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Abstract

ATLAS is one of the main general-purpose detector in LHC, it will be
upgraded in 2023-2025 (which is called phase II). The major upgrade
will be for the inner detector, it will be replaced by the new inner tracker
(ITK). At that time the stage of high luminosity LHC (HL-LHC) will
start with luminosity five times more than the luminosity in run 2 (nowa-
days), which creates a hope for a substantial advancement in the under-
standing of physics pheomena related to high-energy physics. The layout
of ITK will cover a pseudorapidity (1) up to 4, while the current inner
detector covers a pseudorapidity up to |n| = 2.5.

In this thesis the track recostruction efficiency (¢) and the fake rate as a
function of different variables is studied in the ITK of ATLAS, including
particles travel in the forward region with a values of 2.5 < |n| < 4.
Tracking reconstruction efficiency (¢€) as a function of several variables
for two different samples is compared and decided which is better to use
a modules of pixel size 50 x 50 um? or 25 x 100 pm?, this study is done
with high pile-up, where the average number of proton-proton interac-
tions per bunch crossing (x) is around 200.

The tracking reconstruction efficiency also is studied, as the value of p is
increased, this allows to study the roboustness of the track reconstruction

efficiency with respect to high pile-up.
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Chapter One

Introduction

The Large Hadron Collider (LHC) at the European Organization for Nu-
clear Research (CERN) near Geneva in Switzerland, is the most power-
ful, strongest, largest and highest energy accelerator in the world.
In LHC, as shown in figure 1, two beams of hadrons (protons or lead
ions) are being accelerated through many accelerating structures, starting
from linear accelarator (Linac2,3,4), followed by PS Booster (PSB)
and Proton Synchrotron (P.S), followed by Super Proton Synchrotron
(SPS), into two superconducting rings of 27 km circumference to ob-
tain the maximum center of mass energy 14 TeV in run 2 (nowadays),
with a speed up to 99.99% of the speed of light. Each beam contains
around 2808 bunches of particles with 10!! particle in each bunch. The
accelerated beams undergo a head-on collision in four main positions
around the accelerator rings, where the two rings intersect. These posi-
tions are the locations of four large detectors experiments to detect and
measure particles produced from the collisions.
These experiments are:

1. ATLAS A Toroidal LHC ApparatuS, a detailed description of AT-

LAS is presented in chapter .

1. CMS Compact Muon Solenoid experiment, is a general purpose
detector studying the standard model, physics beyond the standard

model, extra dimension and dark matter.
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Figure 1: Process of accelerating in LHC.

iii. ALICE A Large Ion Collider Experiment, is a specialaized experi-
ment searches for quark gluon plasma forms of matter via lead ions

(pb) collisions.

iv. LHCb Large Hadron Collider beauty experiment, focuses on dis-
covering the slightly difference between matter and antimatter by

studing b quark particles.

LHC experiments and others verified the existence of the main elements
in the standard model of particle physics and proved that it is a successful
theory in physics describing the elementary particles of matter and how
they interact with each other. The standard model as shown in figure
2 states the existence of two families of elementary particles; Fermions
and Bosons.

In Fermions there are six quarks and six leptons. Each pair of leptons
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Figure 2: The standard model of particle physics.

or quarks is called a generation. Thus, there are three generations of
each type of Fermions; the lightest and most stable particles make up the
first generation, whereas the heavier and less stable particles belong to
the second and third generations. The first generation of quarks contains
up (u) and down (d) quarks, followed by the charm (c) and strange (s)
quarks in second generation, the top (¢) and bottom (b) quarks in third
generation. While the first generation of leptons contains electron (e)
and electron neutrino (v, ), followed by the muon (1) and muon neutrino
() in second generation, the tau (7) and tau neutrino (v;) in third gen-
eration.

In Bosons there are five elements, including Higgs boson (H) which
gives the mass to all other elementary particles, there are four force car-
riers; gluons (g) which is the strong force carrier, photon () which is
the electromagnetic force carrier and the weak force carriers; W and Z

bosons.
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But until now the picture is not complete, since standard model does
not answer all of the questions around us, such as; searching for Higgs
bosons with different masses and describing the gravity. Thus, physicists
are searching for physics beyond the standard model that will lead us to
better understanding of our universe. Thus, ATLAS and other experi-
ments are important for that.

ATLAS is the largest experiment in LHC and one of the two general
purpose-detectors. The main physics goals of the ATLAS collaboration
are the studying of new physics phenomenas at the TeV scale, in order to
improve our understanding of the Higgs boson, supersymmetry (SUSY),
dark matter, top quark, extra dimensions, mini black holes and other pur-
poses.

ATLAS comes in three main sub-detectors; the inner detector (ID), which
1s the inner most sub-detector followed by the calorimetry system, and at
the outer layer of ATLAS there is a muon detector system.

The inner detector of ATLAS, which is based on silicon and immersed
in a 2 T solenoidal magnetic field [1], acts as the tracking and vertexing
system for charged particles [2, 3]. As a particle passes through the dif-
ferent layers of the inner detector, it leaves an electrical signals on pixel
modules known as a hits. These hits can be identified by detecting their
interaction with material at discrete points along the particle path, which
means losing energy by the ionizing atoms in the ID in order to analyze
the momentum for them.

Since the start of operation of the LHC, September 2008, many upgrades
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have been scheduled and planned, as shown in figure 3. At phase II,
2023 — 2025, the luminosity'is expected to increase up to 5 x 1034
cm~2.s7! as shown in figure 3, with pile-up?(x) = 200 per 25 ns, and
integrated luminosity>up to 300 fb~! by 2026 which is the year of High
Luminosity LHC (HL-LHC). The higher luminosity means more data
can be gathered. That will help us to detect rare process at a more sensi-
tive levels which have not been seen before. For example, the HL-LHC
will produce up to 15 million Higgs bosons per year by 2025, compared
to the 1.2 million produced in 2011 and 2012. Thus, more precise infor-
mation about properties of Higgs boson that we look forward to know
will be accessible, such as; the spin and the different quantum numbers.
Rare Higgs production, like Higgs which produced associated with top
quark and anti top quark. Rare decay modes, including the Higgs boson
decaying to two muons (/{ — pu) and the Higgs boson decaying to a Z
boson and a photon (H — Z~), which has a production rate of 0.022%
and 0.15%, respectively [4, 5].

For that, in ATLAS there are many upgrades that are in line to
be upgraded at phase II , 2023 — 2025, starting from the replacement of
current inner detector by the Inner TracKer detector (ITK), which is the
main work for this thesis, up to upgrades in both calorimeters and trigger
systems.

The inner detector in ATLAS was made to operate at peak luminosity

!'The luminosity can be defined as the number of events detected per unit of area and unit of time.
’The pile up is the average number of pp interactions per bunch crossing.
3The integrated luminosity is the integral of luminosity over the time.



last update -

December 2013
2009 ~ LHC startup, Vs 900 GeV

2010

2011 Vs=7+8 TeV, L~6x 1033 cm=2 57!, bunch spacing 50 ns
2012 ~25 fb!

2013
2014 LS1:  go todesign energy, nominal luminosity - Phase 0

2015

igig \s=13~14 TeV, L~ 1x 10%m2 57, bunch spacing 25 ns

2018 ~75-100 fb!
2019 LS2 injector + LHC Phase I upgrade to ultimate design luminosity
2020

2021 Vs=14TeV, L~2x10*cm2 57, bunch spacing 25 ns Run 3
2022 ~350 fb~!
2023

2024 LS3 HL-LHC Phase II upgrade: interaction region, crab cavities?

2025
2(535?. s=14TeV, L~5x 103*cm2 57!, luminosity levelling ~3000 fb!

Figure 3: Upgrades in LHC during the years [6].

103 cm~2s7! for 10 years. After that it will lose its performance sensi-
tivity by the increasing high dose of radiation day after day. In this time
the replacement of the inner detector by the Inner Tracker (ITK) is a cru-
cial and needed upgrade in phase /1 (LS3) 2023 — 2025, since it has the
ability to cope with high particle densities, high pile-up and the increase
of hard radiation [7].

