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Abstract

This thesis presents the work done to develop and qualify the Pixel Data Transmission
Chain of the Inner Tracker (ITk) of the ATLAS experiment. To meet High Luminosity
- Large Hadron Collider (HL-LHC) conditions, the ATLAS Inner Detector will adopt an
all-silicon tracker with high-speed, radiation-resistant data transmission, of which a key
stage is the electrical-to-optical component called optoboard. The optoboard is the fun-
damental component of the optosystem, which is responsible for the recovery, aggregation
and electrical-optical conversion of all I'Tk Pixel data links. This thesis describes the de-
sign of the optosystem and the key components of the ITk Pixel data transmission chain,
namely, the GBCR which restores the data that is attenuated after electrical transmis-
sion from the modules, the IpGBT which multiplexes and de-multiplexes the outgoing
and incoming signal and the VIRx+ which is responsible for the electrical-to-optical
conversion using a 850nm laser diode. Functionality tests were performed to validate
the design of the optoboard and to analyse and qualify the signal over the electrical part
of the ITk Pixel data transmission chain to ensure that the the transmitted data is not
distorted or lost and the required specifications fulfilled. Overall, the ITk Pixel electrical
data transmission chain from the pixel modules to the optoboard is able to satisfy the
requirements of BER < 107 for a signal loss < 20dB with lowest observed total jitter
of ~ 110 ps. Furthermore, the Optosystem and the [Tk Pixel Data Transmission Chain
has successfully passed the final design review and is scheduled to be installed in ATLAS
in the next long shutdown in 2026-2028. This thesis also documents the results of the
analysis which searches for 3rd generation squarks with final states consisting of top and
bottom quarks and missing transverse energy (Et ) using the ATLAS detector at the
Large Hadron Collider (LHC). The Standard Model (SM) of Particle Physics accurately
predicts observed experimental outcomes related to the fundamental constituents of mat-
ter. However, there are still many unanswered questions. Supersymmetry (SUSY) is an
extension of the SM that aims to fill these gaps by predicting a super partner particle
for each particle in the SM. This analysis has been performed earlier using Run 1 and
36fb 'of Run 2 data. This time a dedicated search is performed using the full LHC
Run 2 data of 139fb™ 'at Vs = 13TeV to look for the pair production of 3rd generation
squarks decaying asymmetrically into a tb+ ET™ signature resulting in 1 lepton, 2 b-jets
and ET™ final state. The analysis was divided into bulk and compressed signal regions
based on the mass difference between the top quark and )ch). The author’s work had been
focused on the developing and validating the entire signal grid and defining and analysing
the bulk region. In this signal region, this search has placed expected exclusion limits
on my;; upto 980 GeVfor meo = 110 GeV assuming Am(xl,xl) =1GeV. This search
increases the limit by ~ 150 GeV and 60 GeV when compared to the one lepton region
and the combined bb+ET and tb+E™ observed exclusion contours of the previous
version of the analysis.
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Introduction

Particle physics delves into the most fundamental inquiries about nature and the reality
we inhabit, seeking to unveil the composition of matter itself. It aims to decipher the
governing laws of the universe and unveil the essential building blocks that constitute it.
Since the beginning of the 20" century, the dynamic interaction between theoretical and
experimental facets of particle physics has played a pivotal role in its advancement. The
interplay between theoretical predictions and experimental validations has challenged
both sides to push the boundaries of knowledge. The Standard Model (SM) [1-5] has
emerged as the culmination of these efforts, encapsulating our current comprehension of
elementary particles and the forces driving their interactions.

The SM has been rigorously validated through numerous precise examinations and was
completed with the landmark discovery of the Higgs boson at the Large Hadron Collider
(LHC) [6] by the collaborative efforts of ATLAS and CMS in 2012 [7,8]. While it has pro-
vided profound insights, the SM falls short in explaining key observations. For instance,
it does not account for the elusive phenomena of dark matter and dark energy, and it
can only explain three out of the four fundamental forces. Furthermore, it grapples with
the fundamental mystery of why our universe predominantly comprises matter and not
anti-matter. Adding to these enigmas, the SM encounters the Hierarchy Problem [9, 10]
when assumed to hold up to the Planck scale. This challenge necessitates extensive fine-
tuning to maintain the Higgs boson’s mass at the observed 125.1 GeV [11], a departure
from the principle of naturalness [12-14].

Intensive exploration is underway to probe Beyond the Standard Model (BSM) physics,
striving to expand the existing framework. CERN, notably through experiments at the
LHC, spearheads a robust research programme to either validate or challenge concepts
like supersymmetry (SUSY) and other BSM theories. The second data collection phase
of the LHC, known as Run 2, concluded in December 2018, marking a pivotal step in the
endeavour. This period witnessed a notable increase in the center-of-mass energy from
8 TeV to 13 TeV, enabling enhanced searches for BSM particles and pushing the limits of
discovery sensitivity, ultimately yielding unprecedented mass exclusion boundaries.

Among the myriad of BSM theories aimed at extending the established SM framework,
SUSY [15-21] stands out as particularly noteworthy. Built upon the foundational princi-
ple of symmetries that played a pivotal role in constructing the SM, this theory introduces
an intrinsic symmetry bridging fermions and bosons. The potential ramifications of such
a theory hold significant allure, possibly offering resolutions to several lingering questions
within the SM, especially concerning the technical hierarchy problem. By assuming that
fermions and bosons exhibit identical couplings to the Higgs, the fermionic and bosonic
contributions combine in a neat cancellation and prevent the divergences in Higgs bo-
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son mass at any given energy scale. This cancellation leaves only the bare Higgs mass.
Given that the Yukawa couplings are proportional to the particle mass, the more massive
particles exert the most substantial influence. Consequently, the superpartners of third-

generation quarks - namely, the top (¢) and bottom (b) squarks are of key importance.

While the theoretical foundation is robust, concrete evidence in support of this BSM
theory has remained elusive. Exploration at the LHC has effectively ruled out numerous
SUSY models, constraining their masses to approximately ~ 1TeV or higher [22,23].
However, the scope of SUSY is far from being eliminated, primarily due to the fact that
only exceedingly basic interpretations of it have been explored thus far.

This thesis reports an exploration into the search for the pair production of the light-
est SUSY counterparts to the top and bottom-quarks, utilising a dataset of 139 b~ from
LHC Run 2 of proton-proton collisions at a center-of-mass energy of 13 TeV obtained from
the ATLAS detector. This study focuses on final states characterised by one charged lep-
ton, two b-jets, and missing transverse momentum E7 . The analysis looking for the
same final state was performed previously using partial Run 2 dataset of 36 fb_l, where
the bottom squark mass of upto 880 GeV was excluded. This meant that lightest SUSY
particles can exist after 880 GeV [24]. Increased statistics from the full 139 fb~ ' dataset,
meant that there was a greater probability of finding new physics beyond the set mass
limit or definitely increasing the present exclusion limits. To identify the desired process
while effectively distinguishing it from plausible SM processes mimicking the same final
state, a set of kinematic and phenomenological criteria is implemented. This discerning
approach aims to isolate the targeted signal while mitigating background contamination.
Precise modelling techniques are harnessed to ascertain the expected number of events
originating from each distinct SM background process. A notable excess between ob-
served data events and the expected outcomes from these backgrounds could potentially
point towards the presence of novel physics phenomena.

During the current Run 3 of the LHC, around 300 b Lof proton-proton collision data
at energies of 13-14 TeV will be generated until 2024. However, a substantially larger
amount of integrated luminosity is required for achieving greater precision in SM measure-
ments like the Higgs self-coupling and detecting more intricate and rare BSM signatures.
This is the main motivation behind the High-Luminosity LHC (HL-LHC) initiative [25]
which would enhance the LHC’s capabilities by accumulating integrated luminosities
of up to 4000 fb~!. This augmentation, for instance, facilitates the exploration of top
squarks with masses up to 1.25TeV and the establishment of Higgs boson couplings at
precision levels of around one percent [26]. The increase in luminosity will cause a greater
number of proton-proton collisions leading to extremely harsh radiation environment. In
response to the intensification of collision signatures and augmented radiation-induced
harm, enhancements within the LHC experiments themselves are also imperative.

In accordance with the challenges that the High-Luminosity upgrade of the LHC poses,
the current Inner Detector of the ATLAS experiment will be replaced with an all-silicon
Inner Tracker (ITk) [27,28| consisting of an inner Pixel and an outer Strip detector.
The ITk incorporates not only novel sensing components but also an entirely revamped
readout system. Given the increase in the simultaneous proton-proton collisions, the I'Tk
data-taking will have to provide high-speed and radiation-hard data transmission. To
fully utilise the space available inside the detector and to prevent loss of data, the data
from multiple pixel modules is combined into single optical signals. This combination
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and optical-to-electrical conversion are done using optoboards which consist of different
components to meet the said requirements. The ITk Pixel data transmission transmits
data electrically inside of the ITk at data rates of 1.28 Gbps, followed by the optical
transmission at speeds of 10.24 Gbps through fibres out of the ATLAS detector to the
counting room [29]. For my thesis, I planned to qualify the electrical signal from the
sensor electronic prototypes to the optoboard using the initial prototypes, thereby build-
ing the first ITk Pixel data transmission chain prototype for the Bern ATLAS group.
I further worked on optimising the configurations of the different electrical components
connected over the transmission chain by the means of eye diagrams, signal loss and
bit error rate measurements. Each component and the overall optoboard prototype was
characterised to enhance the performance and meet the requirements of the I'Tk Pixel
data transmission chain. I also did preliminary irradiation studies on the electrical cables
to study the signal quality pre- and post-irradiation.

The description of the SM and introduction of SUSY is in Chapter 1. The overview
of the LHC and ATLAS is provided in Chapter 2. Chapter 3 provides a description of
the High-Luminosity programme of the LHC and the associated upgrade of the ATLAS
detector. The chapter further presents my work on qualification of the optoboard and the
ITk Pixel data transmission chain. Finally, Chapter 4 documents the analysis searching
for 34 generation squarks decaying asymmetrically into a tb+E1"" signature resulting
in 1 lepton, 2 b-jets and ET " final state using a dataset of 139 bt






Chapter 1

Theoretical Overview: Standard
Model and Supersymmetry

This chapter provides an overview of the fundamental components of the Standard Model
of particle physics leading to a comprehensive understanding of the fundamental particles
and forces. However, the chapter also highlights certain limitations and unanswered
questions within the Standard Model, such as the Higgs hierarchy problem and the
mysterious nature of dark matter. To address these issues, the concept of supersymmetry
is introduced as a potential solution. Supersymmetry proposes the existence of additional
particles that could provide answers to the unresolved questions and offer a more complete
description of the universe. By exploring supersymmetry, the chapter aims to present a
possible avenue for extending the Standard Model and addressing its limitations.

