yiiksek hassaslikta dedektorler (Gegis Radyas-
yonu Dedektorii (TRD), Elektromanyetik Kalorimetre (ECAL)) icermektedir. Foton
analizi iki sekilde yapilabilir: doniisiim modu ve kalorimetrik mod. Doniisiim modu,
dusa AMS-02 dedektoriiniin {ist kisimlarinda baglayan fotonlar1 icermektedir. Kalori-
metrik modda ise, Elektromanyetik Kalorimetreye (ECAL) girdikten sonra elektron-
pozitron ciftine doniisen fotonlar gdz Oniine alinmaktadir. Bu tezde, 5 GeV iizeri ka-
lorimetrik modundaki fotonlar ¢alisilacaktr.

Anahtar Kelimeler: Alfa Manyetik Spektrometresi, AMS-02, Karanlik Madde, Zay1f
Etkilesen Devasa Parcacik, WIMP, Kalorimetrik Mod, Foton
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CHAPTER 1

INTRODUCTION

The Alpha Magnetic Spectrometer (AMS-02) is an astroparticle physics experiment
which was placed on the International Space Station (ISS) on 16th of May, 2011 and
has been collecting cosmic ray data since 19th of May, 2011. AMS-02 is orbiting the
Earth on the ISS at an altitude between 300 — 400 km. The position of AMS-02 can
be seen after it was installed on the ISS in Figure[I.I] The main objective of AMS-02

is to search for a dark matter signature and primordial anti-matter nuclei.

AMS-02 has several subdetectors such as Tracker, Electromagnetic Calorimeter, Tran-
sition Radiation Detector, Time of Flight Detector, Ring Imaging Cherenkov Detector
and a permanent magnet. AMS-02 can measure momentum of the charged particles
up to 3 TeV/nucleon and can also determine the charge by reconstructing the curva-
ture of the particle tracks inside the magnetic field. Energy of the electromagnetically
interacting particles such as electrons, positrons and photons can be reconstructed us-
ing the Electromagnetic Calorimeter. In addition, the incoming direction can be found
from the shower shape. The energy spectra of antiprotons, positrons and gamma rays

may possibly contain signatures of dark matter annihilation in the galactic halo.

AMS-02 collected more than 55 billion cosmic ray events for 1246 days as of 16th of
October, 2014 and is planned to continue its operation on the ISS until 2024, which
has already been approved. First publication of AMS-02 was on the measurement
of the positron fraction between 0.5 — 350 GeV using 8% of the expected total data
[14]. The latest publications are about positron fraction between 0.5 — 500 GeV" [3]],
separate electron and positron fluxes between 0.5 — 700 GeV [12] and combined

electron and positron fluxes between 0.5 GeV — 1 TeV [13]].



There are two analysis groups in the AMS-02 collaboration named Group A and
Group Alpha. These groups work on every analysis subject separately and they
present their work at monthly collaboration meetings. After these analyses are dis-
cussed and the collaboration reaches a consensus, then the analysis is finished and
is published. The METU-AMS team takes part in the Alpha analysis group with
the other member institutes such as MIT, LAPP-Annecy, Hawaii, Grenoble, IHEP-
Beijing, Academia Sinica, CIEMAT-Madrid and Geneva.

Figure 1.1: A photo of AMS-02 (right bottom) after it was installed on the ISS. In
this picture, taken on July 12,2011, radiators and solar panels of ISS can be seen as

well. This photo was taken during a space walk by the astronauts living on ISS [48]].

In this thesis, a calorimetric photon mode analysis is presented using the cosmic ray
data from AMS-02. A signal related to the annihilation of dark matter in the galactic
halo may be observed as a sharp peak in the photon spectrum [30]. In Chapter 2, the
observational evidence and current theories on dark matter are presented. In Chapter
3, subdetectors, subsystems and performance of the AMS-02 detector along with the
published results are presented. The calorimetric mode photon analysis is described

in detail in Chapter 4 and a conclusion is given in Chapter 5.



CHAPTER 2

DARK MATTER

In this chapter, observational evidence of dark matter will be presented briefly. Par-
ticle nature of dark matter and different possible detection mechanisms, specifically
detecting the annihilation into photons, will be discussed. In the last section, the

interaction of photons in detector material will be presented.

2.1 Observational Evidence

There are various observational evidence for the existence of dark matter. The first
evidence came from a Swiss astrophysicist Fritz Zwicky who was looking for the
dispersion speed of a group of seven galaxies in the Coma Cluster in 1933. The
discrepancy he found between the dynamical and luminous masses of the galaxies led
him to conclude that there might exist extra mass which does not emit light, hence he

called it dark matter [58]].

In 1970, Vera Rubin carried out measurements of the velocity curve of the spiral
galaxies [46] and she found out that galactic rotational curves were flat; they didn’t
show the expected decrease at large radii [45)]. She suggested that this could be ex-
plained by dark matter having a halo shape and its contribution may be the reason for

this flatness.

The observation of Bullet Cluster, two colliding galaxies, demonstrates that the cen-
ter of the baryonic mass and the centre of the total mass can be spatially different,

providing a rare visual tool for understanding dark matter [28]].
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Cosmic Microwave Background (CMB) radiation, the thermal radiation filling the
Universe, provides a measurement of the dark matter content of the Universe. Ac-
cording to the results of Planck Space Telescope of European Space Agency (ESA),
the Universe consists of 4.9% atoms, 26.8% dark matter and 68.3% dark energy [9]].

Cold dark matter is the theory that is seen as the most likely dark matter candidate by
cosmologists because it gives the best description of observed phenomena as the Uni-
verse evolves from small structures to galaxy clusters. This theory has been favoured

since 2006 [18]].

2.2 Dark Matter as a Particle

Cold (non-relativistic) non-baryonic dark matter particles are the leading candidates
for particle nature of dark matter. There are two strong candidates for cold non-

baryonic dark matter: axions and weakly interacting massive particles (WIMP).

The theory of axions arise from a possible solution to the strong CP problem in QCD

[43]]. The mass of the axions is constrained to the scale of 1072 eV [37].

The other candidates for dark matter are WIMPs which are very stable and which can
arise in different extensions to the Standard Model such as hidden valley theories and

supersymmetry (SUSY).

The significance of SUSY comes from the fact that it naturally relates fermions and
bosons through a symmetry. According to SUSY, each Standard Model boson has
a fermion superpartner and vice versa. In several versions of SUSY theories, the
lightest supersymmetric particle (LSP) neutralino is the most theoretically devel-
oped WIMP candidate. LSP is predicted to be stable by an exact discrete symmetry
called R-parity. Linear combinations of superpartners of photon, Higgs and Z called
photino, Higgsino and Zino, respectively, make the neutralino. It is predicted that
the mass of the neutralino should not be more than a few TeV and it should interact
weakly with baryonic matter. The cosmological abundance should be €2 ~ 1 if a
WIMP as neutralino exists. This should also correspond to the existing dark matter

content in the Universe [37]. If WIMPs are the reason for the flatness of the galac-

4



tic rotation curves, this can have two implications. One of these implications is that
local halo density should be about 0.3 GeVem ™3, The other implication is that they
should have a velocity dispersion about 220 km s~! and have a Maxwell-Boltzmann

distribution [37]].

2.3 Dark Matter Detection

The interaction of WIMPs with ordinary matter occurs through three different mech-
anisms. These mechanisms are scattering (direct detection), production (collider)
and annihilation (indirect detection) as shown in Figure 2.1} In order to test these
mechanisms, different experiments should be conducted. All three of these meth-
ods need to be established before physicists can claim that dark matter particle has
been discovered. In direct detection experiments, scattering of dark matter particles
from baryonic matter is investigated. Collider searches aim to produce dark matter
particles and detect them through missing transverse energy in their detectors. Ex-
periments involving indirect measurements look for the excess particles coming from

the annihilation of dark matter particles.

AMS

Annihilation
¥X+xy—e ,p,V,...
—
LUX ~f 4 p.p.e,e,y
DARKSIDE £ 3,
XENON 100 g ?
COMS II T
w T = — &
= X ,P,€ €, Y
EEEEEE———
XTXxX<<p+tp
Production

LHC

Figure 2.1: Different dark matter detection mechanisms [S3]].

Since WIMPs are predicted to have low velocity, elastic scattering of spin independent

interactions are considered as the dominant mechanism of their interactions [47]. The



reason scattering experiments are conducted underground is that cosmic ray back-
ground is reduced compared to laboratories above the ground. Noble liquid detectors
and cryogenic detectors with carefully selected non-radioactive isotopes are the most
common types used for direct detection. Noble liquid detectors looks for the flash
of the scintillation light generated by the collision of a particle with the noble liquid
like argon or xenon. Cryogenic detectors work at temperatures less than ~100 m K in
order to detect the heat generated after a particle hits an atom in the crystal absorber

such as germanium.