ITK have the same purposes of inner detector, which is represented by
tracking, vertexing the particles and as a result we can analyze the mo-
mentum for a charged particles in a more accurate results, especially in;
b-tagging and lepton identification. ITK is also a full silicon detector,
which is immersed in a 2 T solenoidal field like the current inner detec-
tor.

This thesis focuses on the detailed analysis of the performance of the

future ITK by studying the track reconstruction efficiency and the fake
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rate. The work of this thesis was performed at LAL, in the framework
of ATLAS-LAL group. At the beginning of 2017, full monte-carlo sim-
ulation (GEANT4) of the new detector was available. The work of this
thesis evaluates the track reconstruction efficiency and the fake rate for
Tracking In Dense Environment (TIDE) in the ITK.

The track reconstruction efficiency € and the fake rate as a function of
different variables is studied in the ITK of ATLAS, including particles
travel in the forward region with value of 2.5 < |n| < 4. The effect
of pixel module size on the tracking efficiency as a function of different
variables also is studied by taking two samples with a pixel module size
50 x 50 pm? and 25 x 100 pm? with g = 200 for both. The tracking
reconstruction efficiency as the value of p increased is also studied in
order to see the effect of changing 1 on the tracking efficiency as a func-
tion of different variable, this allows to study the roboustness of the track

reconstruction efficiency with respect to high pile-up.
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Chapter Two

The ATLAS Experiment

2.1 Overview

ATLAS is one of four main experiments in the LHC, as in figure 4, it
1s built around the LHC beam pipe, 100 m under ground in Switzerland
with a length 45 m, width 32 m, height 35 m and approximately it has
a weight around 7000 tones . Thus, ATLAS is cosidered as the largest-
volume detector ever found for particle physics. ATLAS collaboration
is also a very large group, it has more than 3000 scientist and engineers
from 174 universities from different 38 countries around the world [8].

ATLAS aims to solve the nature’s ambiguity, to answer the question why

Figure 4: ATLAS detector.

the universe is like that today?, through examining a matter deeply and
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going into several important topics in high-energy physics from Higgs

boson, dark matter, extra dimension and many others.

2.2 ATLAS Coordinates Systems and Parameters

ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point in the centre of the detector, the cartesian coordi-

nates as shown in figure 5 are:
1. z — axis is the direction parallel to the beam axis.

1l. * — awis 1s the direction perpendicular to the z — axis, toward the

centre of LHC.

iii. y—axis is the direction perpendicular to both x —axis and z —axis.

y-axis

z-axis
(beam axis)

X-axis
(LHC center)

Figure 5: ATLAS coordinates.
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Due to the fact that ATLAS detector has cylindrical shape and cylindrical
symmetry, the cylindrical coordinate (r, ¢, z) is very useful to be used.
r 1s defined as \/m, while the azimuthal angle ¢ is the angle with
the © — axis in the transverse (x — y) plane as shown in figure 6, where
¢ = tan~!(¥), it has a values between —m and 7.

The charged particle helical trajectory can be defined by a set of 5

. r-plane
y-axis

A N

P
track / )e

do do

> X-axis < > Z-axis
z0
v v

Figure 6: ATLAS parameters, in the transverse plane in the right and in
longitudinal plane in the left.

N

A

parameters,

P = (¢797dO>Z07i) (D
pr

They are called “perigee parameters”, these parameters follow the stan-

dard ATLAS definition. ¢ was defined above, while the others are [9]:

i. Polar angle ¢ is the angle with respect to the z — axts in the longitu-
dinal (r — z) plane as shown in figure 6, where 6 = cos™!(2), it has

a values between 0 and 7.

ii. Transverse impact parameter dj is the distance of the closet ap-
proach of the trajectory to the origin of the detector in the x — y

plane.
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1. Longitudinal impact parameter zj is defined as the value of z of the

point on the track that determines d,,.

iv. piT is the charge of the particle over the transverse momentum, which

is defined as the momentum perpendicular to the LHC beam axis as

shown in figure 6. pr = , /p2 + pg, where p, is the x-component for

the momentum (p) and p, is the y-component for the momentum.

The best presentation for the angle 6 is pseudorapidity 7
0
n = —log(tan(y)) (2)

In table 1 and figure 7, different values of 1 depending on 6:

Another parameter can be defined is the angular distance AR, which

Table 1: 7-representations as a function of 0, as eq 2.
0 n 0 n
0° | oo | 180° —00
0.1°]7.04 | 179.9° | —7.04
0.5% | 5.43 | 179.5° | —5.43
19 14.74 1 179° | —4.74
5¢ 1 3.13 ] 5° —-3.13
109 1 2.44 | 170° | —2.44
45° 1 0.88 | 135° | —0.88
90° | O 100° | —=0.175

represents how close are two particles or two jets from each other, as
shown in figure 8.

Jets can be defined as a narrow and approximately conical bundles of the
particles produced by the hadronization of quarks and gluons in a high-

energy physics experiment, as shown in figure 8.
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“central”
n =0(90°

n=-1 n=1(40.4

n=-2 n=2(15.49
n=-3 : n=3(579
n=-4 A/ n=4(2.19
“backward” “forward”

> )

Beam 1 S Beam 2

Figure 7: Schematic graph of traveling particles in order of 7.

AR = \/(An)? + (AD)? (3)
¢ AR
¢-n space & Jet
(nz,2) ’
AR e ’ \ Hadrons are
Different clustered
Cones together to
make jets
( n, ¢1 )
n

Figure 8: Left: Angular coordinates in ATLAS. Right: Cones around jets.

2.3 ATLAS Sub-detectors

ATLAS is composed of many concentric sub-detectors around the center
of collision, as shown in figure 9. These sub-detectors record the path,

momentum and energy so we can identify the different types of produced
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particles.

These sub detectors from the outside to the inside are:

Tile calorimeters

i LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 9: Layout of ATLAS detector.

1. Muon spectrometer, it is used to identify muons and measure the

momentum for them (sec 2.3.1).

ii. Calorimeters, it is used to measure the energy carried by different

particles (sec 2.3.2).

iii. Inner detector, it is used to measure the momentum of each charged

particle (sec 2.3.3).

The charged particles are bent by a magnetic field, their trajectories is
measured by the inner detector. After that, calorimeters will stop par-
ticles and measure their energy and missing transverse energy by ab-

sorbing the particle’s energy and transforming it into an electrical signal.
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Calorimeters can stop most known particles from electrons, photons and
hadrons except muons and neutrinos as shown in figure 10, in addition
we can see that Muons can be identified in the outermost muon spec-
trometer.

Neutrino unseen by detectors, so we can just detect it by observing

Tracking Electromagnetic =~ Hadronic Muon detector
calorimeter calorimeter

h
Photons
Electron
Positrons
Muons !
Charged
hadrons
Neutral
hadrons 3

NBUtI’in'Ds

Innermost layer » Qutermost layer
Figure 10: Particle identification through sub-detectors of ATLAS.

the missing transverse energy by applying the conservation law for mo-
mentum and energy at the center of mass; before collision we have zero
momentum perpendicular to beam axis, so after collision we must have
also zero net momentum perpendicular to beam axis. If we add up mo-
menta of all visible particles, the result will not be zero and this might be

momentum carried away by a neutrino.
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2.3.1 Moun System of ATLAS

At the outer layer of ATLAS detector as shown in figure 9, there is a
muon detector system, which uses a 4T toroid magnetic field in order to
curve the path for the charged particles.

Muon is a very massive particle, it has a mass of 105.6583745 MeV/c?
[10]. Thus, they are undetected by the inner detector and the calorime-
tres, since they can not be stopped in them as in figure 10. Thus, Muon
system is a tracking device used to identify just muons and measure the
momentum for them by measuring the trajectories of muons that enter
the muon sub-detector.

The muon sub-detector covers pseudorapidity 7 up to 2.7.