1.1 From Atoms to Quarks

Centuries ago, the question of the smallest building blocks of matter emerged, leading
to the remarkable discovery of the atom and revolutionising particle physics throughout
the 20" century. Atoms consist of negatively charged electrons (e ) orbiting a central
nucleus composed of positively charged protons (p+) and electrically neutral neutrons
(n). The electromagnetic force, a manifestation of Quantum Electrodynamics (QED) at
low energies, binds the electrons and nucleus together. However, protons and neutrons
are not fundamental particles themselves. They are composite particles, bound states of
even smaller entities known as quarks. The proton consists of two valence up quarks (u)
and one valence down quark (d), while the neutron comprises one valence up quark and
two valence down quarks.

The strong interaction, described by Quantum Chromodynamics (QCD), governs the
behaviour of these quarks and is responsible for the formation of hadrons, such as protons
and neutrons. It is the residual effect of the strong force that enables the formation
of atomic nuclei. The varying combination of protons, neutrons, and electrons, along
with the quantisation enforced by quantum mechanics, gives rise to the diverse elements
observed in the periodic table.

The weak interaction, one of the fundamental forces in particle physics, is responsible for
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processes like nuclear decay and acts on all the elementary particles. And gravity, the
fourth and final fundamental force, although negligible at the atomic scale, governs the
larger-scale structure of the universe.

The majority of matter consists of three particles: the electron, electron-neutrino (v,,
and the up and down quarks. Together, they constitute the first generation of matter.

However, as we explore higher-energy regimes achievable through particle colliders, addi-
tional complexity emerges, leading to the discovery of more fundamental particles. The
Standard Model of particle physics elegantly describes the known fundamental particles
and the forces that govern their interactions. It categorises these particles into two types:
fermions and bosons. Fermions have half-integer spin, follow Fermi-Dirac statistics, and
adhere to the Pauli Exclusion Principle. Bosons, on the other hand, have integer spin
and follow Bose-Einstein statistics.

1.2 The Standard Model of Particle Physics

1 st 2”" 3 rd electro-weak
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Figure 1.1: The Standard Model of particle physics. Figure has been taken from Refer-
ence [30].

The Standard Model (SM) is a concise theory that describes the interactions between
fermionic particles and three of the four fundamental forces: the strong force, electromag-
netic force, and weak force. However, the incorporation of gravity into the SM remains
an unresolved challenge. Constructing the SM involves several fundamental components:
the Dirac equation of relativistic quantum mechanics, which describes the dynamics of
free fermions; Quantum Field Theory (QFT), which mathematically describes particles
and their interactions; local gauge invariance, which governs how these interactions man-
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ifest in nature; the Higgs mechanism of electroweak symmetry breaking, responsible for
generating particle masses; and the extensive experimental data that played a crucial
role in developing this theory [31].

Table 1.1 presents the fermionic and bosonic constituents of the SM, respectively. Fermions
in the SM can be categorised as quarks, which can interact via the strong force, and lep-
tons, which cannot. These particles further divide into three generations, with the first
generation comprising the electron, electron-neutrino, up quark, and down quark. The
particles in the second and third generations are unstable and decay into lighter particles,
often observed in high-energy collisions. Each generation consists of two doublets, one for
leptons and one for quarks. In the lepton doublet, an electrically charged particle (e, u,
7) is paired with its corresponding electrically neutral lepton-neutrino (v, v, v,). Each
of these fundamental particles have their corresponding antiparticles with same proper-
ties except for the electric charge which is opposite to its particle counterpart. Quantum
Electrodynamics (QED) mathematically formulates these interactions, enabling particles
with electric charge to interact through this force. QED provides a quantum description
of matter-light interactions and is the counterpart to classical electrodynamics [32,33].

Table 1.1: Summary of the SM particle content and the three fundamental interactions
described by the SM with the corresponding mediators, charges and range.

Fermions
Generation Name Symbol Spin Charge [e] Mass
Up-quark u /2 +2/3 2.2 MeV
I Down-quark d /2 -1/3 4.7 MeV
Electron-neutrino v, 1/2 0 <2 eV
Electron e 1/2 -1 0.511 MeV
Charm-quark c /2 +2/3 1.27 GeV
I Strange-quark s /2 -1/3 96 MeV
Muon-neutrino v, 1/2 0 <0.19 eV
Muon wo 1/2 -1 105.7 MeV
Top-quark t /2 +2/3 172.9 GeV
I Bottom-quark b 1/2  -1/3 4.18 GeV
Tau-neutrino v, /2 0 <18.2 eV
Tau T /2 -1 1776.8 MeV
Gauge Bosons
Interaction Name Symbol Spin Charge Type Mass [GeV] Range [m]
Strong Gluon g 1 electrical 0 T
Electromagnetic Photon y 1 colour 0 00
W-boson w* 1 weak isospin  80.4 1078
Weak 0 . . —18
Z-boson Z 1 weak isospin  91.2 10
Higgs Boson
Name Symbol Spin Charge [e] Mass [GeV]
Higgs boson h 0 0 125.1

The quark doublet consists of up-type quarks (u, ¢, t) with an electromagnetic charge of
+2/3 and down-type quarks (d, s, b) with an electromagnetic charge of —1/3. Quarks
also possess another conserved quantum property known as colour charge [34|. Quantum
Chromodynamics (QCD) mathematically formulates this interaction, allowing particles
with colour charge to interact through the strong force. Quarks can exist in red, green,
or blue colour states; however, experimental evidence indicates that coloured particles
do not exist freely in nature, and this is known as the colour confinement of quarks. This
results in quarks existing only in bound, colourless states called hadrons. This colour



8 Chapter 1: Theoretical Overview: Standard Model and Supersymmetry

confinement phenomenon arises due to the dependence of the QCD coupling strength on
the momentum transfer of the interaction, denoted as QQ. The QCD coupling constant,
gs, represented as a, = g,/47 as shown in Equation (1.1).

2 2
1 11n, — 2n
g S(Q ) — 5 , Where BO = 70 f
47'(' B[)ln( 2Q ) 1271'
A gep

(1.1)

Here, A2QC p is the energy scale at which the non-perturbative dynamics of QCD domi-
nate, f; is calculated using the number of colours n, which is 3 and the number of active
flavours ny with mass below Q.

In Figure 1.2, experimental measurements of the QCD coupling constant are depicted
as a function of the momentum transfer. At low energies and large distances, where
the momentum transfer approaches the QCD scale (A2QCD), the strength of the QCD
coupling increases. This behaviour can be understood by considering an effective poten-
tial between two quarks. Empirical observations show that the potential follows a 1/r
behaviour at short distances and an almost linearly rising potential at larger distances
[11]. As distances increase, the energy required for further separation becomes high
enough that it becomes energetically favourable to produce new particles from the vac-
uum. Consequently, this leads to the formation of new colour-neutral hadrons: mesons
(quark-antiquark pairs with the colour - anti-colour charge) or baryons (bound states
of three quarks or antiquarks with differing colours, where the proton is a commonly
encountered example, composed of uud).

At high values of Q2 i.e. small distances, the QCD coupling constant decreases, and the
quarks are characterised as quasi-free. This phenomenon is known as asymptotic freedom,
and it allows perturbative computation of QCD calculations. Hence, bare quarks and
gluons are not directly observable in nature. Instead, they have the ability to emit
additional gluons and radiate energy until reaching an energy scale where confinement
takes place, leading to the initiation of the hadronisation process. This phenomenon is
experimentally observed as a concentrated flow of hadrons, commonly referred to as a
jet.

In the realm of particle physics, fermions are the building blocks of matter, while bosons
mediate interactions between them. Each fundamental force within the framework of the
Standard Model is accompanied by a distinct boson that acts as the mediator for inter-
actions among fermions through that specific force. During these interactions, fermions
exchange the associated boson with one another transmitting the respective force.

The electroweak interaction holds significant importance within the framework of the
Standard Model. Initially, the weak and electromagnetic interactions were treated as
separate forces, each with their respective theories. The electromagnetic interaction was
effectively described by Quantum Electrodynamics (QED), while the weak interaction
was initially captured by an effective theory called the Fermi theory or Quantum Flavour
Dynamics. This Fermi theory successfully accounted for charged current interactions as
point-like interactions, particularly at low energies. However, as energies approached the
electroweak scale at approximately 100 GeV, the limitations of the Fermi theory became
apparent. Experimental evidence unveiled that only left-handed chirality particles par-
ticipated in charged current interactions, leading to the introduction of the weak isospin
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Figure 1.2: Theoretical predictions and experimental measurements of the QCD coupling
constant «a, as a function of the momentum transfer Q2 of a process. Figure has been
taken from [35].

quantum number, denoted as T [36]. This discovery marked a crucial step in under-
standing the nature of the weak interaction. The distinct role of left-handed fermions
in charged current interactions paved the way for a deeper unification of the weak and
electromagnetic forces within the electroweak theory. Specifically, the forces couple to
the third component of weak isospin, T5. Left-handed fermions are grouped into doublets
with T = 1/2 and T3 = £1/2. Right-handed fermions form a singlet with T = 0 and T3
= 0, thus not interacting via charged current interactions. The right-handed neutrino
is not accounted for in the current formulation of the Standard Model. This is due to
the fact that it has not been experimentally detected thus far. Theoretical predictions
suggest that the right-handed neutrino primarily interacts through gravity, with negligi-
ble interactions through the other fundamental forces described by the Standard Model.
As a result, the right-handed neutrino’s absence in the model is based on experimental
observations with no theoretical exclusions regarding its minimal involvement in other
particle interactions. In order to describe the electromagnetic interaction, which inter-
acts with both left-handed and right-handed particles, the concept of hypercharge Yy is
introduced. It is defined as @ = T3 + Yy /2, where @ represents the electric charge. An
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important aspect of this unification is that the weak component of the Standard Model
couples exclusively to the left-handed weak isospin doublets. On the other hand, the
electromagnetic component has the ability to act on both left-handed and right-handed
components. Glashow, Salam, and Weinberg proposed this unification of the electromag-
netic and weak forces as the electroweak interaction |2, 3,5, 36].

Symmetry plays a fundamental role in the Standard Model, and it is guided by Noether’s
theorem, which states that for every conserved symmetry, there exists a corresponding
conserved quantity. The mathematical framework of the Standard Model is built upon
this principle and is expressed through the formalism of Quantum Field Theory (QFT)
[37]. By embracing symmetry, the Standard Model provides a powerful tool for un-
derstanding the fundamental interactions and particles that make up our universe. In
the Standard Model, all fundamental particles are described as excitations of quantum
fields that permeate all points in space-time. Fermions, such as quarks and leptons,
are represented by fermion fields denoted as 1(z) and known as Dirac-spinors. On the
other hand, gauge bosons, which mediate the fundamental forces, are described by vector
fields denoted as A, (z), where u represents the spacetime index. The Standard Model is
constructed by incorporating local gauge invariance to account for the three fundamen-
tal forces. This involves introducing additional bosonic gauge fields that interact with
fermions, giving rise to the fundamental interactions observed in nature. Local gauge
invariance ensures that these interactions remain invariant under local gauge transfor-
mations. The number of bosonic gauge fields required corresponds to the number of
generators in the symmetry group associated with each force. In other words, the num-
ber of physical bosons associated with a particular interaction corresponds to the number
of bosonic gauge fields that need to be introduced in the theory. By incorporating lo-
cal gauge invariance and the appropriate number of gauge fields, the Standard Model
successfully describes the interactions between fermions and bosons.