The signal for dark matter particles can be found in accelerator based collider exper-
iments, like LHC, through the missing transverse energy (MET). There are searches
for dark matter from CMS (Compact Muon Solenoid) [38]] and ATLAS (A Toroidal
LHC ApparatuS) [2] experiments. These searches are based on different SUSY mod-

els and masses up to 700 GeV have been ruled out in several of them [1].

As for indirect searches, standard model particles can be produced in the annihilation
of dark matter in the Galactic Halo. If dark matter particles collide in the galactic
halo, they can annihilate into SM particle anti-particle pairs like W-W™*, ZZ, 77+,
H H tt etc. These particles will then decay into the few stable particles known such

as e+, p, p, v, v and ~y. These mechanisms can be shown as follows:

X+XxX—=p+..
et 4+ ..
-+

Protons and electrons are abundant in cosmic rays and finding a dark matter signature
in them could prove formidable. If a deviation occurs from the expected power law
spectrum for rarer particles such as anti-protons, positrons and gamma rays, this can
hint a signal of dark matter. One of the most interesting research on cosmic rays is
positron fraction. A publication by PAMELA shows the positron fraction with 24500
positron events observed during a three and a half year period [10]. Also, AMS-
02 published two papers on positron fraction, which will be discussed thoroughly in

Chapter 3, with more statistics and a higher energy range.

Neutrinos are extremely difficult to detect and there are a couple of experiments

searching for high energy neutrinos. ICECUBE experiment is one of these experi-
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ments. I[CECUBE is a neutrino observatory buried 2500 meters deep in Amundsen-
Scott South Pole Station [S0]. ICECUBE put an upper limit for the cross-section with
respect to the WIMP mass in between 300 GeV — 100 T'eV for the vv annihilation

[3].

2.4 Dark Matter Signals Through Gamma Rays

Gamma rays play a dramatic role in the search for a dark matter signal. The differ-
ence of gamma rays from charged particles is that they do not have electrical charge.
Gamma rays travel from their sources without being affected by the magnetic field. In
this way, gamma rays can be traced back to their origin and the coordinates at which

possible dark matter annihilations occur can be determined [22].

Given that the kinetic energy of dark matter particles are low, the spectrum of these
photons must have a soft cut-off at the kinematical limit at £, = m, where m,,
stands for the mass of the dark matter particle. It is highly probable for the electrons
and positrons produced from the dark matter annihilations to generate gamma rays
through the processes such as Bremsstrahlung and inverse Compton scattering. This
leads to a non-negligible contribution to the low energy photon spectrum from the
annihilations of dark matter occuring near the Galactic Plane [31]]. A possible way of
detecting dark matter is to look for a broad bump-like structure on the spectrum [23]].
However, since the expected photon flux is generally weak when compared to the
astrophysical sources, striking signatures from the experiments become valuable in
trying to recognize a signal. Detecting a narrow photon line that originates from dark
matter particles annihilating into vy, where x could be a gamma ray, a Higgs boson,
a Z boson or a particle that is not from SM, could be considered as a distinctive signal
[4]. Another drawback in the search for photons in cosmic rays is their abundances

compared to the other cosmic particles.

For each positron in cosmic rays, there are 100.000 protons and for each anti-proton,
there are 100 electrons. This makes the distinction between positron/proton and
electron/anti-proton crucial for such searches [48]. However, the ratio of photons

to protons is much lower than the ratio of positrons to protons. The number of pho-
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tons is substantially small since a huge percentage of the cosmic rays is protons.

Consequently, this makes protons the greatest background in photon research.

There are two ways to observe gamma rays: directly from space or from ground based
experiments. The first one is trying to detect photons passing through a detector in
space. These experiments have small effective areas and because of the limits on
the resolution, have upper bounds on the gamma ray energies they are able to detect.
However, photons at relatively small energies can be observed and the field of view
is larger compared to the second option which is ground based experiments. Imaging
Air Cerenkov Telescopes (IACTs) can detect Cerenkov light emitted by the shower
of particles starting in the upper atmosphere and use image reconstruction algorithms
for determining the features of the primary gamma ray. These experiments are good
at pointed observations because of their small field of view and large effective area.
However, they have a lower bound on the energy for making distinction between the

gamma rays and background particles such as protons and muons [23]].
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Figure 2.2: A claimed deviation from the power law spectrum at 129.8 GeV from the

observations of FERMI LAT is shown [56]].



FERMI LAT claimed to have observed a deviation in the power law spectrum approx-
imately at 130 GeV in the area close to the Galactic Center. This signal was based
on 50 photons. If this signal is to be interpreted as dark matter particles annihilating
each other and give out photon pairs, then the measurements show that the mass of
the dark matter should be m, = 129.8 & 2.4 GeV. Figure [2.2] shows the spectrum
around this energy level as observed by FERMI LAT [56].

5%
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T
w
»
5
> All sky minus GP + GC
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S Fit range: 12.8 to 263.7 GeV
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x*/dof=1.2, # of bins fit=62
fit prob. =0.17
107 . =
10! 102
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Figure 2.3: Gamma ray flux measured by FERMI LAT multiplied by £? is drawn with
respect to the energy. A power law fit, in red, corresponding to the measurements is

also shown. The gray area stands for the systematic uncertainty of the analysis [8].

Another publication by FERMI LAT shows gamma ray flux measurement up to the
energy 263.7 GeV and it is shown in Figure[2.3|It was fitted with a power law [8].

2.5 Interaction of Photons in Detector Material

The analysis conducted for this thesis is on the photons showering in the calorimeter
of AMS-02. Photons create positron-electron pairs when they interact in matter and
this phenomenon is known as the pair production. These electrons and positrons then

shower electromagnetically.

Electromagnetic shower is a process in which longitudinal development is dominated

by three different processes. The formation of the shower is caused by pair production
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and Bremsstrahlung whereas the expiration occurs due to the ionisation of atoms
[19]. When a highly energetic gamma ray converts to e*, these particles then emit
Bremsstrahlung photons. If they have enough energy, these photons converts to e*
pairs again and this process continues until the energy of the electrons drop below the
critical energy E. defined as the energy at which energy loss of electrons by ionization

of the material molecules becomes the dominant process [S1]].

The showering process can be constructed as a simple model using the radiation
length which will be explained later in this section. A photon with energy Ej will
convert into an e® pair approximately after one radiation length. Both electron and
positron will have the same energy which is /2. After another radiation length, this
will be followed by release of Bremsstrahlung photons from the e* pair which will
double the total number of particles with two photons and an e* pair. The photons
and the pair will have approximately equal energies that is equal to F /4. Then, at the
third radiation length, these Bremsstrahlung photons will pair produce and the total
number of particles in the cascade will be equal to 8. Figure 2.4 shows an example of
an electromagnetic cascade. Continuing this process, the number of particles can be

calculated using the total number of radiation lengths before the shower dies:
N =2 2.1

where ¢ is the number of radiation lengths. Also, the average energy can be calculated

using:
E(t) ~ — (2.2)

The result wouldn’t have differed if the starting particle was an electron or a positron.
In addition, maximum penetration depth of the shower can be calculated as well if it

is assumed that the shower stops at F,:

Fy
E<tmax> = Vtmar = E. (2.3)
If this equation is solved for ¢,,,4,:
InLe
Ee (2.4)

tmaz =
n2

Then, maximum number of particles can be calculated as follows:

E
N~ 0

maxr —
E.

(2.5)
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This calculation gives an approximate picture of the showering process. However,
in reality, the number of particles rises exponentially and peak at a broad maximum,
then decreases slowly.

Energy per particle
Primary ~

JSRVAY;

C o . 2
E =Xy eeeeeeeeeee e O TS RGO e,
Ey/2
T =2X0 i B e D N e
Ey/4
T=3X) i B R e N e

Figure 2.4: A photon showering through pair production and the converted e* pair
through Bremsstrahlung. An electromagnetic cascade is developed by these two pro-

cesses [119].

Pair production is a process in which a photon transforms into an electron-positron
pair. This process can only happen in the presence of a third body like a nucleus
to conserve the momentum. For a photon to pair produce, it should have at least

1.022 MeV energy.

Pair production is related to the Bremsstrahlung theoretically if a substitution rule is
used. When the calculations for one process is carried out, the results related to the
other one follows. In the case of Bremsstrahlung, electrons screening the nucleus has

an important part in pair production.