2.3.2 The Calorimeter System in ATLAS

As shown in figure 9, in the middle region of ATLAS detector between
the inner detector and the muon chamber there is a calorimeter systems.
The calorimeters will stop the most known particles except muons and
nutrinos before reaching the muon champer, and measure the particle’s
energy and missing transverse energy by absorbing the energy and trans-
forming it into an electrical signal.

The calorimeter system can be catagorized into two types:

1. electromagnetic calorimetres measure the energy of photons and
electrons as they interact with the electrically charged particles in

matter, as shown in figure 10.



16

1. Hadronic calorimeters measure the energy of hadrons, such as: pro-
tons and neutrons as they interact with atomic nuclei, as shown in

figure 10.

The calorimeter system covers pseudorapidity 7 up to 4.9. So most of

travelled particles will be covered by the calorimeters.

2.3.3 The Inner Detector of ATLAS (ID)

The closest sub-detector to the collision point is the inner detector, as
shown in figure 9. The inner detector is based on silicon modules and
immersed in a 2T solenoidal magnetic field [1]. As the charged particles
pass through the different layers of the inner detector, they will interact
with the material there as shown in figure 10, but the interaction between
the particle and the material here is very small, so small amount of en-
ergy is being absorb. As the result of interaction with material, electron-
hole pairs will be created as shown in figure 11. These electrical signals
known as a hits, by determining a group of hits belong to one charged
particle as shown in figure 11, the direction, momentum, and charge of
electrically-charged particles produced in each proton-proton collision
can be determined.

The inner detector has three components as shown in figure 12 [11]:

1. Pixel Detector, which is based on silicon as crystalline semicon-
ductive material. A charged particle traversing a semiconductor
loses small amount of energy (almost zero) in the crystal generat-

ing electron-hole pairs along its path [12]. The energy transfer of
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Kathode |

L4 F d

Figure 11: Left: Electron-hole pair formation in the inner detector of ATLAS.
Right: Trajectory of a charged particle leaving hits through different layers of

11.

1il.

the inner detector.

a charged particle in matter is known as the amount of energy loss
per unit length (dE/dx)*, this measurement technique is used for a
particle identification. dE/dx depends on the particle charge and ve-
locity and atomic properties of the medium. For a known medium,
from dE/dx we can calculate the velocity and the momentum, know-
ing both of them lead us to identify the mass of particle. A detailed

description of pixel detector will be presented in section 2.3.4.

Four layers of Semiconductor Tracker (SCT), help to identify the

position of a charged particle.

Transition Radiation Tracker (TRT), provides additional informa-
tion helping in particle identification by using transition radiation
technique, which provides discrimination between electrons and pi-

ons over the energy range of 1 GeV to 200 GeV.

4Bethe—Bloch formula
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Figure 12: The inner detector of ATLAS.

The inner detector covers pseudorapidity 7 up to 2.5 as shown in figure
12, where n = —log(tan(%)), tan(4) = 0.082 and £ is equal to 4.7°
and as a result 6 takes the values of 9.4° as a minimum value [11]. The

current inner detector can cover 6 from 9.4° to 170.6°.
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2.3.4 Pixel Detector in The Current ID (after adding the Insertable
B Layer (IBL))

The pixel detector is the innermost sub-detector in ATLAS. Due to its
position, pixel detector must be made with a material that have special
properties: low material budget, excellent radiation hardness, mechan-
ical and thermal strength. These requirement are satisfied by choosing
silicon to make up the pixel detector [13].

The pixel detector in the current inner detector consists of 1744 silicon
pixel modules [14], each silicon module consists of 47000 pixel sensors
with size 2 x 6 cm 2. In total there are 80 million pixel sensors with size
50 x 400 pm~2 [15]. The pixel detector as shown in figure 13, consists
of[16]:

a. 3 parallel layers at radii 5,9 and 12 cm with 1.3 m in length.

b. 3 disks in each side. Particles that hit the detector with small incident

angle 6 can not cross the parallel layer but can still cross the disks.

After first long shutdown (LS1) 2013/2014 in phase 0 upgrade, IBL was
added as a fourth layer to the pixel detector in the innermost region to
the center of ATLAS, with expected life time 5 years [17], as shown in
figure 12.

The sensitive location for IBL between pixel detector and a new beam
pipe was a challenge for IBL project, the solution was in reducing the
beam pipe radius from 29 mm to 25 mm [18]. Another challenge comes

from this location is that IBL was exposed to the increased damaged ra-
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Figure 13: Schematic diagram for pixel detector.

diation and higher particle density [17]. This has been taken into account
for the design of the components of IBL.

IBL has the ability to deal with hard radiation in better way than before.
Hard radiation caused ATLAS to lose tracking efficiency especially in
b-tagging analysis. At the moment, IBL is used to improve tracking,
vertexing, b-hadron tagging performance and sensitivity improvement
[19].

In table 2, a comparison between previous pixel detector and pixel detec-
tor with IBL, this comparison shown the improvement in pixel detector
after addition of the IBL [20, 21]:

IBL comes in 14 staves, it has 12 million pixels with a length of 64 cm

51015716(1.5_2 =50Mrad
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Table 2: Difference between pixel without IBL and pixel with IBL

[22, 23].
The difference phase | Previous pixel detector | Current pixel detector
Pixel size 50 x 400 pm =2 50 x 250 pum 2
Beam pipe rad 29 nm 25 nm
Innermost layer rad | 5.05 cm 3.3 ecm
Pixel sensors number | 80 million 92 million

Radiation hard

105 ny,.s7%°

5x 101 n,,.s72

and has been inserted at radius of 3.3 cm as shown in the right panel of

figure 14.

After addition the IBL, the range of n that the inner detector can cover

was increased. From the values in figure 14, the minimum 6 that IBL

covers can be calculated, 0,,;,, = tan

n = |2.9] [20].

_1(%

) = 5.9, so IBL covers up to

The increasing high dose of radiation day after day damages the pixel

?“,"

f“ \/

Figure 14: Left: The ATLAS IBL detector prior to the insertion [23].
Right: Schematic diagram for ¢ calculations that IBL covers, depending on the
geomety of the IBL.

= i'. |'|
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detector and the inner detector in general. Moreover, the world is still
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looking forward for more contributions from LHC in the advancement
of science, such as better understanding of the Higgs boson properties.
Thus, the replacement of the inner detector by the Inner TracKer (ITK)
is a crucial and needed upgrade in Phase /1 (2023 — 2025). My contri-

bution to the ITK in the thesis is discussed in chapters 3 and 4.
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Chapter Three

Inner TracKer (ITK)

3.1 Overview

The current tracking system of the ATLAS detector will be replaced in
Phase /7 (LS3) 2023 — 2025 by a new all-silicon inner tracker (ITK).
This upgrade will improve the tracking performance, b-tagging and lep-
ton identification. Which would allow to study rare process with more
accurate results.

Moreover, ITK has the ability to deal with HL-LHC environment, that
results from increasing the luminosity five times (5 — 7 x 10** cm™2s™1)
more than it nowadays, it will reach 3000 fb~! for integrated luminosity
by 2035. The increase in luminosity means high particle densities, high
pile-up as p will increase from 40 (nowadays) up to 200 in HL-LHC. The
current inner detector deals with hard radiation up to 5 x 10'° n,,.s 2, but
ITK is expected to deal with 10'° n,,.s~ hard radiation, so ITK has also
the ability to cope with hard radiation environment.

ITK 1s also a full silicon detector but without TRT, which 1s immersed

in a 2 T solenoidal field like the current inner detector. ITK will contain

two main components [24]:

i. Pixel detector: it is much like the current pixel detector. It consists
from 5 pixel parallel layers with 4 end-cap rings on each side instead

of discs in the current inner detector as shown in figure 15.
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1. Silicon micro-strip system (strip): as shown in figure 15, it consists

of:

a. 4 parallel layers surrounding the pixel detector with radii from

400 mm to 1000 mm.

b. 6 end-cap disks on each side with normal length arranged from

1400 mm to 3000 mm.