As a consequence, the Standard Model can be expressed as a Quantum Field Theory
(QFT) that incorporates an underlying symmetry given by SU(3)c ® SU(2); @ U(1)y-.
The SU(3)c corresponds to the strong force or colour interaction, the SU(2); corre-
sponds to the weak isospin interaction, and the U(1)y corresponds to the hypercharge
interaction.

The gauge group SU(3)s corresponds to Quantum Chromodynamics (QCD) and de-
scribes the strong interaction. The mediator of the strong force are the gluons, which
are electrically neutral and massless bosons. Gluons themselves possess colour charge.
The total number of gluons is related to the number of colour charges in QCD. Since
there are three "colours" (red, green, and blue) and three corresponding "anticolours"
(antired, antigreen, and antiblue), each gluon can carry a combination of a colour and
an anticolour charge. Thus there nine possible combinations. As one combination is the
colourless state, which does not interact strongly, it leaves a total of eight active gluons.
Quarks, being fermions with colour charge, are the only particles that interact via the
strong force and couple to gluons.

The combination of the weak and electromagnetic forces resulted in the development
of the electroweak interaction, which is described by the symmetry group SU(2); ®
U(1)y. Here, the subscripts L and Y refer to weak-isospin and hypercharge, respectively.
This interaction is mediated by four gauge bosons: Wy, Wy, W5 for SU(2);,, and B for
U(1)y. The W; triplet and the B boson combine to form the physical bosons: the photon
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(), the 70 boson, and the W= bosons. The photon, being a massless and electrically
neutral boson, serves as the mediator of the electromagnetic interaction. It interacts with
electrically charged particles, allowing for electromagnetic interactions between quarks
and charged leptons. The W bosons are charged and have mass. They mediate the weak
charged current interaction. On the other hand, the Z % boson is electrically neutral and
also possesses mass. It serves as the mediator for the weak neutral current interaction. It
is worth noting that, as per gauge invariance, the mediators of fundamental interactions
are typically expected to be massless. However, unlike the photon and gluon, the W and
Z bosons do have mass. This massiveness of the W and Z bosons results in the weak force
being limited in range, making it a short-range force compared to the electromagnetic
force mediated by the massless photon.

To explain the non-zero masses of the W+ and Z O, the Standard Model incorporates a
complex scalar field called the Higgs field, which incorporates the Brout-Englert-Higgs
mechanism. This mechanism is responsible for generating the masses of the electroweak
bosons through the process of spontaneous symmetry breaking in the electroweak sector
[38—40]. The Higgs field is present throughout the universe and interacts with particles,
providing mass to these particles. The Higgs boson, associated with the Higgs field,
is a unique boson within the Standard Model. It is the only known fundamental scalar
particle (with spin zero) and is not associated with any of the fundamental forces. Instead,
it represents an excitation of the Higgs field. The strength of the interaction between
fermions and the Higgs boson, known as Yukawa couplings, is directly proportional to
the fermion’s mass.

To summarise, the Standard Model of particle physics based on experimental observa-
tions and theoretical predictions is a concise theory of interactions between the fermionic
particles and three of the four fundamental forces: the strong force, electromagnetic
and the weak force. It has demonstrated remarkable success and has been extensively
validated through numerous experiments spanning a wide range of energy scales. Mea-
surements conducted by the general purpose experiments, the Compact Muon Solenoid
(CMS) and the A Large Toroidal Lhc ApparatuS (ATLAS) experiments at the Large
Hadron Collider (LHC) have confirmed the SM’s predictions across multiple orders of
magnitude in production cross-section [41]|. Despite its achievements, the SM is recog-
nised as an incomplete theory, functioning more as an effective field theory that accu-
rately describes phenomena at low energies as it is unable to adequately explain certain
observable phenomena. For example, the inclusion of gravity is an, as yet unresolved
challenge. Therefore the SM is widely considered to be a subset of a more comprehensive
framework, indicating the presence of physics beyond the Standard Model (BSM).

1.3 Limitations of the Standard Model

This section provides an overview of the unresolved questions within the Standard Model,
with a specific emphasis on the problems that can potentially be addressed through
Supersymmetry. A brief explanation is provided regarding how Supersymmetry offers
potential solutions to these issues. However, a more comprehensive exploration of Su-
persymmetry is reserved for the subsequent sections.

Some of the challenges facing the standard model of particle physics are:
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Dark Matter

The SM describes only about 4% of the content of the universe that is made up of
the “ordinary” matter while the rest is observed from experimental measuremnets to be
composed of dark matter (27%) and dark energy (68%) [42]. Measurements of the orbital
speeds of stars in galaxies showed significant discrepancies as their rotational velocities
do not follow the radial dependency expected from the mass of its ordinary matter (stars,
gas, etc.) as seen in Figure 1.3. There is an observed linear dependence of the mass of
the galaxy with respect to the radial distance o< r of the galaxy instead of the expected

o [43]. Thus it can be inferred that a significant proportion of the mass of a galaxy
is non-luminous and referred to as dark matter and assuming its distribution from the
galaxy’s centre out to its halo provides a solution to the afore-mentioned problem. Based
on experimental constraints, a dark matter particle must possess greater mass than the
weakly interacting particles in the SM, such as neutrinos. This ensures that the dark
matter particle is non-relativistic, and able to form the large scale structures responsible
for observed galactic structures. Such a weakly interacting massive particle or particles
also known in short as WIMP would primarily have to interact with the gravitational
force.

Observations :
~.from st?rllght Observations from

21 cm:hydrogen

" Velocity

2 (km stt)

: : - Expected:-from
the visible disk

110,000 = 20,000 30,000 40,000

. Distance (light years)

Figure 1.3: The figure shows the rotation curve of spiral galaxy Messier 33 (yellow and
blue points with error bars), and a predicted one from distribution of the luminous matter
(grey line). This discrepancy between the two curves can be accounted for by adding a
dark matter halo surrounding the galaxy. Figure has been taken from Reference [44].

Matter Anti-matter Asymmetry

Another limitation of SM is its inability to conclusively explain the matter-antimatter
asymmetry of the universe. The Big Bang should have created equal amounts of matter
and antimatter in the early universe, however as the universe expanded and cooled com-
paratively, there is not much antimatter to be found. Baryogenesis refers to this process
in the early universe that led to the creation of an excess of baryons (protons and neu-
trons) over antibaryons (antiprotons and antineutrons), resulting in the predominance of
matter over antimatter in the universe we observe today. Matter and antimatter particles
are always produced as a pair and when they come across each other, they annihilate each
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other. In the course of the first fractions of a second of the Big Bang i.e. a picosecond
(10712) of cosmic time, the hot and dense universe was filled with particle-antiparticle
pairs popping in and out of existence. So, if matter and antimatter are created and
destroyed together, theoretically the universe should still contain the same amount of
matter and antimatter. According to the SM, this baryon asymmetry can be explained
through certain processes that violate the conservation of baryon number, such as the
violation of CP-symmetry. One of the most well-known baryogenesis mechanisms is the
electroweak baryogenesis, which involves interactions between particles and forces dur-
ing the electroweak epoch, a period of the universe’s history when the electromagnetic
and weak nuclear forces were unified. Another proposed mechanism is the leptogenesis,
where the asymmetry is generated in the decays of heavy right-handed neutrinos, indi-
rectly affecting the baryon number. This is still an active area of research and has not
been conclusively verified.

Grand Unified Theory (GUT)

One of the most important shortcomings of the SM is that it does not include the
gravitational force. A first step to include gravity is the Grand Unified Theory (GUT)
which combines the electromagnetic, weak and strong forces into a single force at high
enough energy scale. The scale at which this is predicted to occur is referred to as the
scale of Grand Unified Theories and is in the order of Egyp &~ 10'° GeV [45].

In the context of GUTs, gravity is not included in the unification process because it
is significantly weaker compared to the other three forces, and its behaviour is very
different from the other forces. The other three forces can be unified at high energies
(close to the Planck scale), but gravity becomes much weaker at these energies, making
it difficult to fit it into the same framework as the other forces. The quest to unify
gravity with the other fundamental forces is a major goal in theoretical physics. The
search for a theory that combines General Relativity and Quantum Mechanics is known
as "Quantum Gravity." Several approaches and candidate theories, such as string theory
and loop quantum gravity, have been proposed to achieve this unification. However,
achieving a consistent and experimentally verified theory of quantum gravity remains
one of the most significant challenges in modern physics.

If the couplings as currently described by the SM are extrapolated to higher energies, it
is seen that these three forces do not converge at the same point as seen in the dashed
lines of the Figure 1.5. However, the apparent approximate unification of gauge couplings
at Eqpyr is an interesting observation by addition of new particles as seen in the solid
lines of Figure 1.5, and it can be interpreted in two ways. First, it might be just a
coincidence or accident, and there might not be any deeper underlying theory explaining
it. Alternatively, it could be considered a strong hint in favour of grand unified theories
(GUTs) or superstring models. Both GUT and superstring models go beyond the SM
and attempt to unify the fundamental forces of nature at high energy scales, below the
Planck scale.

Hierarchy Problem

The concept of naturalness is one that expects the parameters of a theory to take relative
values of order one. A problem with respect is the very small ratio between the Elec-
troweak and Planck scale Egyy /Epgner = 10717 where Epy =~ 10% and Epanck = 10"
[21].
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Fermions

/

Scalar

Figure 1.4: First order loop corrections to the Higgs mass. The loop for a fermion and a
scalar are shown on the top and bottom respectively.

This poses an unresolved issue regarding the mass of the Higgs boson. The mass of the
Higgs boson is measured to be my = 125.1 GeV [35]. This measured my is a sum of
the bare mass term my ( and quantum loop corrections Amy arising due to particles
interacting with the Higgs field. The Amy has significant contributions from massive
fermions like the top quark due to its strong coupling to the Higgs boson. Further, to
regulate the loop integral an energy cutoff scale A is introduced. At energies typical
of the electroweak scale, these corrections are negligible, however, if the Planck scale
is considered to be the energy cutoff scale, then the quadratic divergences to the Higgs
mass become an issue. Therefore, the corrections from the top quark interacting with the
Higgs boson at the Planck scale will be much higher than the observed value of my. This
is an important evidence that there must exist new physics between the electroweak and
Planck scale that introduces a cancellation of these divergent corrections to the Higgs
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boson mass and can account for the discrepancy in theoretical and observed mass of the
Higgs boson.