Mean free path, A4, of a photon for pair production can be calculated using the total

cross-section which depends on Z, as follows [40]:

1

N Tpair

(2.6)

>\pair ==

where N stands for the density of the atoms and 7,,,, stands for the pair production
cross-section of a photon. From mean free path, radiation length can be calculated.
Radiation length is a material characteristic which gives information about the en-

ergy loss of high energy electromagnetically interacting particles such as positrons,
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electrons and photons. High energy positrons and electrons lose energy in matter
via Bremsstrahlung and photons via pair production. The amount of material passed
for these interactions to occur is defined as the radiation length and it is measured in
g/cm?. Radiation length is shown with X and its relation with the mean free path is

as follows [40]:

Xo >~ g)\pm 2.7)

For positrons and electrons, it is defined as the mean distance at which the particle
loses its energy by Bremsstrahlung until 1/e of it is left. For photons, it is defined as

the 7/9 of the mean free path in which pair production occurs [51].

In the next chapter, AMS-02 with special emphasis on the calorimeter, which has a

radiation length of 17 X, will be presented.
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CHAPTER 3

AMS-02 EXPERIMENT

In this chapter, AMS-02 experiment and the different analysis methods for photons

will be discussed and the current publications of AMS-02 will be presented.

3.1 AMS-02 on the ISS

AMS-02 is a multi-purpose particle detector and its blown-up view can be seen in
Figure [3.1] It was delivered to the International Space Station with the space shuttle
Endeavour on May 16, 2011. After it was stationed on the ISS on May 19, 2011,
the AMS-02 started taking data. Currently, AMS-02 is travelling around the Earth on
the ISS at an altitude between 300 and 400 km. It has collected more than 56 billion

events so far.

AMS-02 has five subdetectors and a permanent magnet. Transition Radiation De-
tector (TRD), can identify electrons and positrons among protons. Silicon Tracker,
with the help of the permanent magnet, can identify the rigidity and the charge of the
particle. Time of Flight (ToF) detector can measure the charge and the velocity of the
charged particles. Ring Imaging Cerenkov Detector (RICH) can measure the velocity,
the charge and with the help of the Silicon Tracker, the mass of the charged particle.
Electromagnetic Calorimeter (ECAL) can measure the energy and the direction of the

electromagnetically showering particles.

The coordinate system of AMS-02 is defined such that the Z is the axis points from

the centre to the top. The direction of a downgoing particle in the AMS-02 coordinate
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Figure 3.1: The blown-up view of AMS-02 showing the sub detectors and the sub
systems [32]]

system is defined as Z = —1. Magnetic field of AMS-02 points in the + 2 direction
which bends the charged particles in the 4 ¢ directions. Therefore, y - z plane is
called the bending plane.

Now, a short description of the subdetectors will be given.
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3.1.1 Subdetectors
3.1.1.1 Anti Coincidence Counter

While AMS-02 is optimized to take data for downgoing particles, in space, particles
come from all directions. Particles coming from the sides could cause complications
for analysis because they might leave hits in the tracker which can lead to the mis-
reconstruction of the track and consequently, the charge. In order to eliminate this
possibility, an anti coincidence counter was placed around the tracker and it vetoes
charged particles coming from the sides. ACC is formed from sixteen 8mm thick
scintillating panels [49]. The particles coming from around the magnet are elimi-
nated using the time information while the back scattered particles coming from the

inside of AMS-02 acceptance are accepted as shown in Figure (3.2

MAGE*’,

ACC

Tracker

ECAL
Horizontal Particle High-Z particle Backsplash Event
REJECTED TAKEN TAKEN
Figure 3.2: Working principle of the Anti Coincidence Counter (ACC). If particles
coming from the conversion of a high Z particle or back splashed events hit ACC
from inside, these particles are accepted whereas particles hitting ACC from outside

are rejected [48].

3.1.1.2 Silicon Tracker and Magnet

The observable difference between a particle and its anti-particle is its charge. Sili-
con Tracker, with the help of the permanent magnet, is responsible for making this

distinction. Charged particles bent by the magnet are reconstructed as tracks in the
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tracker and give the rigidity information defined by the following:

R = - (3.1)

where R is rigidity, P is momentum and Z is the charge. Since the magnetic field of the
permanent magnet is known accurately and the curvature of the particle is measured,

the rigidity is calculated with the equation
R=B-r (3.2)
where B stands for the magnetic field and r for the curvature.

Silicon Tracker has nine layers. Upper tracker layer is situated at the top of the TRD
and the lower between the RICH and the ECAL whereas the other seven layers are
inside the volume of the magnet and the ACC. Each layer is constructed out of ladders
that are made up of the groups of double-sided micro-strip silicon sensors volume of
each is 41.360 x 72.045 x 0.300 mm? [24]. The spatial resolution for the tracker in
the bending yz plane is 10 pm whereas in the xz plane it is 30 gm. The magnet is
made from Neodymium-Iron-Boron [49] and has a 0.14 7" magnetic field [27]. The

magnetic dipole moment outside the magnet is of negligible scale [49].

Tracker tracks are reconstructed out of these hits. By minimizing the fit residuals,
rigidity of the charged particle is calculated [49]. As track rigidity increases, a small
deviation from a straight line determines the charge of the particle. How well the
tracker planes are aligned becomes the dominating source of systematic error for high
energy rigidity measurements. The Tracker Alignment System (TAS) monitors geo-
metrical stability of the tracker. Measured misalignments are then corrected offline

[48]].

3.1.1.3 Transition Radiation Detector

The tracker cannot differentiate between both positively charged protons and positrons
with the same momentum. Besides a calorimeter, the only detector that can differenti-
ate between a high energy positron and a proton is the TRD. When an ultra relativistic
(7 > 300) charged particle crosses from one media to another media each with dif-

ferent dielectric constants, transition radiation in the range of X-rays is emitted and

16



can be detected to differentiate between a 100 G'eV positron which has v = 195167
and a 100 GeV proton which has v = 106 [24].

The TRD is constructed from 20 layers of alternating radiator material which consists
of thick fibre fleece with 20 mm thickness and 0.06 —%; density and gas proportional
tube detectors. Of these 20 layers, the upper and the lower 4 layers give information
in the £ while 12 in the middle give information in the 3 direction. The proportional
tubes are filled with X e : C O, with the ratio 90 : 10 [20]. The discrimination between
e* and protons is achieved by combining the signals from all of the layers of the TRD
in a TRD estimator constructed from the ratio of the log-likelihood probability of e*
to the log-likelihood probability of protons using the hypothesis for these particles.
The rejection power for protons using the TRD estimator at an e* efficiency of 90%

measured on orbit is approximately 10% at 110 GeV [39].

3.1.1.4 Ring Imaging Cerenkov Detector

RICH is a subdetector which can measure the velocity of the particle. When a particle
traverses a medium at high velocities, its speed in that medium can be greater than the
speed of light in that medium while being smaller than c in the vacuum. This particle
emits light in the shape of a cone named the Cerenkov effect. From the angle of the
cone, the speed of the particle is calculated using the refractive index of the material
used to construct the RICH radiator. The formula for the calculation of the velocity
from the angle is as follows:
1
O0c = — 33

¢= 8 (3.3)

fc stands for the Cerenkov angle and n for the refractive index of the material. /3

means © from which the velocity of the particle is retrieved [25].

Another important aspect of the RICH is that it gives the mass information indirectly
when used together with the tracker and the ToF. Cosmic rays include charged heavy
nuclei, which differ in masses. If the mass is measured, heavy nuclei can be identified

with great precision. The equation used to calculate mass is as follows:
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m:];.f-\/l—BQ (3.4)

R stands for rigidity retrieved from the tracker and Z stands for the charge retrieved
from the tracker, ToF or RICH. £ is the ratio of the velocity of the particle to the speed
of light c.

The velocity resolution estimated for RICH is 63 = 103 fora 8 = land Z = 1

particle and it increases up to the limit of §3 = 5 - 10~* with increasing charge [42].

3.1.1.5 Time of Flight

The primary purpose of the ToF detector is to provide a fast trigger for AMS-02. In
addition, it can also measure the velocity and the direction of the charged particles
and photons that have converted before ToF. The absolute charge can also be mea-
sured using ToF which can complement the measurements of the other sub detectors
[49]. Figure [3.3] shows the Time of Flight detector before the macro assembly of
AMS-02. The ToF can provide timing information of downgoing or back scattered
particles which is crucial for calorimetric photon background reduction. Charged par-
ticles coming from above the calorimeter can be eliminated and ones coming from the

conversions inside ECAL can be retained.

Figure 3.3: The pictures of the upper (left) and lower (right) ToF planes [8]].

There are four ToF layers that are made of ployvinyl-toluene paddles [42]]. Each of
these paddles have the dimensions 1 x 12 x 120 ¢m? and each layer has, starting from
the top, 8, 8, 10 and 8 paddles in its structure [48]]. Every paddle has two to three
photomultiplier tubes at the ends for efficiently detecting particles going through it
[20]. Two of these layers are above and two of them are below the magnet. One of
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the layers in each pair is in Z and the other is in 3 directions [48]. The active area of

each ToF plane is 1.2m? and the geometrical acceptance for ToF is 0.4m?.