E 1400/ ATLAS Simulation
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—h
N
o
o
T
=
n
-k
o

—
® o
8 8
.\l\
=3
]]
N
o

=
1
W
o

(TR LN RY I ! i I H I I l i
7_ MATARIAR I LS A I H I ! I I I I 2
it

=
1]
-9
o

0 500 1000 1500 2000 2500 3000 3500

z [mm]

Figure 15: ATLAS Inner Tracker (ITK) layout, red lines are strips and blue lines
are pixels.

As shown in figure 15, silicon micro-strip system covers pseudorabidity
up to |n| = 2.5, but ITK will cover up to |n| = 4 [25]. Where |n| =
2.5 — 4 is called the forward region, it is the new region covered by the
ITK as shown in figure 16. This improvement in coverage creates many

benefits, it will improve b-jet identification and pile-up jet identification,
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better identification of the hard scatter vertex beyond to increasing the
range of lepton construction.

From the formula of pseudorapidity, ¢ can be calculated, as |n| = 4,

“central”

n =0 (90°)
Q
n=-1 I n=1(40.4°)
/
/
/
n=-2 n=2(15.4%
n=-8p0 L n=3(7)
n=-4 " T n=4(219
“backward” “forward”
ﬁ l—
Beam 1 Beam 2

Figure 16: New reach in pseudorapidity » of ITK.

0 = 2.1°. In general ITK can cover ¢ from 2.1° to 177.9°.

3.2 Tracking Performance

As the charged particle enters a superconducting magnetic field region
in the tracking system of ATLAS, it will be affected by a lorentz force
(magnetic force only), which can be represented by the motion of rela-

tivistic charged particle in a magnetic field equation:

d? g)

F:q(ﬁxﬁ)%ﬁzq(ﬁx 4)



P =mv =¢qB(T)R(m) ®)

by changing the units from Joule and kg into GeV and using the charge

of proton which is 1.6 x 10~ ¢, we can get:
P(GeV/e) =0.3B(T)R(m) (6)

The transversed component of the momentum (Pr) is given by the equa-
tion:

Pr(GeV/c) = P(GeV/c)sin(0) (7)

where B is the magnetic field in Tesla, the purpose of the solenoid mag-
netic field is to bend the charged particles and as a result will be moved
in a circular path. R is the radius of curvature that results from bending
the charged particles by the magnetic field, it depends on the momentum
of the charged particle as shown in figure 17. Particles with different
momentum moves in trajectories with different radius of curvature, thus
one can distinguish particles from each other based on the trajectory.

In order to calculate the momentum (p), R is needed to be calculated
first. As shown in figure 17, R can be calculated from :

R? = (R —s)?+ (%)

P
R2:R2+S2—2Rs+%2

2Rs = s + %2
_ s L2
R=35+%5
Since s is too small compared to L, then R = é—j, where:

i. L is the longest path length [26] (between the first hit and the last
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Figure 17: The trajectory of charged particles in a magnetic field, left plot

indicates that the radius is increasing with momentum while the right figure
shows how R can be calculated.

hit).

il. s is the least perpendicular distance between the half of the longest

path length and the charged particle trajectory.

From equation 4, large mass particle carries high momentum causes in-
creasing in the radius of curvature. Particle in ATLAS run clockwise if
it has a negative charge and counter clockwise if it has a positive charge.
The aim of tracking system is to determine the position, direction and
momentum of a particle given hits associated to it.

A significantly large number of particles are produced due to collisions
that take place in LHC. These particles will cause hits on several layers
of the inner detector. The produced particles are not identical and they
must be distinguished. The track reconstruction is used to distinguish the

hits according to the type of particle that caused it. It will also find the
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best trajectory that matches a group of hits. These trajectories is called
reconstructed tracks as shown in figure 18.

From the tracking of a charged particle in the inner detector, a life time

lnﬂ[:l i 1] T T 1] T T T |
500 | :
ok .
=500 | :

d '

dl

1000 F L i
1500 =100 =500 0 500 1000 1500

Figure 18: Reconstructed tracks associated to groups of hits.

tag also can be determined, in order to determine the primary vertices
and secondary vertices in order to reconstruct them. The Primary ver-
tices stems from the hard inelastic collision among many low py proton-
proton interactions so called minimum bias events, while the secondary
vertices are the resultant from decaying of primary vertices as shown in
figure 19, which they are long-lived particles. So 7 leptons and b jets are
the most common light jets can be identified from each others [27].

The track reconstruction process can be divided into two stages: pattern
recognition and track fitting. In pattern recognition, which hits belong to
which tracks can be determined, in order to estimate the parameters for

each one [28]. In track fitting the best possible estimation for the track
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Figure 19: Types of vertices.

parameters can be determined in order to identify the particle trajectory.
As shown in figure 20, some of reconstructed tracks can be matched
completely or partially to truth particles tracks and there is some of re-
constructed tracks that do not match to truth particles tracks [9].

There is many criteria to check the tracking detector performance. The

Figure 20: Blue circles are the hits in the ITK, blue lines associated to the
reconstructed tracks while the red lines associated to the truth particles tracks.

first one is the tracking efficiency (¢), which is defined as the number of
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reconstructed tracks match a truth particles with matching probability in
general more than 50% over the total number of truth particles, as shown

in equation 8 [29].

Niyeco(selected, matched)
Niputn (selected)

(8)

€track =

Where the matching probability (F,,.:.1) 1s defined as the fraction of hits

that was caused by the same true tracks[30]:

2N (pixel, common) + N (strip, common)
2N (pizel,track) + N (strip, track)

9)

Pmatch —

Where:

i. N(pixel, common) is the number of pixel hits common between the
reconstructed track and truth track, the factor 2 due to the fact that
the pixel detector provides a 2D measurement since we have a dou-

ble sided silicon layer in each pixel layer.

1. N(strip, common) is the number of strip hits common between the

reconstructed track and truth track.

1. N(pixel, track) is the total number of pixel hits in the reconstructed

track.

1v. N(strip, track) is the total number of strip hits in the reconstructed

track.

The other criteria is to check the performance of the detector is the fake

rate, which can be defined the fraction of reconstructed tracks that do not
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match to a truth particle (the matching probability is less than 50%) over

the total number of truth particles [29].

Nieco(selected, not matched)
Niputn (selected)

fake rate = (10)

If the probability of matching more than 50% and less than 80%, then we
call it poorly matched or bad matched. These particles are reconstructed,
but the measurment will be poor beacause many hits on the reconstructed
track do not come from the truth particle.

Many things affect the charged particle tracking efficiency and the fake
rates. First of them is the type of particle, since they are highly sensitive
to the interaction process between the particle and the detector material.
For example muons have small interactions so it well have a very high
tracking efficiency but in opposite case like pions and protons they have
a lower tracking efficiency. The second parameter is the momentum;
lower momentum particles suffer from high interaction rates and high
multiple scattering which make the process of finding the track very dif-
ficult. Finally the amount of material traversed by a particle determines
the probability of having a nuclear interaction, which reduces the track-

ing efficiency [31].

3.3 Tracking In Dense Environment (TIDE) in ITK

Increasing the luminosity in HL-LHC increases the number of large-
mass particles, that are decaying through the ATLAS ITK. At high mo-

mentum, these particles decay to products that have trajectories very
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much close to each other, these groups of particle’s tracks form jets.
Moreover, increasing p up to 200 will increase the density of environ-
ment. Thus, ITK must have the ability to cope with this environment and
to reconstruct the tracks of the produced particles [32].

The track reconstruction efficiency and the fake rate for Tracking In
Dense Environment (TIDE) of the pixel detector in the ITK is evaluated
in this section. Hypothetical gauge boson Z’ is a massive electrically
neutral, colorless boson which couples to showers of charged quarks and
leptons as shown in the interaction 11. In core of jets, it is an excel-
lent performance indicator for TIDE in ITK, and this allows to apply the
study on b-jets®and light jets’, which they are very important in ATLAS
analysis. Many theories predict the existence of Z’ with a mass in TeV
scale, the results of Z’ decaying will carry high energy, up to 2 TeV.
Thus, many studies focus on Z’ in order to find it, which leads to better

understanding the universe around us [32].

pp— Z' = eTe T, ji T T ep, T (11)

A5TeV 7' — jjsample with ;1 = 200 is used for the baseline variables
studies, these variables are the key to assess I'TK performance and they

are :
i. Truth jet transverse momentum (pr), as in section 3.3.1.

i1. Truth jet pseudorapidty(n), as in section 3.3.2.