2
2 2 2 2 2 |)‘ | 2
mpyg =Mgo + AmH,fermicms =+ ArrnH,bosons ~ Mpgo— Z LQ (A + ) ) (12>
fermions 8

Here Ay is the Yukawa coupling of a fermion.

1.4 Supersymmetry: An elegant solution

This section introduces Supersymmetry (SUSY) as one of most promising Beyond the
Standard Model (BSM) theories that overcomes the limitations of the SM. SUSY is
an extension of the SM that introduces an underlying symmetry between fermions and
bosons. The operator @) transforms fermions to bosons and vice versa (cite SUSY primer):

Q|Boson) « |Fermion) , Q|Fermion) x |Boson). (1.3)

This new symmetry introduces a group orthogonal to the SM that can be expressed as
SUB)c®@SU((2),@U(1)y ® SUSY. According to Supersymmetry every SM particle has
a SUSY superpartner such that for every SM fermion (boson) there is a SUSY boson
(fermion). Due to orthogonality the mass and quantum numbers remain unchanged for
the SUSY superpartner. However, these superpartners differ from their corresponding
SM particles in terms of their spin by half a unit.

1.4.1 Solution to Hierarchy Problem and Unification

These additional particles provide an inherent solution to the Hierarchy Problem. As
previously discussed the technical hierarchy problem arises from loop corrections to the
Higgs mass causing significant divergences. However, with the inclusion of the SUSY
particles, for each SM correction term there is an analogous supersymmetric contribution.
The correction to the mass of the Higgs boson arising from the coupling of a fermion to
the Higgs is presented in Equation (1.2). The new contributions arising due to the scalar
SUSY particles is shown in Equation (1.4).

As

A
2 2 2 A
Amy ~ 6.7 A” —2m ln(ms) + .. (1.4)

Here Amy is the correction to the physical Higgs boson mass and A, is the Yukawa
coupling of a scalar of mass m,. Assuming that the fermions and bosons couple to the
Higgs in the same manner, i.e. Ay = |\ f|2, then the contributions from the fermions and
bosons interacting with the Higgs would cancel each other and prevent the divergences
in Higgs boson mass at any given energy scale, leaving only the bare Higgs mass.

As previously discussed, the particles with the highest Yukawa couplings which itself is
directly proportional to the masses of the particles, contribute most significantly to the
loop corrections to the Higgs mass. Therefore the heaviest particles have the significant
contributions. This implies that the SUSY counterparts to the third generation quarks,
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the top ¢ and bottom b squarks, are of key importance and should be close to the SM
partners.

Another beneficial aspect of SUSY is that it leads naturally to the unification of the
strong and electroweak forces as can be seen in Figure 1.5. It is observed from the
plot that the evolution of the SM couplings as a function of energy does not converge
(dashed line), which contradicts the prediction that there is a GUT scale where the
forces unify. However with the addition of sparticles results in extra contributions to the
renormalisation of the couplings such that at very high energies the couplings converge
(solid line), suggesting the unification of the forces.
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Figure 1.5: Evolution of the couplings in the SM (dashed) and SUSY (solid). Figure has
been taken from [21].

1.4.2 Particle Content of Minimal Supersymmetric Standard Model
(MSSM)

We can place the observed SM particles and their hypothetical superpartners into a
supermultiplet which can be either scalar or vector in nature known as chiral multiplet
and gauge multiplet respectively. The chiral multiplet consists of spin % SM fermions
and spin 0 SUSY partners. Since there are three generations of SM fermions there are
three generations of chiral multiplets. Because the SM fermions are chiral spinors, they
have two degrees of freedom that must be accounted for in the bosonic SUSY sector.
Therefore each fermion has one scalar superpartner for the left-handed chirality f; and
another for the right-handed chirality f~R. The superpartners also experience the same
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gauge interactions as their SM counterparts. The SUSY counterparts of the fermions
have a prefix "s" due to their scalar nature for e.g. the stop () quark which is the SUSY
counterpart of the top quark (%).

Name Symbol  Supermultiplet SU3)c, SU((2)r, U(1)y
spin 0 spin %

squarks, quarks Q (ar, dr)  (up dp) (3,3, %)
_ ~ % T — _2
(one per generation) v uNf uﬁ ( 5 1, 13)
d dR dR (37 17 §)
sleptons and leptons L (v ér) (v er) (1, 2, _%)
(one per generation) 3 en e}% (1,1, 1)
+ 0 rr+ 770 1
Higgs and Higgsinos Hy (H}‘) H7_‘> (‘@é %L_‘) (1,2, +%)
Hy (Hq Hy) (Hg Hy) (1,2, —3)

Table 1.2: Chiral multiplets in the Minimal Supersymmetric SM (MSSM). This table
contains the eigenstates after the supersymmetric transformation and do not represent
the mass eigenstates [21]. The symbol for each of the chiral supermultiplets as a whole
are indicated in the second column. Thus, for example, Q stands for the SU(2)-doublet
chiral supermultiplet containing @j,u; (with weak isospin component T3 = 1/2), and
dy,d; (with Ty = -1/2), while @ represents the SU(2)-singlet supermultiplet @}, u}r%
Here, the fifth and final column describes of how different particles and their superpart-
ners transform under the gauge groups SU(3)c (colour charge), SU(2);, (weak isospin),
and U(1)y (hypercharge).

In Table 1.2, the squarks and quarks transform as triplets under SU(3) ., doublets under
SU(2);, and the sleptons and leptons indicate that they are singlets under SU(3)q
doublets under SU(2)y. The electric charge under U is calculated by using Q = T3
+ Yy /2, where @ represents the electric charge, T3 is the weak isospin and Yy is the
hypercharge as mentioned in Section 1.2.

The SM Higgs boson and its superpartners also form chiral supermultiplets. The SM
contains one Higgs doublet and as a consequence of charge conservation after the inclu-
sion of SUSY, the SM sector is extended by adding two more Higgs doublets. The SUSY
counterpart of the Higgs has a weak hypercharge of Y = :I:% where the Higgs supermul-
tiplet with ¥ = +% gives mass to the up-type quarks and ¥ = —3 to the down-type
quarks. Thus four gauge eigenstates are introduced from these two doublets: Hu,HJ
and Hg, H, , which then mix to form the mass eigenstates: ho, HO, A® and Hi, where h’
is the SM Higgs boson. Of this extended Higgs sector, it is the gauge eigenstates that are
placed 1nto a supermultiplet with their superpartners and are referred to as Higgsinos:
H HY HY H .

The gauge multiplets consist of the SM vector or gauge bosons and the SUSY coun-
terparts are known as gauginos. As such all the supersymmetric particles in the gauge
multiplet has a suffix ‘-ino’ like a gluon’s SUSY partner is called gluino. The spin 1
gauge bosons associated with the electroweak symmetry are the Wy, W5, W3 and B and
the superpartners to these are referred to as winos and bino and are denoted as Wl, WQ,
Wy and B. As shown in Table ??luinos, which is an octet representation of SU(3)¢
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transforms as a singlet under SU(2);, and has zero hypercharge under U(1)y-, the winos
and W bosons transform as a singlet under SU(3)¢, belong to a triplet under SU(2)y,
and have zero hypercharge under U(1)y and both bino and the B boson are singlets
under SU(3) and SU(2);, and they both have zero hypercharge under U(1)y-.

Name Supermultiplet SU3)c, SU(2)r,U(1)y
spin % spin 1
gluinos and gluons g g (8,1, 0)
winos and W bosons | W= W" w= w° (1, 3,0)
bino and B boson B’ BY (1,1, 0)

Table 1.3: Gauge supermultiplets in the Minimal Supersymmetric SM (MSSM). This
table contains the eigenstates after the supersymmetric transformation and do not rep-
resent the mass eigenstates [21].

These chiral and gauge supermultiplets have been summarised in Tables 1.2 and 1.3
respectively and provides an overview of the particle content of a phenomenologically
viable extension of the SM, where the minimal content required to form a consistent
theory is known as the Minimal Supersymmetric SM (MSSM) [46,47].

1.4.3 R-parity

Despite solving the SM limitations, SUSY with its increased particle content introduces
a coupling that would lead to a proton decay within seconds, whereas stringent limits
exist on the proton lifetime set through experiment [48]. However, this issue too can be
resolved by establishing a new symmetry known as R-parity [49] and defined as follows:

where B, L and S are the baryon number, lepton number and spin respectively. R-parity
is assumed to be conserved in all interactions. SM particles have an R-parity of R =
+1 and all supersymmetric particles have R = —1. This implies that supersymmetric
particles are only produced in pairs in order to conserve this quantum number, and as
supersymmetric particles are unstable they eventually decay into lighter sparticles where
the Lightest Supersymmetric Particle or LSP, is stable as it cannot decay any further
thereby conserving R-parity. As such the LSP is also a very good candidate for dark
matter. In R-parity conserving SUSY models, the lightest neutralino )2[1) is electrically
neutral and would interact solely via the gravitational interaction - behaving like a WIMP,
and so is an attractive non-baryonic candidate for dark matter [50]. For this thesis, the
)2(1) is assumed to be the LSP.

1.4.4 Supersymmetric Mass Eigenstates

The SUSY particles undergo mixing of states just like the SM electroweak gauge bosons
and quark flavours. This has been summarised in Table 1.4.
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The neutral electroweak gauginos - bino and neutral wino and neutral higgsinos mix to
form neutral particles known as the neutralinos, )2(1),4. Likewise the charged winos and
higgsinos also mix into mass eigenstates called charginos, )ﬁc and )Zéc. The amount of
mixing between the binos, winos and higgsinos is driven by the bino mass M; , the wino
mass parameter My and the higgsino mass parameter p. Also for the sfermion sector
consisting of squarks and sleptons the mixing only happens for the third generation
sparticles as the amount of mixing is proportional to the mass of the corresponding
SM particle. Accordingly, the top and bottom squark gauge elgenstates which are the
superpartners of the left and right handed top and bottom, mix into #;, %, bl, b2 where
t, and bl are the lighter mass eigenstates by convention.

Name Spin R-parity Gauge Figenstates Mass eigenstates
Higgs boson | 0 1 HY Hy HI H; 1° H® A" HF
uy ap dr dgp (same)
squarks 0 -1 S, Sr Cr CR (same)
t; tp by bp by ty by by
€1, €g U, (same)
sleptons 0 -1 uy Up U, (same)
Tr, TR v, T Ty Uy
neutralinos % -1 B” W Hu Hg )2(1) ;28 )Zg 22
charginos i -1 W* H H; 5 Xa
gluino 3 -1 g (same)

Table 1.4: Gauge and mass eigenstates of the supersymmetric particles and the extended
Higgs sector [21].