The time resolution of each ToF photomultiplier counter is 160ps. The velocity reso-
lution for the overall system was measured to be 4% for Z = 1 and 8 ~ 1 particles.
The charged particle trigger is provided by the match between all four ToF layers
[20]. Charge resolution of ToF according to the measurements is .2 ~ 0.05 for a

Z =1 particle [14].

3.1.1.6 Electromagnetic Calorimeter

Charged particles deposit energy in their interactions with materials and especially
rapidly lose energy in dense materials. This phenomenon measured in a dedicated
calorimeter is called a particle shower. By using a fine granularity calorimeter, the
profile of the energy deposited can be measured and the type of the particle deter-

mined.
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Figure 3.4: The different reactions in ECAL when an electron and a proton passes

through [48]].

The characteristic length of interaction for an electromagnetic interaction is radiation
length, details of which are given in Chapter 2. An electromagnetic calorimeter gen-
erally has more than a couple of radiation lengths. The amount of radiation lengths
in a calorimeter depends on factors such as the cost and the size of the calorimeter

[S1]. Since the shower length increases logarithmically with increasing energy, the
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thickness of the detector to fully measure the shower should increase logarithmically
with the energy of particles. The amount of shower which is not contained inside the
active area of the calorimeter is defined as the leakage. Leakage leads to lack of in-
formation regarding the particle since the overall shower information is not acquired.
The thickness of the calorimeter which includes the 95 % of the total shower energy

is calculated as:
tos o 2 timax + 0.082 + 9.6 3.5

where unit for t95 ¢ and ¢,,,, 1S in radiation lengths and Z stands for the atomic
number of the material. In a calorimeter with X, ~ 25, the leakage in longitudinal

direction is less than 1 % for electrons with energies up to 300 GeV [35].
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Figure 3.5: A part of the lead-fibre-glue composite structure of the ECAL [49].

The AMS-02 ECAL is designed for discriminating e* and photons which inter-
act electromagnetically from the more abundant protons which interact hadronically.
Since the charges of a positron and a proton are the same, the only subdetector ca-
pable of discriminating them is ECAL in addition to TRD. ECAL can discriminate
one positron in about 10° protons. The total depth of the instrument is equal to 17
radiation lengths and also to 0.6 nuclear interaction lengths [49]. Electrons shower
electromagnetically and they can deposit all of their energy in the calorimeter while
at high energies, the shower may not be fully contained and might leak outside the
calorimeter. A hadronically showering particle such as proton has a lower probability
of showering inside the ECAL since 0.6 nuclear interaction length is not enough to
stop it. If these protons were to act as minimum ionizing particles (MIPs), then they
would leave an energy deposition of about 2.1 GeV in the calorimeter. Therefore,
this analysis is carried out above 5 GeV in order to reject the considerable amount of

low energy protons trapped in the geomagnetic field of the Earth. A figure showing
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an electron and a proton passing through ECAL is shown in Figure [3.4]

Figure 3.6: An image of the support structures and the fibres of the ECAL [49].

The AMS-02 ECAL is constructed out of lead/scintillating fibre sandwiches and it
has an active volume of 648 x 648 x 166.5 mm? [49]. It is composed of 18.5 mm
thick superlayers. Each of them is made of eleven 1 mm thick lead foils which are
grooved, interleaved with layers of 1 mm diameter scintillating fibres and then glued

together with epoxy [49]. This structure is shown in Figure

The resulting composite structure has a density of 6.8¢g/cm? and the active part of the
ECAL has an approximate total weight of 638 kg. The main sensors of the ECAL
are Hamamatsu R-7600-00-M4 multianode photomultipliers and the plexiglass light
guides, which reduce the cross-talk and maximize the collection of light, couple to
the fibres. Silicone joints enhance the optical contacts. Every PMT has 8.9 x 8.9mm?
anodes. There are 18 layers in longitudinal and 72 samplings in lateral direction
which amounts to 1296 readout units in total. In order to achieve the 3-D imaging for
the shower development, 10 layers, which is equivalent to 5 superlayers, are in ¢ and
8 layers, which is equivalent to 4 superlayers, are in = direction. These superlayers
alternate between these directions [S5]. An image of the ECAL with the support
structures and the fibres can be seen in Figure

When a particle showers in the ECAL and after a high energy deposition occurs in

the inner layers of the ECAL, a fast signal is created and processed by the trigger
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Figure 3.7: Energy resolution of the ECAL with respect to the energy of the test beam
[S5]].

board that allows the acquisition of the event in 240 ns. An angular cut is used as an
additional trigger for the discrimination of charged particles and photons that enter
the ECAL from angles outside its field of view. For x and y projections separately,
the direction of the incoming particle is calculated by finding the mean position of
the PMTs which are fired. In order to select particles inside the AMS-02 geometrical
acceptance, an angular cut of 20° is applied. The expected unconverted photon trigger
efficiency is 20 % at 1 GeV and is 99 % at 10 GeV. Photon trigger rates were calcu-
lated using the Monte Carlo simulations based on the data from AMS-01. Particles
which fire the AMS-02 charged trigger including conversion mode photons are not

included in this calculation [49].

AMS-02 detector was tested at Super Proton Synchrotron (SPS) at CERN with 400
GeV proton beam. In order to understand the performance, positron, electron and
proton beams between 8 and 400 GeV were used. After equalizing each channel
for getting the same response for the same energy deposit and correcting the energy
depositions for leakages, the energy resolution is calculated. As shown in Figure
for energies above 50 GeV, the energy resolution is lower than 2% [55]. In the thesis

on conversion mode photons by Emirhan Postaci, the energy resolution of the ECAL
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Figure 3.8: Angular resolution of the ECAL with respect to the energy of the test
beam [53]].

was calculated [44].

Another important aspect of ECAL is that it can measure the energy and the direction
of high energy photons [48]]. Since the cosmic origin of the photons is investigated,
the angular resolution of the ECAL is extremely important for gamma ray physics.
In this analysis, it is assumed that the electron and photon showers are similar, the
angular resolution is calculated using the Test Beam of electrons. Figure [3.8] shows
the angular resolution of the ECAL with respect to the test beam energy. Angular res-
olution at 50 GeV is approximately 2 % [55]]. An investigation of angular resolution

of the ECAL was conducted by Emirhan Postaci [44].

3.2 Photon Analysis with AMS-02

The analysis of photons with AMS-02 has two modes depending on the initial inter-

action point of the particle. These modes are called conversion and calorimetric, and
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will be discussed here.

3.2.1 Conversion Mode
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Figure 3.9: An example of a conversion mode photon from Monte Carlo simulations.
The pair production occurs in the upper ToF layer and two particle tracks one for a
e (on the right) and one for an e~ (on the left) which are bent in different directions.
The reconstructed axis for the incoming photon is shown with red dashed line. One
of the particles showers in the ECAL and both of them give clusters in lower ToF as
well. [30].

While all the detectors above the ECAL have been optimized to minimize multiple
scattering, and while it has a low probability, photons can still pair produce in the
material before reaching the ECAL. If a photon pair produces an electron-positron
pair above upper ToF layers, then these particles can be reconstructed as two tracks
and a vertex can also be reconstructed. The tracker can reconstruct ete™ pairs as two

tracks below 50GeV but above this energy, the tracker can only resolve them as one
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track due to limited spatial resolution, like the one shown in Figure[3.9] An analysis
on high energy conversion mode photons was conducted using AMS-02 data [44] by

Emirhan Postaci for high energies. However, no photon candidates were found [44].

3.2.2 Calorimetric Mode
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Figure 3.10: An example of a calorimetric mode photon from Monte Carlo simula-
tions which interacts with non of the sub detectors except for the ECAL. The photon
starts showering after entering the ECAL. The red dashed line indicates the shower
axis. Hits in the tracker and the RICH are due to the back-scattered particles coming

from the ECAL. [30].

The ECAL has the highest radiation length when compared to other subdetectors in
AMS-02. The photons which go through the upper sub detectors without interacting
may enter the ECAL and then pair produce. These photons are called calorimetric
photons and they are the topic of this analysis and the analysis will be detailed in

Chapter 4. An example event of this type is shown in Figure
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3.3 Publications of AMS-02

The AMS-02 has published four papers and seven proceedings. Two of these papers
include positron fraction in different energy intervals. Third publication is about the

individual fluxes of positron and electron. They will be discussed here briefly.