®Light jet contains b quark.
"Light jet contains only u and d quarks.
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iii. Truth jet angular distance (AR), as in section 3.3.3.

1v. Displaced vertices, as in section 3.3.4.

pr 1s mostly related to the energy of the jet, and one wants to see the
performance in the full energy spectra. 7, AR and displaced vertices
are mostly connected to the detector resolution, geometry, and overall
performance. We thus want to see how the detector performs by looking
at these observables.

All the tracks are selected in a cone around the jet axis that has AR less

than 0.4 mm and p7 is more than 2 GeV.

3.3.1 Jet Transverse Momentum (p7) Study

First of all, the track reconstruction efficiency for pixel detector in the
ITK within all jets as function of truth jet transverse momentum (pr)
is shown in figure 21. The overall tracking efficiency is around 90%,
while the error bars come from statistical uncertainty. The efficiency is
increased with truth jet pr, it reaches a maximum around 500 GeV, with
increasing the value of pr more than 500 GeV, the track reconstruction
efficiency stays very much constant up to 3 TeV, since the particles with
low momentum are difficult to reconstruct and particles with higher pr
gets further through the detector. More hits can be gotten and one has
greater chance to get them reconstructed properly. The higher pr means
higher tracks collimation. Thus, from the good values of efficiency at this
region, one can conclude that ITK layout performs very good in dense

environment.
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Figure 21: The track reconstruction efficiency as a function of truth jet p; within
all jets in the ITK for different ranges of truth jet 7.

As shown in figure 21, the tracking efficiency reaches 95% in the central
region as pr is more than 700 GeV. While it is around 86% in the forward
region. One can conclude that when 7 is increased the efficiency is de-
creased since the particles must pass through larger amount of material.
Thus particle loses energy or is scattered, making it harder to reconstruct
it properly [33].

By having a look on some ATLAS official results similar to what we do,
a b TeV Z' — tt sample is used in the study in order to study the track
reconstruction efficiency as a function of truth jet py within all jets in the
ITK as shown in figure 22, truth jet n < |4|, AR < 0.4 mm and truth jet
pr > 1 GeV [34]. The tracking efficiency as a function of truth jet pr

in two figures show similar behaviour and much close results. Thus, our
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Figure 22: The track reconstruction efficiency as a function of truth jet p, within
all jets in the ITK for different ranges of truth jet  (ATLAS simulation, 2016)
[34].

study confirms a very good performance of ITK layout.

The rate of reconstructed tracks with a poor truth matching probability
50% < Poaten, < 80%, which is known as a Bad Match rate is shown
in figure 23 as a function of truth jet pr for different ranges of truth jet
n in the ITK within all jets. Since Z’ is an excellent example to study
the performance of ITK, jets that are coming only from Z’ is studied as a
special case. Thus, the bad match rate within jets are only coming from
7' as a function of truth jet py for different ranges of truth jet 7 is shown
in figure 24.

Both figures show similar behavior, which means that most of jets are

coming from Z’. The bad match rate is increased with truth jet pr and
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Top: all 7 are included.

Bottom: different ranges of truth jet , are taken.
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Top: all 7 are included.

Bottom: different ranges of truth jet , are taken.
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increased with different ranges of truth jet p7y. The maximum bad match
rate is 2%, but in general the bad match rate is around 0.3% in both cases.
The fake rate, that consists a reconstructed tracks with a very poor truth
matching probability P, < 50% has not been studied because it is
very small and the samples studied do not have enough events to mea-

sure it properly.

3.3.2 Jet Pseudorapidity () Study

The track reconstruction efficiency in the pixel detector of ITK within all
jets as function of truth jet n for different ranges of pr is shown in fig-
ure 25. The maximum tracking efficiency in the central region is around
94%, but in the forward region, the minimum is around 80%.

In conclusion, the efficiency is increased with truth jet pr since particles
with higher pr gets further through the detector. More hits can be got-
ten and one has greater chance to get them reconstructed properly. But
the efficiency is decreased with transverse jet 7, since the particles must
pass through larger amount of material. Thus particle loses energy or
is scattered, making it harder to reconstruct it properly [33]. In general
the efficiency here has a value around 90%. These results also shown in
the truth jet pr study, so one can confirm the good performance of ITK
layout.

By comparing the results in figure 25 and the results in figure 26, the
tracking efficiency for Z' — jj sample is slightly lower by 3% than the

tracking efficiency for Z' — tt in the forward region, while in the cen-
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tral region both figures show similar behaviour and much close results.
Thus, both results indicate the good performance of ITK.

The bad match rate as a function of truth jet n for different ranges of
truth jet pr of the ITK is shown in figure 27 for all jets. Due to the im-
portance of Z’, the bad match rate for jets that are coming only from
7' is shown in figure 28. The two figures show similar behavior, which
means that most of jets are coming from Z’. In general, the bad match
rate is around 0.2% in both cases, while the highest value is 0.5% when
pr 1s the highest. One can conclude that the bad match rate is increased
as truth jet pr increased. While for specific range of truth jet pr, the bad

match rate stays very much constant for different truth jet 7.
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3.3.3 Jet Angular Distance (A R) Study

In AR study, a 5 TeV Z' — 74 sample is used to study the track recon-
struction efficiency and bad match rate for pixel detector of the ITK as
function of the AR of each truth particle from the jet axis, within AR is
less than 0.4 mm. Jets will be divided into two groups depending on the
contents of a jet. if the jet contains bottom quark (b), it has a name of b
jet. If it does not, it will be considered as a light jet®. These studies are a
good indicator of the performance in the jet substructure.

b quark is the heaviest mass among quarks beyond to ¢ quark, it has a

mass of 4.180 GeV/c? [35], it comes from the decay of massive particles,

8Light jet contains only u and d quarks.
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like Z'. Tt is prefered since it has a life time 10712 sec [36], thus, it travels
some distance before decaying through the I'Tk.

The track reconstruction efficiency in the ITK as function of the AR of

each truth particle from the jet axis is shown in figure 29 for b jets and
figure 30 for light jets. For different ranges of truth jet 7 is studied in top
figures, and for different ranges of truth jet pr is studied in the bottom
figures. The efficiency is increased with truth jet pr, while it decreased
with truth jet 7.
For the b jets, the tracking reconstruction efficiency is increasing slightly
with the AR, since at small AR the density of the particles is the high-
est. 80% is the minimum efficiency, it happens in the forward region,
however, the efficiency is more than 90% and it reaches 95%. By com-
paring these results with the efficiency for Z' — ¢t sample, that shown in
figure 31. The tracking efficiency for Z’ — jj sample is slightly better
than the tracking efficiency for Z' — ¢t sample except at high range of 7
2.06 < |n] < 2.57].
For the light jets, the tracking efficiency stays very much constant with
the AR for specific range of truth jet 7 or truth jet pr. 80% is the mini-
mum effecieny, it happens in the forward region, however, the efficiency
is more than 90% and it reaches 98%. By comparing the values of effi-
ciency for each range of 7 between Z' — jj sample results and 7' — ¢t
sample reults that are shown in figure 32, both samples have nearly the
same values of efficiency, which is very good for both.

B-tagging and light jets are very important for many ATLAS searches,
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[34].
and in core of jets, studying the efficiency as a function of the AR and

getting a good results confirm the ITK good performance.

The bad match rate for b jets as a function of the AR in the ITK for
different ranges of truth jet n is shown in figure 33 within all jets. Figure
34, for different ranges of truth jet py, within all jets. And for different
ranges of truth jet 7, within jets that are coming only from Z’ is shown
in figure 35.