1.4.5 Spontaneous Supersymmetry Breaking

Despite the formalism of SUSY which theoretically reconciles the mass eigenstates of
the sparticles, it is important to note that none of these sparticles have been observed.
If SUSY was a perfect symmetry, then for e.g. a selectron € would have already been
discovered with a mass equal to that of the SM electron e at the EW scale. Therefore,
SUSY must be a broken symmetry and hence any supersymmetric model which aims to
provide a realistic description of nature must contain a breaking mechanism, consequently
leading to the supersymmetric partners being heavier than their SM partners.

The breaking mechanism must be broken spontaneously, but softly, so that the neat can-
cellation effect of the loop corrections to the Higgs boson mass remains. "Soft breaking"
means that the effects of the breaking on the particle masses and interactions are mild
and do not introduce large corrections that would disrupt the cancellation of quantum
loop corrections to the Higgs boson mass as it plays a crucial role in the SM and SUSY
theories. Quantum loop corrections involving particles (such as top quarks and gauge
bosons) in the theory can significantly affect the Higgs boson mass. In order for the the-
ory to be consistent, and maintain the cancellation of loop corrections, these corrections
must be carefully balanced to avoid extreme fine-tuning. Therefore, soft breaking ensures
that the high-energy (hence highly divergent) processes would continue to respect the
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symmetry, while the low energy-processes would violate it and would cause loop correc-
tions to the Higgs mass [51]. As a consequence of this kind of a breaking mechanism, the
lightest supersymmetric particles are likely to have masses not much larger than the TeV
scale [21]. Therefore we expect the masses of the top and bottom squarks to be close to
that of their SM partners and accordingly maintains naturalness.

1.4.6 The Phenomenological MSSM (pMSSM)

The result of the soft SUSY breaking is that it introduces free parameters in addition to
the 19 of the SM [52] to set the masses separately. By constraining a minimal model with
experimental and theoretical constraints, it can be reduced to just 19 free parameters.
This 19-parameter known as the ‘phenomenological’” MSSM, or pMSSM [53-55] provides
a simpler framework that allows for phenomenological testing in experiments searching
for these particles in the EW scale. The parameters describing the pMSSM are presented
in Table 1.5.

Parameter Description

| M|, | My, | Ms] Bino, Wino, Gluino mass parameter
Mg, My, MCZR’ M, Mg, 1°¢ and 2"@ generation sfermion masses
MQ, Mva MBR’ My, Mz, 3rd generation sfermion masses

Ay Ay, A 3" gen. trilinear couplings

7 Higgsino/ Higgs mass parameter

tanf Ratio of Higgs vacuum expectation vaules
My Pseudo-scalar Higgs boson mass

Table 1.5: Overview of the parameters of the pMSSM [21].

In conclusion SUSY predicts a set of new particles that aid in overcoming the shortcom-
ings of the SM and when the argument for naturalness is considered these particles should
begin to appear close to the EW scale, placing them within reach of current experimental
high energy particle physics technologies.



Chapter 2

The Large Hadron Collider and the
ATLAS experiment

Particle colliders are necessary for the expansion of our knowledge of the fundamental
interactions in nature. The Large Hadron Collider (LHC) [6] is the largest particle
collider built at present with a circumference of approximately 27km. The LHC has
been running since the September 10th, 2008. This chapter aims to describes this large
accelerator complex and its experiments by providing an overview of the LHC and the
ATLAS detector here based upon all the information that have been already very well
documented [6,56,57].

2.1 The Large Hadron Collider (LHC):

The LHC is located at CERN in Geneva, Switzerland. It is installed around the Swiss-
French border in the existing tunnel of the Large Electron Positron (LEP) collider which
is approximately 100 m underground. The LHC was designed to accelerate proton beams
to centre-of-mass-energies up to 14 TeV and heavy ions up to 2.8 TeV per nucleon and
luminosities of 10** ecm ™2™ and 107 cm_zs_l, , respectively.

Before being injected into the two LHC rings the protons are accelerated gradually at
several steps. Figure 2.1 is a schematic representation of the accelerator complex. Any
circular accelerator requires electric fields for acceleration in the longitudinal direction
of the beam and magnetic fields in the transverse direction of the beam that keeps the
particles on a circumference. In the LHC, the accelerating electric fields come in the
form of Radio Frequency (RF) cavities. First, the protons are produced from negative
hydrogen ions (H-) and accelerated to an energy of 160 MeV in the LINAC 4. After
LINAC 4, these protons enter the Booster followed by the Proton Synchrotron (PS) where
these protons are prepared in LHC bunch structures and the energy of the protons reaches
1.4 GeV and 25 GeV, respectively. The penultimate stage consists of the protons passing
through the Super Proton Synchrontron (SPS), which accelerates them to energies of
450 GeV before the final injection into the LHC beam pipes. At full load there are in
total 2808 bunches with each bunch containing ~ 10! protons per beam [6]. These
bunches are not evenly spaced around the circumference of the ring but are grouped
together in “trains”, the structure of which is called the "LHC filling scheme". The
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bunches are injected into two beam pipes and injected and accelerated to a centre of
mass energy of 13TeV. These proton beams are then are bent by a magnetic field of
8.3T generated by superconducting dipole magnets. And quadrupole magnets are used
to focus the beam and direct them to the four collision points with a collision rate of
40 MHz.
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Figure 2.1: The LHC accelerator complex at CERN [56]. For pp collisions protons enter
LINAC4 on this figure, followed by the Booster, Proton Synchrotron (PS) and the Super
Proton Synchrotron (SPS) before finally arriving at the LHC.

2.1.1 The LHC experiments

There are four main large experiments which are located on each of the collision points
around the LHC. Two of them, the ATLAS [57| (A Large Toroidal Lhc ApparatuS) and
the CMS [58] (Compact Muon Solenoid) are general-purpose experiments. The main aim
of these two experiments is to cover a wide range of physics searches and measurements.
The other two experiments are: ALICE [59] (A Large Ion Colliding Experiment), which
is dedicated to heavy-ion physics and focuses on studying QCD interactions at extreme
energy densities and temperatures, and LHCD [60] which is an asymmetric detector built
to record collision data in the forward direction only and specialises in the measurement of
flavour physics that can appear in the interactions of hadrons containing mostly a bottom
quark and charm and strange quarks. The LHC also has some smaller experiments
situated around the LHC. Three of these smaller experiments are TOTEM (TOTal Elastic
and diffractive cross-section Measurement) [61], LHCf (LHC forward) [62], MoEDAL (
Monopole and Exotics Detector At the LHC ) [63]. TOTEM consists of four detector
pairs placed very close to the beam pipe at either side of the CMS detector and aims
to study the products of inelastic collisions. MoEDAL is located close to the LHCb
and is primarily designed to look for magnetic monopoles. The LHCf detector is similar
in design to the MoEDAL counterpart and its detectors are placed on both sides of
the ATLAS detector at 140m from the collision point. Also, a new experiment called
the FASER [64] (ForwArd Search ExpeRiment), is installed 480m from the collision
point of ATLAS, close to the beam axis, with the two main purposes of studying the
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interactions of high-energy neutrinos and searching for elementary particles that couple
weakly with matter. The SNDQLHC (Scattering and Neutrino Detector) [65] is another
an autonomous and compact scientific venture, designed to undertake pioneering neutrino
measurements within an uncharted pseudo-rapidity range of 7.2 < 1 < 8.4, a realm that
complements the pursuits of other LHC experiments. Also situated 480 m downstream
from ATLAS IP1, this experiment employs a distinctive amalgam of methodologies. Its
detector configuration features an 800 kg assemblage of tungsten plates serving as a
target mass, interspersed with emulsion and electronic trackers and a calorimeter and
a muon system. This innovative framework adeptly discerns all three neutrino flavours,
thus unveiling an unprecedented avenue for delving into heavy flavour production physics
at the LHC. Notably, this is an unexplored domain for ATLAS, CMS, and LHCb. The
intrinsic value of this sector is further accentuated, as it bears relevance to future circular
colliders and the prediction of exceptionally high-energy atmospheric neutrinos.

2.1.2 Luminosity

The LHC luminosity is an important gauge of the operational efficiency of the accelerator.

It relates the number of events, % with the cross-section o for a particular process. This
connection between the instantaneous luminosity and the rate of events and the cross-

section of a specific process is expressed by the following Equation (2.1):

dN

For any collider, the instantaneous luminosity £ can be generally described with Equa-
tion (2.2), where NV, is the number of bunches, n,, is the number of protons in each of
the two interacting bunches assuming they both have the same number of particles, A,
is the area where the bunches overlap and f,,, is the frequency of revolution in the LHC
ring.
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The integrated luminosity L which is used to describe a the luminosity over a period of
time is obtained by integrating both sides of Equation (2.1):

N=ocL, L= /Edt. (2.3)

Integrated luminosity L is given in units of inverse cross-section, where typically the unit
of cross-section is the barn (1b = 1072 m* = 1072* ecm?). Also, from Equation (2.3) it
can be deduced that for a process with small o, increasing the luminosity, increases the
probability of finding that rare process.
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2.1.3 Performance overview and Pile-up

After the proton beams are injected into the LHC, they are accelerated to the desired
energy and collisions are initiated as soon as the beams are stable. These collisions last
for several hours and during this time all the LHC experiments collect data from the pp
collisions. The quality of beams degrades over time and the luminosity decreases. Once
the luminosity falls bellow a certain level the beams are dumped and the magnets are
readapted for a new fill. From the start of filling the LHC rings with the proton beams
to dumping them, is known as a "fill".

The LHC operates at a stretch for a few years known as "LHC Runs" and before it is
shut down for maintenance and upgrades known as "Long Shutdowns". There have been
two LHC Runs and two Long Shutdowns and the new Run 3 has begun and has been
collecting data since August 2022 as shown in Figure 2.2
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Figure 2.2: The plots show the delivered luminosity during Run 1, Run 2 and Run 3 [66]
on the left and the distribution of the average number of interactions per crossing < p >
on the right [67].

The analysis work in this thesis utilises the full LHC Run 2 data collected between 2015
to 2018. In the course of Run 2, the LHC reached an integrated luminosity of 160 fb_1
and exceeded its designed luminosity in 2018 by reaching the highest peak instantaneous
luminosity of 2.1x10%* em %71,

Increasing luminosities i.e. the number of interactions per bunch crossing adversely af-
fects the data collected by the experiments as there is an increase in the "pile-up" as
shown in Figure 2.2b. Pile-up constitutes any interactions that contaminate the event
we are interested in. Sometimes, the detector while recording an event also reads contri-
butions from other bunch crossings such as the previous or following ones. These other
interactions are called "out-of-time pile-up". Another type of pile-up known as "in-time
pile-up" is caused by the multiple pp interactions in a single bunch crossing. The most
energetic of these pp interactions is called the hard-scatter interaction followed by the
other interactions in the same bunch crossing.
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2.2 The ATLAS Detector

ATLAS is a cylindrical multi-purpose detector located on the LHC ring at one of the
collision points. The detector weighs 7000 tonnes and measures 44m in length and
25m in height. The cylindrical shape of the detector along with its forward-backward
symmetry is designed to capture particle interactions in all directions around the collision
point. The detector is composed of broadly three sub-detectors designed to detect the
different signatures left by the different particles arising from high-energy pp collisions
in the LHC.