High Statistics Measurement of the Positron Fraction in Primary Cosmic Rays of

0.5 — 500GeV with the Alpha Magnetic Spectrometer on the International Space

Station
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Figure 3.11: The second publication of the AMS-02 collaboration which shows
the positron fraction with respect to the reconstructed energy which is extended to
500 GeV and compares the result with the results of PAMELA [10] and the FERMI-
LAT [6] experiments. [3]]

On April 5, 2013, the first publication of AMS-02 on the positron fraction was pub-
lished. This publication covered the energy range between 0.5 — 350 GeV [14].
The second publication, again on the positron fraction, extends energy range of the
first results of the AMS-02 experiment from 350 GeV” to 500 GeV and increases
the precision with more statistics. Between the energy range 0.5 — 500 GeV/, 10.9
million positron and electron events are presented. Figure [3.11] shows the positron
fraction above 10 GeV'. Above this energy, the fraction starts increasing and this be-
haviour goes until about 200 GeV'. However, above 200 GeV/, the fraction does not
increase any more. The comparisons from other experiments such as PAMELA [10]

and FERMI-LAT [6] are also shown in the plot.
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Figure 3.12: (a) This figure shows the slope for the positron fraction with respect to
the energy. It shows the slope for the whole energy range except for below 4 GeV
which is off scale. The line was calculated from a logarithmic fit to the data for above
30 GeV. (b) Solid curve shows the fit of a minimal model to the positron fraction and

the shaded area shows 68 % C.L. range for the parameters of the fit. [5]]

Electron and Positron Fluxes in Primary Cosmic Rays Measured with the Alpha

Magnetic Spectrometer on the International Space Station
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Figure 3.13: Spectral indices for the positron and electron fluxes with respect to re-

constructed energy [12]
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Figure 3.14: Fluxes for the (a) electron and (b) positron multiplied by E? with re-
spect to reconstructed energy for the energies below 200 GeV'. Comparisons with the
results of PAMELA [10]], Fermi-LAT [6], MASS [36]], CAPRICE [21], AMS-01
and HEAT [33]] are also shown. [12]

Third publication is on the separate fluxes of electrons and positrons. For electrons,
energy range between 0.5 — 700 GeV and for positrons, energy range between 0.5 —
500 GeV are presented. The power law spectrum for both of the fluxes require an
explanation beyond a single power law spectrum. The energy dependence and the
magnitude are different for each of the fluxes both of which change their behaviour
at about 30 GeV'. For the energy range between 20 — 200 GeV/, the spectral index

for positrons is dramatically harder than the one for the electrons as shown in Figure

B.13

Figure [3.14] shows the positron and electron fluxes with respect to energy. The plots
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indicate that the behaviour of the two fluxes are different than each other they both
change behaviour with the increasing energy. Figure [3.15] shows the fluxes for the
total energy range. The behaviour of both of the fluxes is different in the high energies

as well as low energies.
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Figure 3.15: Fluxes for the (a) electron and (b) positron multiplied by E? with respect
to reconstructed energy for the whole energy range. Comparisons with the results of

PAMELA [10] and Fermi-LAT [6] are also shown. [12]

Precision Measurement of the ¢ + ¢~ Flux in Primary Cosmic Rays from 0.5 GeV

to 1 TeV with the Alpha Magnetic Spectrometer on the International Space Station

In the third publication of AMS-02, separate fluxes of positrons and electrons were

investigated up to 500 GeV and 700 GeV, respectively. In the fourth publication, com-
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Figure 3.16: Fluxes for the combination of positrons and electrons multiplied by £?
with respect to reconstructed energy for the whole energy range. Error bars include
both statistical and systematic errors [13]. Comparisons with the results of earlier

experiments are also shown. 16171

bined flux of positrons and electrons were investigated in the energy range between
0.5 GeV and 1 T'eV. The analysis includes 10.6 million positron and electron events
in total. The flux above 30.2 GeV can be explained using a single power law which
has a spectral index as v = —3.170 & 0.008(stat + syst) 4 0.008 (energy scale). In
Figure [3.16] the flux for the whole energy range is shown [[13]].
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CHAPTER 4

CALORIMETRIC MODE PHOTON ANALYSIS

In this chapter, calorimetric mode photon analysis for energies above 5 GeV will be
presented. The analysis includes photons which convert to electron-positron pairs
after entering ECAL. ECAL is the main detector used in this analysis. Other sub
detectors are only used as veto for other particles like protons, electrons and helium as
well as photons which convert before entering the ECAL. This is a cut based analysis
in which different variables from each sub detector is used to differentiate between
photons and other particles. The dominant background for this analysis is the protons
which are abundant in space. Both energy and angle information are retrieved from
the ECAL. After the details of the analysis is presented, the physics results will be

discussed.

4.1 Event Selection

4.1.1 Measurement of Variables Using Monte Carlo Simulations and Data

For understanding the differences between photons and their major background pro-
tons, Monte Carlo samples which include photons which are created from a square
plane 35 ¢m above AMS-02 and protons which are created from the same plane and
also from the cube surrounding AMS-02 with energies between 5 and 2000 GeV were
used. For the analysis, data taken with AMS-02 from May 19th, 2011 and February
28th, 2014 is used.
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Binning

In this analysis, most of the variables which we use for the selection of the events are
drawn with respect to the reconstructed energy which was retrieved from the ECAL.
Binning used for the reconstructed energy is from 0.25 to 2000 GeV and it increases
logarithmically in 60 bins. The reason for using this binning is to see the power law

behaviour of the energy spectrum.
Data Quality Selection

In order to use the best data available, the commissioning data which was not cali-
brated is not used in this analysis. This data was eliminated using the "bad run cut"
available in AMS-02 software. In addition, the data which has hardware errors was

not used as well.

The events taken during AMS-02’s passage through the South Atlantic Anomaly re-
gion has a high occupancy of simultaneous particles entering AMS-02 The SAA is
caused by the shift of the Earth’s axis of magnetic dipole field. This shift leads trapped
low energy particles to become closer to the Earth’s surface [29]. In order to elimi-
nate these events, the live time of the trigger system is required to be greater than 0.5.
Since the magnetic flux in South and North poles is more dense than other parts of
the Earth, there is a high particle occupancy. Since this phenomenon contaminates
the detector, these events should be eliminated. The average number of TRD hits per

event are required to be less than 1000.

As the ISS travels around the Earth, it changes its orientation from time to time and
the Z of the AMS-02 can point to the Earth or the horizon. Since only the photons
coming from the cosmos are desired for the analysis, this data should not be used. In

order to achieve this, Zenith angle of ISS is required to be above 40°.
Preselection

Since the analysis is based on photons interacting after entering the ECAL, one and
only one particle shower in the ECAL is required. In order to guarantee the shower of
the photons to start after entering ECAL and not before, a calorimetric cut requiring

no interaction in the coordinates above the ECAL is used for the photon Monte Carlo.
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The axis of the particle shower in the ECAL is reconstructed considering the lateral
energy deposition dispersion of the shower. This axis is called the ECAL axis. In
order to make sure that particle goes through all of the subdetectors without leaving a
signal before coming to the ECAL, ECAL axis is required to pass through the upper

ToF layers. In this way, charged particles are vetoed efficiently.

If a particle enters the ECAL from below and showers the shower might be fully
contained, and would not have any signal in the detectors above the ECAL, satisfying
the previous condition. To eliminate this possibility, the particle shower is required to

be down going.
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Figure 4.1: Reconstructed shower energy versus the sum of ADC counts for photon
Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red
line indicates the applied cut on this variable calculated as shown in Equation 4. T|and

the events above this red line are discarded.

To ensure that the shower is well-reconstructed, the entrance and exit points of the
shower are required to be two cells away from the edges of the ECAL. This cut is

the fiducial volume cut. As the shower progresses downwards, it may not be fully
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contained inside the ECAL volume. However, if the leakage is more than the recon-
structed energy inside the ECAL, shower energy resolution suffers and these events

are eliminated with the catastrophic leakage cut.

Since protons and helium nuclei behave may as MIPs depositing 2.1 GeV and 8.4 GeV/,

the events below 5 GeV are cut to reduce their background.

In the upcoming sub sections, where each cut will be discussed in detail, histograms
are drawn with respect to the reconstructed energy for photon Monte Carlo, the dom-
inant background proton Monte Carlo and data. If a proton often coming from the
sides of the TRD is not reconstructed as a track in the Tracker or the TRD and scat-
ters to pions inside AMS-02 which then showers in the ECAL, this can look similar

to the signal events that are investigated in this analysis.
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Figure 4.2: Reconstructed shower energy versus number of tracker hits for photon
Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red
line indicates the applied cut on this variable calculated as shown in Equation[4.2]and

the events above this red line are discarded.
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TRD Cuts

TRD cuts are useful for eliminating electrons and positrons. Tracks of particles en-
tering AMS-02 TRD simultaneously with a photon can be reconstructed in TRD If
these events, which have less than 3 TRD tracks, are eliminated, than a huge amount
of photon events may be discarded as well. In order to keep most of the photons,
events which have more than 3 TRD tracks are eliminated while the events which
have less than 3 TRD tracks are eliminated only if any of them points toward the
ECAL. Generally, these particles would confuse the photon reconsctruction, but if

they are not pointing towards the ECAL, they can be safely retained.
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Figure 4.3: Reconstructed shower energy versus number of ACC hits for photon
Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red
line indicates the applied cut on this variable calculated as shown in Equation#.3]and

the events above this red line are discarded.