All figures reflect similar behavior. The bad match rate is decreased sig-
nificantly with AR, it has a values between 0% and 0.9%. The bad match
rate is lower in the central region than the forward region, it is increased

with 7. Figures 33 and 35 are exactly the same, which means most of
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jets are coming only from 7’

3.3.4 Displaced Vertices Study

A5 TeV Z' — jj sample is used in displaced vertices study. Displaced
vertices are points of interactions of at least two or more tracks take place
far from the primary interaction point, as shown in figure 36. In most
cases they are coming from massive particles and their decay products
tracks form dense environment. Thus, they are very important in ATLAS
searches.

The truth particles that result from b-hadron decay are taken in this

study, and they are separated into hadrons and leptons [37], and the b-
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hadron decay radius is determined. In order to study the effect of dis-
placed vertices on the track reconstruction efficiency and bad match rate
as a function of truth production radius.

The tracking efficiency for different ranges of truth jet 1 within all jets
in the ITK as a function of the decay radius of the b-hadron for leptons
decaying from b-hadron is shown in figure 37, and for hadrons decaying
from b-hadron is shown in figure 38. The efficiency is decreased with
truth jet . While it is increased with truth production radius. Since
at small radius the particles are very close to each other. The tracking
efficiency takes a value between 75% and less than 100%.

By comparing the values of efficiency for each range of 1 between 2’ —
jj sample results and Z' — tt sample results that shown in figures 39

for leptons and 40 for hadrons. For both hadrons and leptons, samples
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Figure 37: Track reconstruction efficiency for leptons decaying from b-hadron as
a function of truth production radius of the b-hadron within jets in the ITK for
different ranges of truth jet 7.

have nearly the same values of efficiency, which is very good for both.
The bad match rate for different ranges of truth jet  within all jets in
the ITK as a function of the b hadron decay radius, for hadrons decaying
from b-hadron, is shown in figure 41. The bad match rate is decresed
with the radius. In general the bad match rate takes a value between
0% — 3%.
After studying the tracking performance of the ITK, in different base line
variables studies: truth jet transverse momentum (pr), truth jet pseudorapidty(n),
truth jet angular distance (A R) and displaced vertices, by using a 57eV
7" — j7 sample with y = 200. And comparing them with other studies
from ATLAS simulation, one can conclude that we have obtained good

results, thus, confirms that our methodology in studying the performance
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of ITK is validated, and it was used in the coming studies.
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Chapter Four

ITK Pixel Modules

4.1 Overview

The electrical module is the basic unit in pixel detector building. ITK
needs around 10000 hybrid pixel modules while the number of modules
now just 1744 modules, each module as shown in figure 42 basically con-
tains: sensor and new read out chip (front end chip (FE-chip)) with high
data rate and electrical transmission, beyond to flex hybrid for intercon-
nection of data power line to the local support services. The connection
between three components is done by wire bond [38].

As shown in figure 43, there was two proposed designs for the pixel

Read out /

chip /

/
[

Bump bond connection

T .iz? Silicon
E o
j,v l sensor

; Particle track

Figure 42: ITK pixel module.

detector in the ITK (at the time of this work):
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1. Extended ITK: parallel pixel modules to the beam line, it is like the
traditional current pixel detector, so it is well-tested support struc-
ture. Long pixel clusters are expected to be measured at low incident

angle, which can improve the tracking efficiency and reduce the fake

rate [39].

il. Inclined ITK: angled pixel modules to the beam line in the forward
region of the parallel layers, which make them more perpendicular
to the tracks directions in order to minimize the transversed material
and the cluster size. More hits on the modules per one layer can be

obtained in the inclined ITK at large 1 as shown in figure 44.

The end caps are same in both types.

ATLAS collaboration decided to use an inclined modules.
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Figure 43: Extended and inclined ITK.
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Figure 44: More hit modules can be obtained in the inclined ITK at low incident
angle.

4.2 Sensors

There is two technologies of sensors that will be used in the ITK: planner
sensors and 3D sensors, they are shown in figure 45. Planner sensor
is suitable to be used in the outer layers due to its high efficiency and
low cost, they are under development. The main difference between and
the planner sensors in the current inner detector and the planner sensor
in the ITK is in the electrode arrangement, the current sensors used n-
in-p technology while the planner sensor in the ITK will used n-in-n
technology. Moreover, the planner sensor thickness will be more reduced
than it now, since thinner sensor means high efficiency and low cost, it
will be 100 — 150 pm, 100 pm for layers 0 and 1, 150 pm for layers 2, 3
and 4, while it is now 200 pum in the IBL and 285 pm in the other three
pixel layers [40].

3D sensors is suitable to be used in the inner layers and some of the
inner end-cap rings because of their advantages in power consumption
and radiation tolerance, it was used successfully in the inner most layer
IBL in the current inner detector.

The pixel size of each sensor was reduced from 50 x 400 pm? to 50 x 250
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Figure 45: Sketch of the two hybrid pixel technologies, that will be used in the
ITK of ATLAS [40].

pum? after adding the IBL, it will also be more reduced in the ITK, it will
be 25 x 100 um? or 50 x 50 pm?, reducing the pixel module size will
improve the tracking resolution, by optimizing signals and hits per track
as shown in figure 46. These two choices must be compared based on
the tracking performance so that one of them can be integrated into the
system[38]. This study will give a hint to the collaboration which one
will use.

In this study, two ¢t samples with two different pixel size are used, in
order to compare the tracking performance between both as a function
of: pr, n, AR and production radius of b-hadron decay, in order to give
an indication which is better to use a modules with 25 x 100 um? pixel
size or 50 x 50 pm? pixel size.

These two samples are:
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Figure 46: The pixel module size is 50 x 50 zm? in the left figure while it is
50 x 250 um? in the right figure, X? is smaller in the left one, which means that
the resolution is better when the pixel size is smaller.
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i. mcl5_14TeV117050. PowhegPythia_ P2011C _ttbar.recon.
AOD.e2176_52988_s3000_79071

For a sample with pixel size 25 x 100 um? and ;. = 200.

ii. meclb5_14TeV 117050. PowhegPythia_P2011C _ttbar.recon.
AOD.e2176_52988_s3000_79060

For a sample with pixel size 50 x 50 pm? and p = 200.

Always, same selections are used.

The track reconstruction efficiency within jets as a function of truth jet pr
in the ITK for two different samples are different in pixel size is shown
in figure 47. The efficiency is increased with pr, it has a value of 89%
when the pr is 50 GeV and it reaches 96% when pr is around 1400 GeV.
The efficiency for a sample with 50 x 50 um? pixel size is slightly better
than the efficiency for a sample with 25 x 100 um? pixel size.

The bad match rate within jets as a function of truth jet py in the ITK
is shown in figure 48. The bad match rate is increased with pr, it has
a value from 0 at low pr, then it increases until 1% when pr is around
1500 GeV. The bad match rate for a sample with 25 x 100 ;zm? pixel size
1s better at some points and worse at other points than the bad match rate
for a sample with 50 x 50 um? pixel size. It is hard to conclude some-
thing, due to small statistics used.

The track reconstruction efficiency within jets also is studied as a func-
tion of truth jet n in the ITK as shown in figure 49. The efficiency is
decreased with |7, it has a value around 80% in the forward region,

while it reaches 93% in the central region. The efficiency is nearly same



62

> 1
(&) -
c
Q B
5 L
b = I ‘f
g0.95 — T
= - A : ¥ }—'
2 09— =+
8 =
& C ——
% —
©0.85—
= B —h—
0.8—
B —a— 50 x 50 pixel modules size
0.75—
- —— 25 x 100 pixel modules size
0 7 C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I | 1 1 |
"0 200 400 600 800 1000 1200 1400 1600

Truth Jet pT[GeV]

Figure 47: The track reconstruction efficiency within jets as a function of truth
jet pr in the ITK for two samples with 50 x 50 zm? pixel size and 25 x 100 ym?
pixel size.
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Figure 48: The bad match rate within jets as a function of truth jet p; in the ITK
for two samples with 50 x 50 um? pixel size and 25 x 100 ym? pixel size.
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for a sample with 50 x 50 um? pixel size and sample with 25 x 100 ym?
pixel size.