A complete diagram showing the overall design of the detector and its components is
shown in Figure 2.3.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 2.3: A computer generated image of the ATLAS experiment with cut out sections
to show the layout of all the subsystems. Figure has been taken from Reference [68].

2.2.1 The Coordinate System

The coordinate system originates from the collision or interaction point (IP). The z-
axis is aligned along the beamline, the x-axis points towards the centre of the LHC and
the y-axis upwards, creating a right-handed coordinate system. The two sides of the
detector are called "A-side" and "C-side" for positive and negative values of the z-axis
, respectively. From the coordinate system the azimuthal angle ¢ and polar angle  are
also obtained. The ¢, is measured in the transverse x — y plane with respect to the
positive x-axis and the 6, is measured relative to the positive z-axis. Like the x — yplane
is known as the transverse plane, the y — z plane forms the longitudinal plane.
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Figure 2.4: A simplistic schematic of the ATLAS experiment where the red sweeping line
indicates the LHC beamline and the Cartesian coordinate system is overlaid on the barrel
of the experiment. Two important planes are shown; the transverse plane (top left) and
the longitudinal plane (bottom right). The transverse plane shows the two components
of momentum as well as the azimuthal angle, the longitudinal shows some examples of
the pseudo-rapidity, n [69].

As it is not possible to know the exact momentum of the colliding partons along the
z-axis, the Lorentz invariant quantities are used for the measurements. To this end, a
kinematic variable called "rapidity" (y) is defined in Equation (2.4):

1 E+p
=-1 Z . 24
Y 2H<E_pz> ( )

The difference between the rapidity of two particles, Ay, is invariant under longitudinal
Lorentz boosts, providing a solution to challenges related to parton momentum mea-
surement. Therefore, variables such as transverse momentum is defined as shown in
Equation (2.5):

pr=\/p: +p;. (2.5)

The sum of the transverse momenta of all the particles in the collision must also be
zero, due to momentum conservation. This is used to detect the invisible particles whose
collective momenta is the negative vector sum of the momenta of all visible particles inside
the detector. Like the tranverse momentum, another variable called pseudorapidity (n)
is defined as shown in Equation (2.6):

n = —Inf[tan(0/2)]. (2.6)

For particles with momentum close to its energy, the rapidity can be approximated to
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the pseudorapidity.

In the n— ¢ coordinate space the distance between objects AR, with (n;, ¢;) and (1, ¢5),
is:

ARy = \/(AU12)2 + (Agpp)? = \/(771 — )"+ (¢1 — 92)*. (2.7)

2.2.2 The Inner Detector

The inner detector (ID) tracking system is the innermost sub detector of the ATLAS de-
tector. It consists of three subsystems that employ different particle detection techniques:
the pixel detector (PD), the semiconductor tracker (SCT) and the transition radiation
tracker (TRT) as shown in Figure 2.5. The ID is divided into three regions, the central
barrel region and two endcaps. The ID is designed to detect charged particles by recon-
structing the trajectories of charged particles passing through with excellent momentum
resolution and determine the positions of the interaction vertices of these particles with
In| < 2.5[57]. The ID is embedded in a 2 T magneticfield produced by a superconducting
solenoid magnet which "bends" these charged particles.

It is important to use as little material as possible in the ID to reduce secondary scattering
from the incident particles interacting with detector material. Also, the ID has to be
extremely radiation-hard being so close to the IP.

Silicon Pixel Detector

The pixel detector is the ID subsystem closest to the IP. The innermost layer of the
detector is the insertable B-layer (IBL) [70], which is located at a radial distance of
33mm from the z-axis and inserted during the first long shutdown (LS1) to maintain
and improve the tracking performance of the detector. The pixel detector consists of 1744
modules arranged in three barrel layers and two endcaps each with three disc layers. Each
of these modules are made up of 16 front-end chips each with 2880 electronic channels
that are connected to the trigger and data acquisition system. The pixels on the sensors
have a minimum size of 50 x 400 qu and constitutes of reverse bias diodes. When a
charged particle passes through one of these pixel sensors already under application of an
external electric field, and depleted of its free charge carriers, it generates electrons and
holes that moves in opposite directions. Simply put, a "hit" is registered if this induced
current over a cluster of pixels is greater than a certain threshold and read out as binary
decision of "1" and otherwise "0" by the front-end electronics of the modules made of
the sensors+front-end electronics. The operational temperature of these sensors is below
0°C and the applied bias voltage is 150 V and increases over the operational period of the
LHC runs. This lessens the adverse effects of the long term high radiation environment.
The pixel detector (PD) provides a wide pseudo-rapidity coverage of n < 3.

Semiconductor Tracker

The next subsystem of the ID is the silicon Semi-Conductor Tracker (SCT'). This detector
subsystem is composed of four layers in the barrel region (BR) and nine disks in the
endcap (EC) region. A p-in-n strip technology is employed. So the SCT is made of
micro-strips that are 6 or 12cm long and have a pitch of 80 um. There are two sets of
strips: one aligned parallel to the beam axis and the other askew by 40 mrad stereo angle
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Figure 2.5: (a) Computer generated image of the complete inner detector [57] and (b)
a 3D drawing of the sensors and structural elements of the ID barrel region with a
10 GeV track with a red line traversing the beam-pipe, the IBL, pixel, SCT and TRT

layers at n = 0.3.

with respect to thefirst layer. This allows for two-dimensional position measurement.
The resulting spatial resolution achieved by the SCT is 17 pym in (R-¢) and 580 pm in z
or R in both BR and EC.

Transition Radiation Tracker

The outermost part of the ID is the Transition Radiation Tracker (TRT). It is made of
polyamide drift tubes or "straws" that are 4 mm in diameter with one 31 um gold-plated
tungsten anode wire running through its centre. Each straw is filled with a gas mixture
of 70% Xenon, 27% carbon dioxide and 3% molecular oxygen. There is a potential
difference of 1.5kV between the wall of the straw and the central anode wire [71]. The
TRT provides track measurements with spatial resolution to 120 pum per straw in the (R-
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¢) and a pseudo-rapidity coverage of n < 2. When a charged particle passes through the
TRT it ionises the gas mixture leaving a trail of free electrons and ions. The negatively
charged electrons drift in the electric field to the central anode wire where they are
amplified and read out as a signal. In between each straws, an inhomogeneous material is
placed that causes a fundamental process of light emission and occurs whenever a charged
particle moves across this region. This is known as transition radiation. The intensity
of the emitted radiation depends on the g = velocity of particle/speed of light, of the
traversing particle, with particles with lower mass emitting more transition radiation
photons. As a result, the energy deposits from electrons which are the highest can be
distinguished from other particles, such as pions.

2.2.3 The Calorimeter Systems

After the ID and the solenoid magnet lie the calorimeter systems. These measure the en-
ergy of incident particles by completely absorbing them within the calorimeter’s volume.
Unlike the ID, the calorimeters can measure the energies of both charged and neutral
particles. Also, the calorimeters cannot measure the energy of very weakly interacting
particles such as neutrinos and high pp muons that traverse through the calorimetry
system. It covers a range of || < 4.9 and is completely geometrically symmetric in ¢.
There are two types of calorimeters in the ATLAS calorimeter subsystem placed in three
locations - Electromagnetic Calorimeter (ECal), the Hadronic Calorimeter (HCal), and
the Forward Calorimeters (FCal), as shown in Figure 2.6.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

LAr eleciromagnetic
barrel

Figure 2.6: Schematic view of the ATLAS Calorimeter system [57].

The entire calorimetry system is 12.2m long with an outer radius of 4.25m. All the
calorimeters are sampling calorimeters, i.e. they are segmented in the transverse plane
and in ¢ by using alternating layers of high-density passive material, which produces
particle showers and active material, which is used for particle identification and deter-
mination of the particle energy flow direction. In case of the ECal, the magnitude of the
measured signal from the showers is proportional to the energy of the incident particles,
in the case of electrons, positrons and photons. The HCal is used for the reconstruction
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of jets and indirectly the missing transverse momentum. An important feature of the
calorimeters is the depth as it must contain the showers and prevent these particles from
reaching the muon detector. For the ECal, this depth is calculated in terms of the ra-
diation length X, which is the mean length into the material at which the energy of an
electron is reduced by a factor 1/e via bremsstrahlung. While for the HCal, the depth
is estimated in terms of the interaction length A, which is the mean distance a hadron
travels into the material before it interacts inelastically with a nucleus. The ECal has
a total depth > 22 X, in the barrel and 24 X in the endcaps and the HCal has 9.7 A
in the barrel and 10 A in the endcaps. Also, the calorimeter subsystem covers the entire
¢ range and pseudo-rapidity |n| < 4.9. When juxtaposed with the shower length with
respect to energy deposition, the ECal and HCal configurations play a significant role.
The substantial depths of the ECal and HCal contribute to efficient shower development
and energy absorption, thereby facilitating accurate measurement and reconstruction of
particle energies within the detector.

Electromagnetic Calorimeter

The ECal has two sections, the ElectroMagnetic Barrel (EMB) and the ElectroMagnetic
End-Caps (EMEC) with |n| < 1.47 and 1.47 < |n| < 3.2, respectively [57]. The layers
and the cell segmentation for a barrel module is shown in Figure 2.7a.

The EMB consists of two half-barrel calorimeters and two coaxial wheel calorimeters
which are located on either side of the forward regions. The active and passive materials
used are liquid argon (LAr) and lead , respectively, at low temperatures. This allows
for good detector performance and high radiation resistance. To maintain the ECal
operation requirements, it is placed within three independent cryostats. To collect the
charge output, lead absorber plates are interleaved with kapton electrodes which are
arranged in an accordion geometry to avoid dead zones and minimise the electronic dead-
time. The region covered by |n| < 2.5, covered both by the ID and ECal is very important
for precision measurements and constitutes of three longitudinal layers. The first layer
is finely segmented into strip cells to improve the measurement in the |n|-direction. The
second layer is made of of square tower cells that collect the largest fraction of energy
obtained from an electromagnetic shower. And the third layer cells collect the remaining
tails of the electromagnetic shower and is therefore twice the size of the cells in the second
layer. The middle and outer cells of the LAr calorimeters feature a fine granularity of
0.0245 x 0.025 and 0.0245 x 0.05 in (¢ — n) , respectively. This high level of detail is
particularly advantageous for distinguishing between electrons and photons, especially
when they originate from neutral and charged pions. These pions are among the most
commonly produced particles in the LHC experiments. The EMEC is structurally similar
to the EMB except that it is rotated in the radial direction instead of the axial direction
as in the case of the EMB. Also, between the ID and the ECal exists a presampling
calorimeter (|n| < 1.8), which estimates the energy loss of electrons and photons from
their interactions with the preceding material. It is made of 1.1 cm thick layer of LAr in
the barrel and 0.5 cm in the endcap region.