Another cut to reduce the significant proton background is, an energy based cut on
ratio of the total number of ADC counts to the hits in the TRD. Rarely the back

scattered particles from interacting in the ECAL will reach the TRD and leave small
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amounts of energy depositions in the TRD, reflected in the ratio of total number of
ADC counts to the hits. This parameter is used to differentiate between protons,
which do not give out transition radiation at low energies, from the back scattered
positrons and electrons of the ECAL photons. The cut applied on this parameter is as

follows:
Total Number of ADC Counts / Number of Hits = 200.0 (n.u.) 4.1)

This effect and the employed cut is shown in Figure 4.1] on the histograms drawn
for photon and proton Monte Carlo simulations and data, with respect to the recon-

structed ECAL energy.
Tracker Cuts

Conversions above the ECAL are not desired in this analysis and a cut on the tracker
tracks and the number of hits can eliminate the conversions before the tracker and the

charged particle background.

However, back scattered particles from the particle showers in the ECAL also leave
hits in the Tracker. The number of tracker hits left by the calorimetric photons and
protons are different based on the energy of the particles as seen in Figure Num-
ber of tracker hits is an important variable for eliminating charged particles which

were not reconstructed as tracks.

Number of Tracker Hits = 20.00 4+ 9.79 - log1o(Free) (n.u.) 4.2)

ACC Cuts

The number of ACC hits indicate particles coming from the sides of AMS-02. For
the calorimetric mode photon analysis, an energy based cut is used as shown in the
Figure Particles coming from the sides are mostly eliminated while preserving
particles that are back scattered from the ECAL. The equation used for this cut is as

follows:

Number of ACC Hits = 3.00 + 1.82 - log1o(Eyec) (n.u.) (4.3)
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Figure 4.4: Reconstructed shower energy versus maximum time difference between
clusters in Layer 4 for photon Monte Carlo (top left), proton Monte Carlo (top right)
and data (bottom). The red line indicates the applied cut on this variable calculated

as shown in Equation [4.4]and the events above this red line are discarded.

ToF Cuts

Since the photon conversions above the ECAL are not desired in this analysis, parti-
cles which are identified as downgoing by the Time of Flight detector are eliminated.
However, back scattered e* from ECAL photons also leave signals in ToF. By us-
ing the ToF timing, the background particles which are not reconstructed as tracks in
TRD and Tracker can be discarded. For this reason, clusters in Layer 1 and Layer 4
are taken into account. Having a cut on Layer 4 only helps with the elimination of the
charged particles which do not leave a track in TRD and Tracker as well as clusters

in ToF Layer 1 or 2.

However, if a downgoing charged particle goes through ToF Layer 1 or 2 without

generating a cluster and deposits a cluster in Layer 4, and its backscatter generates
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clusters in Layer 1 and Layer 4 for photon Monte Carlo (top left), proton Monte
Carlo (top right) and data (bottom). The red lines indicate the applied cuts on this
variable calculated as shown in Equation[4.5]and the events outside these red lines are

discarded.

another cluster in ToF Layer 4, it can be distinguished from the two back scattered
particles coming from an ECAL photon. In Figure4.4] the maximum time difference
between clusters in Layer 4 with respect to reconstructed shower energy are shown
for photon Monte Carlo, proton Monte Carlo and data. With a cut on this variable,

these background events are discarded. The equation for this cut is:

Max Time Diff. Between Clusters in Layer 4 = 2.00

+0.61 - logi0(Erec)  (ns) (4.4)

If a charged particle goes through both upper and lower ToF layers and generate
clusters in these layers, the maximum time difference between clusters in Layer 1

and Layer 4 for these events is different for the back scattered positrons and electrons
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Figure 4.6: Reconstructed shower energy versus number of RICH hits for photon
Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red
line indicates the applied cut on this variable calculated as shown in Equation #.6]and

the events above this red line are discarded.

from the converted ECAL photons. As can be seen in the Figure #.5] a cut on this
variable is useful for eliminating charged particles without reconstructed TRD and

Tracker tracks. The equations showing the applied cuts are:

—6.5 < Max Time Diff. Between Clusters in Layer 1 and 4

< —2.5040.76 - log1o(Frec) (ns) 4.5)

RICH Cuts

Using the RICH information is another way to get rid of the charged particle back-
ground. Only downgoing charged particles create RICH rings in the detector, which
are then reconstructed very rarely accidentals from back scattered particles form a

photon ECAL shower can also be reconstructed as a RICH ring. A cut on RICH rings
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Figure 4.7: Reconstructed shower energy versus side leak for photon Monte Carlo
(top left), proton Monte Carlo (top right) and data (bottom). The red line indicates

the applied cut on this variable calculated as shown in Equation 4.7) and the events

above this red line are discarded.

is employed without losing many photons. Another variable that is used is the num-
ber of RICH hits. The number of RICH hits differ for charged particles which goes
through the RICH without generating a ring and for the back scattered particles from
converted ECAL photons as can be seen in Figure[d.6] An energy based cut as

Number of RICH Hits = 20.00 + 18.18 - log10(Eree)  (n.u.) (4.6)

is shown in Figure[d.6)and it is useful to eliminate such events.

ECAL Cuts

ECAL cuts are applied after cuts in other subdetectors are applied For the selection,

several different ECAL variables are used.

Side leak is a parameter which gives the leakage of the particle showers from the

sides. Since hadronic showers are wider than electromagnetic showers, the leakage
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Figure 4.8: Reconstructed shower energy versus rear leak for photon Monte Carlo
(top left), proton Monte Carlo (top right) and data (bottom). The red line indicates
the applied cut on this variable calculated as shown in Equation 4.8] and the events

above this red line are discarded.

from the sides is larger for protons and ions. As can be seen in the Figure a cut
on this variable is useful for eliminating protons and the function related to this cut is

as follows:

Side Leak = 0.07 — 0.02 - log1o(Erec) (n.u.) 4.7)

Rear leak parameter gives the estimated leakage of the uncontained shower from the
bottom of the ECAL. Stopping a hadronic particle is more difficult than stopping an
electromagnetic particle which generally implies that protons will have a larger rear
leak. Figure [4.8]shows this parameter for photon Monte Carlo, proton Monte Carlo
and data with respect to the reconstructed ECAL shower energy. An energy based cut

on this variable according to the equation

Rear Leak = 0.26 4 0.10 - log1o(Eree)  (n.u.) (4.8)
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Figure 4.9: Reconstructed shower energy versus shower depth for photon Monte
Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red line in-
dicates the applied cut on this variable calculated as shown in Equation [4.1T] and the

events above this red line are discarded.
is used and this cut is shown with a red line in these plots.

Shower depth is another parameter related to the particle showers, calculated using
the radiation length. In order to calculate this variable, critical energy, the energy at
which Bremsstrahlung and ionization rates are equal, is needed. The critical energy
is calculated approximately with the formula:

 800MeV

E.=—— 4.
Z+12 (*+3)

After the calculation of the critical energy, the shower depth is calculated according
to the equation:

n(E/E.)

X=X n2

(4.10)

As can be deduced from the equation, it is energy dependent and the cut applied on
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this parameter is as as follows:
Shower Depth = —5.00 — 2.42 - log10(Eyree)  (cm) 4.11)

The variable and the applied cut can be seen in Figure 4.9
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Figure 4.10: Reconstructed shower energy versus shower maximum for photon
Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The red
lines indicate the applied cuts on this variable calculated as shown in Equation [4.12]

and the events outside these red lines are discarded.

Particle showers start with small energy depositions, increase as the matter is tra-
versed and finally decrease as it expires. The longitudinal location where the energy
deposition reaches a peak value is defined as the shower maximum. Shower maxi-
mum is a variable which is effective for differentiating photons from protons. The
photon penetration depends on energy while the shower maximum for protons does
not. This can be used to eliminate the proton background especially at high energies

with cuts selected as:

1.00 + 2.73 - l0g10(Frec) < Shower Maximum < 16.00 (n.u.) (4.12)
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Figure 4.11: Reconstructed shower energy versus centre of gravity in 2 direction for
photon Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The
red lines indicate the applied cuts on this variable calculated as shown in Equation

4.14] and the events outside these red lines are discarded.