The bad match rate within jets also is studied as a function of truth jet n
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Figure 49: The track reconstruction efficiency within jets as a function of truth
jet 1) in the ITK for two samles with 50 x 50 ym? pixel size and 25 x 100 ym? pixel
S1ze.
in the ITK as shown in figure 50. The bad match rate is less than 0.2%.
The bad match rate for a sample with 25 x 100 um? pixel size and for a

sample with 50 x 50 pm? pixel size are nearly same.

The track reconstruction efficiency within jets as a function of the angu-
lar distance (A R) of each truth particle from the jet in the ITK is shown
in figure 51 for b jets and figure 52 for light jets within AR is less than
0.4 mm. The study here is done with respect to truth jet 7 in the top
figures and with respect to truth jet py in the bottom figures. For both

samples, the b jets tracking efficiency and the light jets tracking effi-
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Figure 50: The bad match rate within jets as a function of truth jet 1 in the ITK
for two samples with 50 x 50 um? pixel size and 25 x 100 ym? pixel size.

ciency are more than 90%, which is very good for both.

As shown in figure 51, the efficiency of b jets for a sample with 50 x 50
pum? pixel size is a little bit better than the efficiency for a sample with
25 x 100 pixel size. For light jets the case is different, the efficiency for
both samples are nearly same, thus, it is hard to determine from the AR
study for light jets which pixel size is preferred to use.

The track reconstruction efficiency within jets in ITK as a function of
the decay radius of the b-hadron for hadrons decaying from b-hadron is
shown 1in figure 53 and for leptons decaying from b-hadron is shown in
figure 54. The efficiency is increased with b-hadron decay radius. The
tracking efficiency takes a value between 90% and 100%, which is good

for both samples. For both leptons and hadrons, the efficiency for a sam-
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Figure 51: The track reconstruction efficiency within jets as a function of the AR
for b jets in the ITK for two samples with 50 x 50 um? pixel size and 25 x 100
pm? pixel size.

Top: truth jet ) study.

Bottom: truth jet pr study.
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Figure 52: The track reconstruction efficiency within jets as a function of the AR
for light jets in the ITK for two samples with 50 x 50 ;m? pixel size and 25 x 100
pm? pixel size.

Top: truth jet ) study.

Bottom: truth jet pr study.
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ple with 25 x 100 um? pixel size is better at some points and worst at
other points than the efficiency for a sample with 50 x 50 xm? pixel size,
Thus, from this study, it is difficult to determine which pixel size is pre-
ferred to use.

In general, for two samples with 50 x 50 pum? pixel size and 25 x 100
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Figure 53: The track reconstruction efficiency within jets as a function of truth
production radius for hadron in the ITK for 50 x 50 zm? and 25 x 100 gm?
sensors samples.

um? pixel size, the tracking efficiency is nearly similar in some stud-
ies. But in other, like, the tracking reconstruction efficieny in truth jet
pr study and AR study for b jets, results show that using a sensors with

pixel size 50 x 50 um? is preffered.
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Figure 54: The track reconstruction efficiency within jets as a function of truth
production radius for lepton in the ITK for two samples with 50 x 50 zm? pixel
size and 25 x 100 um? pixel size.

4.3 Pile-up Study

In LHC, two beams of hadrons are being acclerated then they are col-
lided at four main positions. Each beam contains around 2808 bunches
and bunch crossing occurs every 25 nanosecond. The number of p-p in-
teraction per bunch crossing (pile up or ) is around 40 nowadays (run
2). p 1s expected to be around 140 in HL-LHC and the maximum g will
be 200.

In this section the effect of increasing 4 is studied, by taken four ¢¢ sam-
ples that have a pixel size 50 x 50 um?, but with different values of
w; 0,80, 140 and 200, in order to compare the tracking performance be-

tween them as a function of: truth jet pp, truth jet n, AR of each truth
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particle from the jet axis and production radius of b-hadron decay in or-
der to study the roboustness of the track reconstruction efficiency with
respect to high pile-up. Same selections are used.

The four samples are:

i. mcl5_14TeV117050. PowhegPythia_ P2011C _ttbar.recon.
AOD.e2176_52988_53000_79060
For a sample with pixel size 50 x 50 pm? and p = 200.

ii. mclb5_14TeV 117050. PowhegPythia_P2011C _ttbar.recon.
AOD.e2176_52988_s3000_79052
For a sample with pixel size 50 x 50 pum? and ;1 = 140.

iii. mcl5_14TeV 117050. PowhegPythia_P2011C_ttbar.recon.
AOD .e2176_52988_53000_79054
For a sample with pixel size 50 x 50 um? and p = 80.

iv. mecl5_14TeV117050. PowhegPythia_P2011C_ttbar.recon.
AOD .e2176_52988_53000_79052

For a sample with pixel size 50 x 50 pum? and p = 0.

The track reconstruction efficiency within jets as a function of truth jet
pr in the pixel detector of the ITK for four different samples is shown in
figure 55. The four samples have a pixel size 50 x 50 um? but y is dif-
ferent for each. As p = 0, the values of efficiency are between 91% and
95%. For a sample that has ;1 = 80, it has values of efficiency between
89% and 97%. The third sample with © = 140 has values of efficiency
between 89% and 93%. Finally, the fourth sample with © = 200 has
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values of efficiency between 89% and 95%.

The efficiency is increased with pr, it has a value of 89% when the pr is
50 GeV and it reaches 97% when pr is around 1000 GeV. The efficiency
1s decreased slightly with ;o which is expected, but the good thing that
the efficiency is decreased slightly and still has high values as . = 200
in comparison with efficiency values as ¢ = 0, one has conclude that the
ITK layout has the ability to cope with HL-LHC environment.

The bad match rate within jets as a function of truth jet pr in the ITK is
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Figure 55: The track reconstruction efficiency within jets as a function of truth
jet pr in the ITK for four different samples that have a pixel size 50 x 50 ;m?
with four different values of ..

shown in figure 56. The bad match rate is increased with pr, it has values
from 0.05% at low pr, then it increases until 1% when p7 is around 950

GeV. The bad match rate is decreased with p, as ¢ = 200 the maximum,
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Figure 56: The bad match rate within jets as a function of truth jet p in the ITK

for four different samples that have a pixel size 50 x 50 ym? with four different
values of /.

the bad match rate is 0.45%, which is a very good indicator of ITK per-
formance in HL-LHC environment.

The track reconstruction efficiency within jets also is studied as a func-
tion of truth jet n in the ITK as shown in figure 57. The efficiency is

, it has values between 80% and 90% in the forward

decreased with |n
region, while it reaches 95% in the central region. The efficiency is de-
creased very slightly with g, it has 84% — 95% efficiency as ;. = 0,
79% — 93% efficiency as ;1 = 200 and between them as . = 80 and 140.
The values of efficiency with different o are very close, thus, one can
conclude that truth jet ) study confirms the good performance of ITK in
HL-LHC.

The bad match rate within jets also is studied as a function of truth jet 7
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in the ITK as shown in figure 58. The bad match rate is less than 0.25%.
For samples with different p, the bad match rates are very close, thus,
one can conclude that the bad match rate is not affected by changing the
value of p.
The track reconstruction efficiency within jets as a function of the angu-
lar distance (A R) of each truth particle from the jet axis in the ITK is
shown in figure 59 for b jets and figure 60 for light jets within AR is less
than 0.4 mm. The study here is done with respect to truth jet 7 in the top
figures and with respect to truth jet pr in the bottom figures. For both
samples, the b jet tracking efficiency and the light jet tracking efficiency
are more than 90% whatever the value of y, which is very good for both.
It is hard to determine how the tracking efficiency behaves with p. Thus,
one can conclude that ITK layout performance is a very good especially
with o = 200, thus, it can cope with harsh environment in HL-LHC.
The track reconstruction efficiency within jets in ITK as a function of
the decay radius of the b-hadron for hadrons decaying from b-hadron is
shown in figure 61, and for leptons decaying from b-hadron is shown in
figure 62. The efficiency is increased with b-hadron decay radius. In
general the tracking efficiency takes a value between 89% and less than
100%, which is good for leptons and hadrons, while it is hard to deter-
mine at which value of ;1 we can get the best efficiency, due to small
statistics used.