Though using LAr calorimeters comes with many advantages such as detector uniformity,
linear response, radiation hardness, and high granularity, it also has some drawbacks
including poor stochastic term resolution which is a property of sampling calorimeters,
challenging cryogenics and slow charge collection time. Slow charge collection happens as
the LAr calorimeters operating at an applied voltage of 2kV, the charge collected takes
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~ 450ns compared to the 25ns LHC bunch crossing. This slow extraction of physics
signals and triggering of the detector is then adjusted by employing a technique called
"Time Calibration" that samples these signals every 25ns. This approach creates an
ideal pulse shape as illustrated in Figure 2.7b.

The combined energy resolution in the ECal is shown in Equation (2.8),

E  VE

o5 _ 10% o7y (2.8)

where, @ denotes quadrature sum.
Hadronic Calorimeter

The HCal is located right outside the ECal and constitutes the the Tile Calorimeter (Tile-
Cal), the Hadronic End-Cap Calorimeter (HEC) and the Forward Calorimeter (FCal).
The TileCal is a sampling calorimeter with an inner radius of 2.28 m, and an outer radius
of 4.25m, that employs steel as the absorber material and scintillating tiles as the active
material. It comprisesa central barrel covering a region of || < 1.0 and two extended
barrels covering over 0.8 < |n| < 1.7. Like the ECal, the TileCal is made of three layers
with different depths. The central barrel layers have respective thicknesses of 1.5\, 4.1
and 1.8\, and the other barrels have the corresponding depths of 1.5A; 2.6, and 3.3\.
The HEC comprisestwo wheels at each end of the detector that is segmented into two
longitudinal sections and covers a region of 1.5 < |n| < 3.2 which overlaps with both the
tile and forward calorimetry regions. It employs copper plates as an absorber and LAr
as the active material. The resolution of the barrel and endcap calorimeters is given by
Equation (2.9):

(o 5] _ 50%
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The FCal consists of three layers per endcap covering a region of 3.1 < || < 4.9. The first
layer designed for electromagnetic measurements, is closest to the interaction point and
employs copper as the absorber material. The other two layers are designed to estimate
mainly the hadronic activity and use tungsten instead. The active material employed for
all the layers in the FCal is LAr. A brass layer is present after the FCal to intercept any
remnants of the hadronic shower. The FCal energy resolution can be calculated using
Equation (2.10):

& 3%. (2.9)
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2.2.4 The Muon Spectrometer

The Muon Spectrometer (MS) is the outermost part of the detector, typically reached
by muons as all the other particles have already been absorbed in the calorimeters. The
MS comprises high-precision tracking chambers that have separate trigger chambers for
fast signal processing. Figure 2.8 represents the MS and its parts schematically. The
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Figure 2.7: (a) Schematic view of the ATLAS Calorimeter system and (b) he idealised
pulse shape for signal extraction. Figures have been taken from Reference [57].
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MS operates by bending the muons in the bending plane (n — z) and taking precise
positional measurements. The most important part of the MS are the superconducting
toroid magnets which provide the required magnetic field for the measurement of the
momentum of the traversing muons. The MS magnetic system consists of three magnets:
one large one in the barrel region and two in the endcaps on either side of the detector,
covering |n| < 1.4 and 1.6 < |n| < 2.7, , respectively. Each of these magnets have eight
coils. The coils on the barrel magnet have their individual cryostat and the endcap ones
have a common cryostat with 0.5 T and 1T magnetic fields , respectively instead. Also,
in the barrel, the tracking chambers are placed in three cylindrical layers around the
beam axis and in the endcaps, three wheels are placed perpendicular to the beam axis
7.4m, 10.8m and 21.5m from the interaction point.

Thin-gap chambers (TGC)

R

Y | ] Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.8: Schematic view of the ATLAS Muon spectrometer [57].

The muon system comprises four different gas detectors that provide both time and
spatial information. These gas detectors operate on a similar principle to silicon detectors
but utilise ionising gas instead of doped semiconductors to generate signals [72].

For high-precision tracking information within the range |n| < 2.7, Monitored Drift Tubes
(MDTs) are utilised. The MDTs have a relatively low counting rate of 250 Hzem 2.
During Run 2, Cathode Strip Chambers (CSCs) were used in the inner layers with a
higher counting rate of 1000 Hzcm 2. However, in the second long shutdown, the CSCs
in the Small Wheels (part of the forward muon tracking system) were completely replaced
with New Small Wheels [73]. The New Small Wheels employ two technologies: small-
strip Thin Gap Chambers (sTGC) and Micromegas detectors (MM).

In addition to the tracking detectors, two other types of detectors, namely Resistive Plate
Chambers (RPCs) and Thin Gap Chambers (TGCs), are utilised for fast trigger signal
generation in event selection. RPCs are employed in the barrel region, while TGCs cover
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the end-caps, providing trigger signals within a pseudorapidity range up to |n| < 2.4.

2.2.5 Forward Detectors

In addition to the main ATLAS detector systems described before, smaller sets of detec-
tors are located that measures particle properties at very high absolute values of pseu-
dorapidity along with additional beam information in the very forward region. These
detectors are listed as follows:

e The LUminosity Cherenkov Integrating Detector-2 (LUCID-2) [74], is the main
detector used for luminosity monitoring during Run 2 in the ATLAS experiment. It
comprisestwo detectors located around the beam-pipe on either ends of the ATLAS
detector at ~ 17 m from the IP. This detector estimates the luminosity by detecting
Cherenkov light signals from charged particles from the debris of inelastic proton-
proton collisions and also provides online monitoring of instantaneous luminosity.

e The Zero-Degree Calorimeter (ZDC) [75] has two modules placed at a distance of
+140m from the ATLAS IP. It is a sampling calorimeter which is made of alter-
nating layers of quartz rods, the active medium and tungsten plates, the absorber
medium. The ZDC can detect neutral particles at || > 8.2, that is crucial in
case of heavy-ion collisions. In case of pp collisions it is employed for tagging
minimum-bias events.

e The ATLAS Forward Proton (AFP) [76] is made of two parts located on either side
of the detector at 204 m and 217 m with respect to the ATLAS IP and extends the
physics reach of the ATLAS detector by detecting and measuring properties of the
extremely forward protons. However, the AFP mostly targets to study diffractive
processes where one or both protons remain intact after the collision.

e The Absolute Luminosity For ATLAS (ALFA) detector [77] is placed at a distance
of+ 240 m from the IP. It is made up of scintillating fibre trackers placed in four
Roman pots stations that is adjustable and very close to the beam (~ 1mm). The
ALFA is mainly used to estimate the total pp cross-section and the luminosity, by
measuring the proton scattering at very small angles.

e The design purpose of the Beam Conditions Monitor (BCM) made of radiation hard
pCVD diamond sensors are to protect the detector from damage from abnormal
beam conditions and measure the instantaneous luminosity. These sensors are
installed in the pixel detector very close to the IP.

The AFP, ALPHA and LUCID are being used in Run 3.

2.3 The ATLAS Trigger and Data Acquisition

The frequency of the pp collisions occurring every 25ns is 40 MHz. This leads to a high
quantity of data to be stored and subsequently analysed. Therefore, interesting events
have to be selected and stored using the Trigger and Data Acquisition System (TDAQ).
The TDAQ in Run 2 consists of two systems: the Level-1 Trigger (L1) and the High
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Level Trigger (HLT) [78].

The Level 1 Trigger The Level 1 (L1) trigger is a hardware-based trigger system plays
a crucial role in the data selection process. It takes input from the sub-detectors and
performs an initial set of selections based on preliminary object reconstruction. The L1
trigger system is divided into three components: L1Calo, which operates on calorimeter
information; L1Muon, which utilises the muon spectrometer; and L1Topo, which applies
more complex analysis to jets, electrons, taus, and muons following L1Calo processing.
After the L1 trigger components process and identify objects of interest, the data is
then sent to the Central Trigger Processor (CTP). This initial stage significantly reduces
the data rate from the initial 40 MHz to 100kHz. Once this reduction is achieved, the
selected events are passed on to the High-Level Trigger (HLT) for further analysis and
decision-making.

The High Level Trigger The high-level trigger (HLT) in the ATLAS experiment is
designed to access the complete readout from the detector at the L1 trigger rate. Unlike
the hardware-based L1 trigger, the high-level trigger operates using software algorithms,
enabling more intricate selections and criteria to be applied. By employing advanced
object reconstruction techniques, the rate of selected events is further reduced from the
L1 rate of 100kHz to approximately 1kHz. Events that are selected by the L1 trigger
undergo immediate processing through event buffering facilitated by the Read-Out Sys-
tem (ROS). The high-level trigger itself consists of a farm comprising 2800 CPUs, which
execute offline-like event reconstruction on the complete detector readout, including par-
tial track reconstruction (as depicted in Figure 2.9). Following the high-level trigger
selection, the chosen events are categorised into different data streams. These events are
then sent to local storage for processing at a Tier-0 facility. The Main Physics Stream,
which serves as the primary data used for physics analysis, is further divided into distinct
categories based on the physics objects present in the event, such as b-jets, electrons,
muons, and so on. Additionally, an Express stream is utilised to swiftly reconstruct the
data using offline data processing techniques. This stream dedicates a small portion of
the bandwidth to assess data quality and provide calibration information.

2.4 Particle Reconstruction in ATLAS

The primary objective of the ATLAS experiment is to utilise the electrical signals ob-
tained from the detector to reconstruct all stable and interacting particles generated
in a given pp collision. By identifying these candidate objects, a wide range of Stan-
dard Model processes and potentially interactions beyond the Standard Model can be
investigated. Once the reconstruction process is finalised, physicists possess a dataset
consisting of events that contain "physics objects." This section will provide a compre-
hensive overview of the process involved in constructing these objects.

Figure 2.10 illustrates the interactions of various particles with the ATLAS detector.
Dashed lines in the diagram represent particles that do not interact with a specific portion
of the detector, whereas solid lines indicate particles that do interact with that particular
region.
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Figure 2.9: Diagram of the ATLAS Trigger and Data Acquisition System in Run 2 taken
from reference [78|.

2.4.1 Tracks and Vertices

Tracks in the ATLAS detector are defined relative to a reference point, typically the
beamspot where proton-proton collisions occur. These tracks are characterised by a
set of track parameters: dy, z, ¢, 6, and g/p. The transverse impact parameter, d,
represents the closest point in the transverse plane to the reference position, while z,
is the longitudinal impact parameter, similar to dy but in the longitudinal plane. The
angles ¢ and 6 denote the azimuthal and polar angles, , respectively, and ¢/p is the
charge of the reconstructed track q divided by the track momentum p.