The shower maximum can be seen in Figure {.10]

From the one dimensional clusters in each layer, unique weighted relative position
in Z direction of the distribution of energy where it sums up to zero is calculated

according to the formula

COfG — 7 = ZlDCluster '(ElDCluStGT ) LayerlDClusteT) (4 13)
ZlDCluste'r 'ElDCluster
and is named the centre of gravity in the Z direction in units of cm. This average is

different for photons and protons because even though photon showers begin early
in the calorimeter, since the nuclear interaction length is not enough, protons shower

late or they do not shower at all. The cuts on this variable are as follow:

—155.00 — 0.45 - logig( Eyec) < CofG

< —146.00 — 2.15 - log19(Erec)  (cm) (4.14)
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Figure 4.T1| shows histograms of this variable with respect to reconstructed energy.
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Figure 4.12: Reconstructed shower energy versus fraction of energy deposition of 1
cm radius circle for photon Monte Carlo (top left), proton Monte Carlo (top right)
and data (bottom). The red lines indicate the applied cuts on this variable calculated

as shown in Equation [4.15|and the events outside these red lines are discarded.

Hadronic particles such as protons radiate more particles to the calorimeter compared
to the photons which interact to give electrons and positrons, as well as low energy
photons. This leads to larger amounts of energy depositions in each layer for hadronic
particles. Fraction of energy deposition in layers of ECAL can be used as a differen-
tiating parameter. The fraction of energy depositions in the surrounding cells to that
of the cell with the highest energy deposition in a layer is called the S-fraction. This
parameter around this central cell is calculated for such as 1 ¢m, 3 ¢m and 5 ¢m and
is used for particle discrimination. The S-fractions for each ECAL layer is summed
and then divided by the reconstructed shower energy. The histograms in Figure .12}
Figure 4.13] and Figure [4.14] show these fractions for 1 c¢m, 3 ¢m, 5 cm and they

demonstrate the high separation powers of this variable for photons and protons.
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Figure 4.13: Reconstructed shower energy versus fraction of energy deposition of 3
cm radius circle for photon Monte Carlo (top left), proton Monte Carlo (top right)
and data (bottom). The red lines indicate the applied cuts on this variable calculated

as shown in Equation .16 and the events outside these red lines are discarded.
Cuts applied on 1 cm S-fraction are as follow:

0.750 + 0.021 - log10(Erec) < 1 cm S-frac < 0.925 (n.u.) (4.15)
Cuts applied on 3 cm S-fraction are as follow:

0.950 + 0.003 - log10(Eyree) < 3 cm S-frac

< 1.01 — 0.01 - logio( Erec)(n.u.) (4.16)
Cuts applied on 5 cm S-fraction are as follow:

0.980 + 0.001 - log10(Eyree) < 5 cm S-frac

< 1.008 — 0.004 - log10(Erec) (n.u.) 4.17)
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Figure 4.14: Reconstructed shower energy versus fraction of energy deposition of 5
cm radius circle for photon Monte Carlo (top left), proton Monte Carlo (top right)
and data (bottom). The red lines indicate the applied cuts on this variable calculated

as shown in Equation [4.17]and the events outside these red lines are discarded.

Another parameter that is used in the analysis is shower footprint. It gives the deter-
minant of the inertia tensor for the shower and in its calculation, energy deposition in

each cell, cell numbers and layer numbers are used:

Ox = Z(Cell - CellCOfG—X>2 ’ EDepLayer,Cell (418)

oxz =Y _(Cell — Cellgosa-x)

'(La’yer - LayerCofoZ) : EDepLayer,Cell (419)

Oz2x = Z(LayeT - LCLyGTC'ofG—Z)2 : EDepLayer,Cell (420)

ViIeX -0Z2x — o X 22|
Total EDep - X Layers

Shower Footprint X = (4.21)
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Figure 4.15: Reconstructed shower energy versus shower footprint in X layers for
photon Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The
red lines indicate the applied cuts on this variable calculated as shown in Equation

and the events outside these red lines are discarded.

The shower footrint for Y layers is defined in a similar way. The equations for the

cuts are as presented here:

4.00 < Shower Footprint - X < 12.50 — 0.61 - log1o(Frec) (n.u.) (4.22)

1.60 < Shower Footprint - Y < 7.80 — 0.76 - log10(Eyre.)  (n.u.) (4.23)

Histograms of shower footprint parameter for X and Y layers are shown in Figure

M.13]and Figure .16 The footprint of a photon shower is well defined and lies within

certain limits. This can be used as a cut against the proton background.

Since the lateral dispersion of the energy deposition of the proton showers is expected
to be bigger, it can be used to discriminate between photons and protons. The lateral

dispersion can be calculated for X layers as:
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The calculation for Y layers is similar. < R* > terms gives the standard deviation

of the lateral energy distribution. The cuts applied on lateral dispersion for X and Y

layers are as follows:

0.3 < Lateral Dispersion - X < 2.4 (n.u.) (4.26)
0.3 < Lateral Dispersion - Y < 2.4 (n.u.) (4.27)
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Figure 4.16: Reconstructed shower energy versus shower footprint in Y layers for
photon Monte Carlo (top left), proton Monte Carlo (top right) and data (bottom). The

red lines indicate the applied cuts on this variable calculated as shown in Equation

K23 and the events outside these red lines are discarded.

49



=)

MC Photon Sample (E, > 5 GeV)

Lateral Dispersion X
~ @ ©
Lateral Dispersion X

w B~

Lateral Dispersion X

N W A D N ® © O

103
Shower Energy (GeV)

Figure 4.17: Reconstructed shower energy versus standard deviation of lateral energy
distribution on X layers for photon Monte Carlo (top left), proton Monte Carlo (top
right) and data (bottom). The red lines indicate the applied cuts on this variable calcu-

lated as shown in Equation [4.26] and the events outside these red lines are discarded.

Figure 4.17)and Figure [4.18|show these variables for photon and proton Monte Carlo

simulations as well as data.

The last variable used in this analysis is the ECAL x? method. The reconstruction for
ECAL 2 is carried out by parametrizing the transverse shape of an electron shower
for each layer with respect to energy and angle. Then, x? is calculated for an arbitrary

event. The applied cut on this variable is as shown here:

x? = 0.38462 4 0.01154 - B, (n.u.) (4.28)

Figure shows the ECAL x? with respect to the reconstructed shower energy for
MC photons, MC protons and data.

After all of these cuts are applied in the photon and proton Monte Carlo simulations,
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Figure 4.18: Reconstructed shower energy versus standard deviation of lateral energy
distribution on Y layers for photon Monte Carlo (top left), proton Monte Carlo (top
right) and data (bottom). The red lines indicate the applied cuts on this variable calcu-

lated as shown in Equation [4.27] and the events outside these red lines are discarded.

acceptances and fraction of contamination are calculated. When they are applied for

data, the flux is obtained and a galactic map of photon arrival can be plotted.

4.1.2 Calculation of Acceptance

AMS-02’s effective area and angle of acceptance for incident cosmic rays depend on
the cuts used for the analysis. By limiting the positions and angles of the incoming
particles, a purer sample of particles which pass through almost all of the subdetectors
can be selected allowing to have more information on them. The geometrical area in
this analysis is limited by the upper ToF layers as shown in Figure The reason
for using upper ToF layers is that the particle going through the upper ToF layers and

showering in the ECAL has to traverse the active area of each sub detector which
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Figure 4.19: Reconstructed shower energy versus x? for photon Monte Carlo (top
left), proton Monte Carlo (top right) and data (bottom). The red line indicates the
applied cut on this variable calculated as shown in Equation4.28]and the events above

this red line are discarded.

gives the maximum amount of information that can be retrieved for that particle.

The active area chosen is called the geometrical acceptance and measured in cm?sr.

For different analysis, acceptance is calculated with the formula

Number of Selected Events
A t =A fG tion Plane - 7 - 4.29
ceeptance rea ot Leneration F1ane - 1 Number of Generated Events ( )

using Monte Carlo simulations. The Monte Carlo simulation used in this analysis
generates photons above AMS-02 from a square with area of 3.9 m x 3.9 m. The 7
factor comes from the solid angle in which particles were generated above AMS-02.
The division of number of selected events by number of generated events gives the
overall efficiency. The important thing to notice is that not all generated events are
triggered in AMS-02. This factor must be included in this calculation. The AMS-

02 Monte Carlo files contain information on how many events were generated but
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Figure 4.21: Acceptance calculated from photon Monte Carlo between 5—2000 GeV'.

not written to disc. After the calculation is done, the resulting histogram for the

acceptance is as shown in the Figure 4.21]
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As can be deduced from the Figure .21} acceptance value below a photon energy
of 100 GeV is more than 400 cm?sr. However, above 100 GeV/, the acceptance
decreases dramatically due to the huge amount of back scattering of particles from the
ECAL at high energies and to eliminate most of the proton contamination, photons

are eliminated as well.
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Figure 4.22: A total of 5841 candidate photon events have been identified. Shower

energy is in GeV'.