In general, after comparing the tracking efficiency between four differ-

ent samples that have a pixel size 50 x 50 ym? with four different values
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Top: truth jet ) study.

Bottom: truth jet pr study.
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Top: truth jet ) study.
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of p: 0,80 ,140 and 200. Different studies show that the ITK layout is
designed to cope well with HL-LHC environment since the tracking ef-
ficiency for a sample with ¢ = 200 has a similar or slighty less values
than the others. Thus, the robustness of the track reconstruction effi-

ciency with respect to high pile-up is confirmed in this study.
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Chapter Five

Conclusion

ATLAS is one of the main general-purpose detector in LHC, it will be
upgraded in 2023-2025 (which is called phase II). The major upgrade
will be for the inner detector, it will be replaced by the new inner tracker
(ITK). At that time the stage of high luminosity LHC (HL-LHC) will
start with luminosity five times more than the luminosity in run 2 (nowa-
days), which creates a hope for a substantial advancement in the under-
standing of physics pheomena related to high-energy physics. The layout
of ITK will cover a pseudorapidity up to |n| = 4, while the current inner
detector covers a pseudorapidity up to |n| = 2.5.

In this thesis the performanc of the new ITK of ATLAS is studied, by
studying the track recostruction efficiency and the bad match rate, by us-
ing a5 TeV Z' — jj sample with ;1 = 200. The tracking performance
is done as a function of different variables; truth jet pr, truth jet 7, truth
jet AR and displaced vertices, including particles travel in the forward
region with a values of 2.5 < |n| < 4. After comparing them with
other studies from ATLAS simulation, one can conclude that we have
obtained good results, confirming that our methodology in studying the
performance of ITK is valid, and can be used for further studies.

The pixel size of ITK module will be reduced, the pixel size in the cur-
rent inner detector is 50 x 400 ym? and 50 x 50 gm? in the IBL. There
are two proposed pixel size to use in the ITK, as follows:

i. 50 x 50 um? pixel size.
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ii. 25 x 100 um? pixel size.

The tracking performance as a function of different baseline variables for
two tt samples that are different in pixel size is studied and compared,
the study here is done with high pile-up, ¢ = 200 for both. In general,
for two samples the tracking efficiency is almost similar in some stud-
ies. But in other, like, the tracking reconstruction efficieny in truth jet pr
study (figure 47) and AR study for b jets (figure 51), results show that
using a sensors with pixel size 50 x 50 um? is prefered. Thus, it could be
considered as a hint to ATLAS collaboration that is better to use modules
with 50 x 50 um? pixel size.

The tracking performance of the new ITK of ATLAS as the value of p
increases 1s also studied as a function of different variables, in order to
see the effect of changing p on the tracking performance of it. This al-
lows to study the roboustness of the track reconstruction efficiency with
respect to high pile-up.

In this study, four different t¢ samples that have a pixel size 50 x 50 pm?
with four different values of p: 0,80 ,140 and 200 is used to study the
tracking reconstruction efficiency and bad match rate for them.

In general, after comparing the tracking efficiency between four differ-
ent samples. Different studies show that the ITK layout is designed to
cope well with HL-LHC environment since the tracking efficiency for a
sample with p = 200 has a similar or slightly less values than the others.
Thus, the robustness of the track reconstruction efficiency with respect

to high pile-up is confirmed in this study.
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List of Symbols and Abbreviations

CERN

LAL
LHC
HL-LHC
ATLAS
CMS
LHCb
ALICE
ITK

ID

SCT
TRT

Strip

: Conseil Europen pour la Recherche Nuclaire
(European Organization for Nuclear Research)
: Linear Accelerator Laboratory

: Large Hadron Collider

: High Luminosity LHC

: A Toroidal LHC ApparataS experiment
: Compact Muon Solenoid experiment

: LHC-beauty experiment

: A Large Ion Collider Experiment

: Inner TracKer

: Inner Detector

: SemiConductor Tracker

: Transition Radiation Tracker

: Silicon micro-strip system

: Pseudorapidity

: Momentum

: Transverse Momentum

: Charge

: Angular distance

: Inserted B-Layer

: Polar angle

: Azimuthal angle

: Transverse impact parameter
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Pz

by

ns

b jet
light jet
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: Longitudinal impact parameter

: x-component for the momentum
: y-component for the momentum
: Pile-up

: nanosecond

: Magnetic field

: Radius of curvature

: Efficiency

: Bad Match rate

: Probability of matching

: Tracking In Dense Environment
: Hypothetical gauge boson

: Jet

: Bottom quark

: Jet contains b quark

: Jet does not contain b quark

: Top quark

: Top quark with negative charge
: Up quark

: Down quark

: Charm quark

: Strange quark

: Electron

: Muon
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T : Tau

v, : Electron nutrino

vy : Muon nutrino

vy : Tau nutrino

H : Higgs boson

g : Gluon

Y : Photon

SUSY : Supersymmetry

LS1 : First Long Shutdown (2013-2015)
LS3 : Third Long Shutdown (2023-2025)
GEANT4 : full monte-carlo simulation

Nireco : Number of reconstructed tracks
Niyuth : Number of truth particles

2D : Two dimension

N(pixel, common) : The number of pixel hits common between the
reconstructed track and truth track

N(strip, common) : The number of strip hits common between the
reconstructed track and truth track

N(pixel, track) : The total number of pixel hits in the
reconstructed track

N(strip, track) : The total number of strip hits in the

reconstructed track



daib gl Zladl) daaly
Lalad) cula)pal) 408

adlaa B 3 g2 gall Gulbl CAdASH ASal) aiiall o] A o
4 9510 S L g 61 Aadiiall alil) yslf il g jagdl

Alas |
AWy ay e anly anled

) )
CMay daa) 3

slidl) B pduala) Ay 3 o J geaad) cilillaial YlaSi) da gl 08 cradd
Cosaadd (bl (Agib o) o) daala A Llad) il Al 48,
2018



o
Lalatall Al ) cligpagll asbaan b 3gagal) Gullal CREISH L)Y aial) o)) Ay
A g5l GilaBU dg s Y)

s
& ae aviud
i)

Cduas daaf .2
oadlall
& A Ry Qs B pe e ia Al i GLESa g elgadll 8 allal B
ayg . le LYl ALY eyl clia 5 5 il 5 S ulidl 5l g jagl) anlas
il sy lganaat oy ) bl DA e w5 ) luhall 5 lad) aaaal Bl Lgaal
o a0 Al Slerad) dyan 4paS dlagy diay @l Jalal) Ciatall o Slea alals g
ST ey 8l Gl Jlag ) 20252023 sle con L daiaadl) 8 i sl
5ol 4l (5K I ALY L sl gl e ST ciladlial sae Cidad e 508 Flas
ol jead Al spa e Lolgh am Al Gla el Adaas e

Ol ye mlall g bl S el Bale) Audlad Aufys o ALyl 028

Myt s adll ad3l A e e saed Faalls gl sleal) collsally Aaall iyl
Buas Adlia) da (53 Y] 55 Bpea Wi dam Al Glaral) o 5L Liad L
NCUNRINY SRR R U N RV PO S, SO NA U WS
Glaaal) e 2l Gialing Gine Jaly Glarwall L oy sale] Allad dulyny Liad L
e sies)Soe 100%25 alaad @l (I, m0al A3 Giaaiall JA13 agalads ) - jidal
200 clodlaill 2ae 4 sl da s 8 i Al 038 Lauye sies S 50*50 Ll

e Loy allad €1 U gl aladn ul o) Liaag a8y 3lials 25 JS sl

Ghlusall ¢l sale] Alled (sl (520 3aadle s Claaliaill 2ae 3ab) il alya &kl
By, siag e 50%50 2 @b Clas gt clie Ao clolaill s ab) dei

%90 (s ST ad Joa Ll 5 Adle )y Lo Adladll f Lasg