4.2 Results

4.2.1 Energy Spectrum and Flux of Photons in Cosmic Rays

After all of the selection cuts are applied on the AMS-02 data, the resulting en-
ergy spectrum is shown in Figure §.22] The spectrum shows no events higher than

650 GeV'.

After the reconstruction of the energy spectrum from data, the flux is calculated. To
calculate the flux, the formula below is used:

Energy Spectrum

Flux = (4.30)

Acceptance - Bin Width - Measuring Time
Bin width is the difference between the edges of the consecutive bins and the unit is
GeV'. The measuring time is calculated from the data after all of the data quality cuts
are applied and the unit for this is seconds. The resulting histogram for flux is shown

in Figure[d.23|along with the FERMI LAT photon flux. In order to compare it with the
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I" of AMS-02 Photon Flux = 2.773 + 0.089

I" of FERMI LAT Photon Flux = 2.438 + 0.010
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Figure 4.23: Photon flux for selected particles from data for energies above 5 GeV
and a comparison with the FERMI LAT flux fit. The fit for both fluxes start at
12.8 GeV [8].

fit of the FERMI LAT flux, the fit for AMS-02 photon flux is carried for the candidate
events above 12.8 GeV. Since the charged particle contamination below 10 GeV is
expected to be relatively high because of the particles trapped in geomagnetic field of
the Earth, events below this energy is not considered in the flux calculation. The fits
for two fluxes show some difference in spectral indices. The FERMI LAT used a mask
to eliminate photon events from the galactic arms since the dark matter annihilations
are expected to occur in the Galactic Halo and in the Galactic Center. In order to see
these annihilations in the photon spectrum, the Galactic Plane except for the Galactic
Center and known point sources retrieved from the source catalog of NASA were
masked in the calculation of flux [41]]. For the calculation of the AMS-02 flux, the

same mask was used [8]].

The rate at which the events arrive at AMS-02 is significant since phenomena such as
solar flares can eject large amount of protons and can alter the intensity at different
times. A timing study has been conducted on the selected events as shown in Figure
4.24] The histogram shows that the candidate photon events are randomly distributed

in time.
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Figure 4.24: The timing information of the selected photon candidates
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Figure 4.25: Expected proton contamination in E2¢ is obtained by multiplying the
AMS-01 proton flux with proton efficiency calculated from proton MC. When com-
pared to Figure 4.23] it can be seen that the scales of the expected proton flux is low
due to high efficiency of selection [[17]. The empty bins suggest the lack of events

passing the selection in proton MC.

4.2.2 Calculation of Contamination

Even though multiple variables are used for eliminating background events, these
particles cannot be eliminated completely and hence they contaminate the sample.

Figure [4.25] shows the multiplication of the fit of the proton flux retrieved from the
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AMS-01 experiment with the proton efficiency calculated from the AMS-02 proton
MC [17]. This figure suggests that, since the scale is different from the photon flux
of AMS-02, the proton contamination is negligible.

Xy = —

Figure 4.26: A charged particle entering through the gap between RICH and ECAL,
scattering from the bottom of the RICH and showering in ECAL without interacting

with other subdetectors.

However, even though the expected proton contamination is low, there are some
events that may look like photons. There are various reasons for the charged particle
contamination. One of the irreducible backgrounds is shown in Figure[d.26] There is
a small gap between ECAL and RICH. If a particle comes from the sides and enters
through this gap, then hits the bottom of the RICH, back-scatters to ECAL, this event
can be observed as a calorimetric photon since it will not have any interaction with the
upper subdetectors unless it back-scatters from ECAL after showering. Since there is
no ACC in this part of the detector, there is no way to get rid of this type of events.

Another type of contamination comes from the charged particles which are not re-
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constructed as tracks in TRD, tracker and as rings in RICH due to the reconstruction
efficiency of these subdetectors being less than 100 %. If they are not reconstructed
as tracks at the same time, and the hits or ADC counts are lower than the cut used
in the analysis, then there is no way of understanding if this is a photon or a charged

particle.

4.2.3 Galactic Map

The most important part of the photon analysis is to have information on the source
of the incoming photons. Since photons do not bend in magnetic fields, they can be
traced back to their source which in turn can hint where the dark matter annihilations

in our galaxy may take place.

Latitude (b°%)

HWH\‘\HM

-150 -100 -50 0 50 100 150
Longitude (I°)

Figure 4.27: Exposure map for all particles.

Before reconstructing the galactic map, an exposure map should be drawn in order
to learn about the rate at which AMS-02 is exposed to different parts of our galaxy.
This map includes all of the particles in the energy range of the analysis after the
data quality cuts are applied. In the Exposure Map, the X — azis is the Galactic
Longitude and the Y — axis is the Galactic Latitude where the weights in colors give
the seconds. In Figure #.27] it can be seen that two holes which are on right above
and left below do not get events as much as the other areas of the map. These two

holes correspond to the North and South Poles of the Earth. Since ISS does not go
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Figure 4.28: Galactic map showing 5841 photon candidates above 5 GeV'.

through these parts of the Earth, the amount exposure is low in these areas compared
to the other parts. The parts which cover these holes, where the amount of exposure
is much longer, correspond to the parts of the Earth which are between the poles and

the Equator, at which ISS travels through the most.
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Figure 4.29: Galactic map showing 1598 photon candidates above 10 GeV'.

After the reconstruction of the exposure map, the results of the analysis is recon-
structed in a galactic map. The difference between the exposure map and the galactic

map is that galactic map includes the events which are selected after all of the cuts are
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applied and the weights in this map are number of events instead of sum of seconds

the detector is exposed to.
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Figure 4.30: Galactic map showing 225 photon candidates above 30 GeV'.

As it is shown in Figure[4.28] there are 5841 events in the energy range 5—2000 GeV.
The concentration of the events is around the Galactic Center and along the Galactic
Plane. Figure .29 shows the galactic map for events above 10 GeV whereas Figure
4.30] shows the ones above 30 GeV and Figure[d.31]above 100 GeV'. The difference
between Figure 4.28] and Figure 4.29] shows that most of the events on the Galactic
Halo are between 5—10 GeV . If there are dark matter annihilations in the Milky Way,
these are expected to be on the Galactic Halo. However, since the contamination of
other particles are known to exist mostly in this energy range, this cannot give a clear

picture of possible dark matter annihilations in the Galactic Halo.

There are various galactic sources included in these galactic maps. One of these
sources is shown in Figure .32 For example, one candidate photon event was mea-
sured from PK S1424 — 240 [41]].

4.2.4 Discussion of the Results

The final spectrum calculated after all of the cuts are applied includes 5841 candidate

photon events above 5 GeV. Most of the candidate events are concentrated on the
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Figure 4.31: Galactic map showing 26 photon candidates above 100 GeV'.
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Figure 4.32: Match of an event from the AMS-02 photon events with a known source

with name P K .S1424 — 240 [52]].

Galactic Center and along the Galactic Plane which confirms that a large amount of
these particles are most likely photons. Gamma rays from known galactic sources
were seen in the analysis. Energy spectrum and contamination plots suggest that,
there are still other particles contaminating the results. Most of this contamination
occurs in the energy region 5 — 10 GeV because of the charged particles trapped in
Earth’s geomagnetic field. These particles could be protons tracks of which cannot
be reconstructed or entering through the sides. When the reconstruction does not
happen, a lack of information occurs which can cause other particles to look like
photons. The error bars in the spectrum and in the flux are purely statistical. For the
flux measurement, main systematic would be the absolute energy scale which has an

uncertainty of 2 % at 50 — 80 GeV [53].

61



62



CHAPTER 5

CONCLUSION

In this thesis, observational evidence of the existence of dark matter was presented
briefly. Different search methods for detecting the particle nature of dark matter with
an emphasis on detecting dark matter annihilations in gamma rays were presented.
The significance and the drawbacks of gamma ray research as well as the expectations
from such a research were explained. The data from the AMS-02 between May 19th,
2011 and February 28th, 2014 was used for the analysis of gamma ray spectrum in
low Earth orbit.

Calorimetric mode photon analysis in this thesis mainly uses the ECAL to select pho-
tons while using other subdetectors to veto charged particles. The energy and angle
information for photon candidates were retrieved from the ECAL. MC comparison of
several parameters were conducted separately for photons and protons, which are the
main background in this analysis. After determining the cuts, they were applied to
AMS-02 data and 5841 photon candidate events were found in the energy region be-
tween 5 — 2000 GeV. The photon flux was calculated and compared with the FERMI
LAT flux [8]. The comparison shows a small difference in the spectral index of the
fits. The flux calculated in this analysis decreases more steeply than FERMI LAT

flux.
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