The track reconstruction process starts in the innermost pixel layer using an "inside-
out" approach. A track seed, formed by three space points in unique layers of the pixel
or SCT sub-detectors of the Inner Detector (ID), is sought by the track reconstruction
algorithm (see Figure 2.11a). Once these track candidates pass various quality cuts
such as momentum and number of hits, they become part of the track collection. The
tracks are then extended into the Transition Radiation Tracker (TRT) through classical
track extrapolation. If successful, the track is said to have a TRT extension. Another
step involves forming tracks from the TRT in regions seeded by the electromagnetic
calorimeter. These tracks are subsequently extended inwards towards the SCT and pixel
detectors. TRT tracks without any silicon hits are retained for photon reconstruction
as discussed later in Section 2.4.3. The TRT hits are shown in Figure 2.11b. All these
tracks constitute the final reconstructed track collection [80].

The resulting track collection is used to identify the primary interaction in a bunch
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Figure 2.10: The diagram displays a single "slice" of the detector n the transverse plane,
revealing each of the sub-detectors as they extend outward from the beam-pipe. The sub-
detectors visible in the illustration include the Inner Detector (ID), the electromagnetic
calorimeter (ECal), the hadronic calorimeter (HCal), and the muon spectrometer (MS).
This has been taken from reference [79].
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Figure 2.11: Schematic representation of (a) the process of the track seeding method in
ATLAS where p is the radius of the circle determined from the track [82] and (b) the
definition of TRT hits [80].

crossing with the highest energy. This is accomplished by defining primary vertices
(PVs) through vertex finding and vertex fitting processes [81]. The PV with the highest
> p2T of associated tracks is more likely to be the location where the interesting physics
phenomena occurred. All other vertices are known as as pile-up vertices.
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2.4.2 Electrons

The reconstruction of electrons in ATLAS involves combining information from the EM
calorimeter and tracks from the Inner Detector (ID). The trajectory of the tracks is pro-
jected to the calorimeter, where a calorimeter cluster is expected to be found. ATLAS
adopts the topo-clustering approach as the standard method for reconstructing elec-
trons, photons, and hadronic jets. This clustering algorithm groups adjacent cells in the
calorimeter to form three-dimensional clusters, which ideally represent the energy and
direction of the incident particles. The primary criterion for clustering the cells is the
cell energy significance, defined as the measured cell energy divided by the expected cell
noise [83] as shown in Equation (2.11).

EE'M

EM 1l
Ceell = E](\}e (2 1 1)
Onoisecell

The algorithm follows these steps:

1. Clustering begins from a seed cell in the calorimeter, which has an energy signifi-
cance above a threshold value S, \Cif\l/[] > S. For Run 2, the threshold was set at
S =4.

2. The cluster expands by adding neighbouring cells that satisfy a growth control
threshold (N) such that |¢Z}/| > N, with N = 2 for Run 2.

3. The cluster boundaries are determined by adding cells that meet a principal cell

filter threshold (P) such that \ch;f\l/[] > P, set at P = 0 for Run 2.

This approach is commonly referred to as the 4-2-0 ATLAS topo-clustering algorithm
[84]. Clusters with a longitudinal and lateral shower profile consistent with that of an
electromagnetic (EM) shower are selected to form regions-of-interest (ROIs). Standard
track reconstruction is performed in the Inner Detector, and these tracks are matched
to the ROls, taking into account the effects of bremsstrahlung in the detector, to seed a
supercluster [84]. The super-clustering method, introduced in 2017, replaced a previous
"sliding-window" technique [85].

The reconstructed electrons then undergo calibration using regression boosted decision
trees (BDT) trained to correct the energies of the uncalibrated electron candidates [86].
To ensure high purity of electrons, a set of quality requirements, known as "working
points," are applied. These working points are defined using a likelihood discriminant
and include "Loose", "Medium", and "Tight" quality working points. Isolation working
points are also defined by comparing the energy in a cone or region around the electron
to the energy of the electron itself [84].

2.4.3 Photons

The reconstruction of photons in ATLAS follows a similar procedure to that of electrons.
The topo-clusters for photons are seeded in a similar manner [86], but there are differences
in how tracking information is utilised. To seed a photon supercluster, the topocluster
must have a slightly higher transverse energy (E7) threshold of Ez > 1.5 GeV [84]. There
are two main types of photon reconstruction:
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1. Converted photons: In this case, the photon interacts with the material in the Inner
Detector, resulting in the production of charged particles (electrons or positrons)
that leave tracks in the ID modules. These conversions can be single or double-track
conversions [85].

2. Unconverted photons: Here, the photon does not undergo conversion and appears
solely as an energy deposit in the EM calorimeter [85].

The calibration procedure for photons is similar to that of electrons, and the working
points for photon identification are constructed in a similar manner [84].

2.4.4 Muons

Muons in ATLAS are reconstructed using signals from the Inner Detector (ID) and the
Muon Spectrometer (MS) independently. The reconstruction of muons in the ID follows
the same procedure as for other tracks, as described in section 2.4.1. Tracks reconstructed
in both the MS and ID are then combined to form the final collection of muons. To achieve
high precision in momentum and resolution for muons, corrections are applied. These
correction factors are determined by studying Z boson decays to and .J/1) meson decays
to in both data and Monte Carlo simulations.

After the muons are reconstructed, various selection criteria can be applied to ensure the
purity of the muon sample, similar to the selection process for electrons. These quality
requirements are designed to identify signal muons while rejecting those originating from
background processes such as the decay of hadronic particles like kaons or pions. The
quality of the tracks used to reconstruct the muon, both in the ID and MS, is utilised to
define a set of quality working points [87].

2.4.5 Jets

In high-energy collisions, quarks and gluons undergo hadronisation, resulting in a stream
of colour-neutral hadrons. These hadrons leave detectable signals in the Inner Detector
(ID) and calorimeters, which are used to construct jets. Jets provide valuable information
about the initial quark or gluon, including their energy and direction.

The process of jet construction begins with clustering the hadronic energy deposits in
the Hadronic Calorimeter (HCal) into structures called topo-clusters [83,88,89]. The
topological clustering algorithm groups HCal cells based on the amount of energy they
contain above the total noise level. It starts by identifying seed cells that significantly
exceed the noise level (signal-to-noise ratio > 40) and iteratively adds neighbouring
cells with high energy deposits (> 20). Adjacent cells are combined while ensuring no
overlaps between topo-clusters using a cluster-splitting algorithm. The resulting clusters
are treated as massless objects and used to create a four-vector originating from the
primary vertex, with the energy associated with it equal to the sum of the topo-cluster
cells.

To construct jets, the topo-clusters and ID tracks are combined using the Particle Flow
(PF) algorithm [90], resulting in Particle Flow Objects (PFOs) used in jet formation.
The PF algorithm first addresses overlaps between momentum measurements in the ID
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and energy measurements in the calorimeters. It then matches individual topo-clusters to
well-measured tracks, creating a track/topo-cluster system. The track is used to estimate
the average expected energy deposit (< Eg,, >) in the calorimeter, which is compared
with the actual energy of the topo-cluster. If necessary, additional topo-clusters are added
to the track/topo-cluster system. The energy in these added topo-clusters is subtracted
cell-by-cell using < Ejg, >, leaving behind remnants that are removed if their energy
matches the expected fluctuations in the energy shower.

PFOs are formed by combining tracks matched to the primary vertex (|zgsinf| < 2mm)
with energy-subtracted topo-clusters. The topo-clusters then serve as inputs to the anti-
k, algorithm clustering algorithm [91]|. This algorithm belongs to a group of sequential
recombination algorithms that use distances (d;;) between clusters i and j, as well as
between a cluster 4 and the beam (d;3), to construct jets in a sequential manner. These
distances are defined as in Equations (2.12), (2.13) with R representing the desired
radius of the jets.

. ARZ.
d;; = min (pQTIji,pZTIjj> sz (2.12)
2

The algorithm follows these steps:

e Calculate all distances d;; and d;.

o [f the smallest distance d; corresponds to a cluster, define that cluster as a jet and
remove it from subsequent calculations.

e If the smallest distance d;; corresponds to clusters i and j, replace them with a
new combined cluster.

This procedure repeats until all clusters have been combined or classified as jets. The
anti-k, algorithm, with p = 1, starts with the most energetic clusters and gradually
combines them with neighbouring low-energetic clusters. This approach ensures that the
constructed jets remain infra-red and collinear safe, meaning that the emission of soft
gluons and collinear splitting of a parton do not significantly alter the properties of the
jets [92].

As the topo-clusters are initially calibrated at the electromagnetic (EM) scale [90], a jet
calibration is necessary to obtain the jet energies at the hadronic scale. The Jet Energy
Scale calibration [93] corrects the energy scale of the jets by comparing them to simulated
truth jets. This calibration accounts for variations in the jet energy due to factors such
as incorrect jet origin, pile-up, dependence on the flavour of the original parton, and 7
(a parameter) [89]. Additionally, the calibration of the associated jet energy resolution
is performed.

To further suppress pile-up-induced jets, the Jet Vertex Tagger (JVT) algorithm [94] is
employed. JVT combines the Jet Vertex Fraction, which represents the fraction of total
momentum from tracks originating from the primary vertex, with the number of primary
vertices in the event using a multivariate approach. Applying a selection based on the
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Figure 2.12: Example of the production of two light jets and a b-jet in the transverse
plane. Taken from reference [98].

JVT improves the rejection of pile-up events while maintaining a consistent efficiency
with respect to the number of primary vertices.

It is worth noting that jets can also be constructed from sources other than pp-collisions,
including beam-induced backgrounds (BIB) caused by proton losses away from the in-
teraction point, cosmic-ray showers, and calorimeter noise. Prior to analysis, it is crucial
to remove such jets. This is achieved by applying quality criteria that consider variables
such as the signal pulse shape in the LAr calorimeters, as well as track-based and energy
ratio-based variables [95].

b-tagged Jets

The accurate identification of jets originating from the hadronisation of a b-quark such as
a B-meson, known as b-jets, is of great significance in this thesis. These B-mesons decay
in a proper time of approximately 1.5 ps, where the proper time is the time as measured
in the rest frame of the particle. This short lifetime results in their travel distance of a
few millimetres before decaying, creating a secondary vertex, as depicted in Figure 2.12.
and can be distinguished by specific features, such as displaced vertices and secondary
semi-leptonic decay products. Thus, the jet can be tagged as a b-jet [96,97|. The
identification of b-jets involves two steps: low-level algorithms and high-level algorithms,
aimed at enhancing efficiency.

In the first step, the low-level algorithms utilise the tracks associated with a jet and their
impact parameters to assess if they originate from a secondary vertex. Several low-level
algorithms are employed, including:
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e [P2D and IP3D, which are impact parameter (IP) based algorithms utilising infor-
mation about the impact parameter of the tracks associated with the jets [99].

e The SV1 algorithm, which focuses on reconstructing the secondary vertex [100].

e The JetFitter algorithm, which reconstructs the complete decay chain of b and
c-hadrons [101].

The outputs of these low-level algorithms serve as inputs for the high-level algorithms.
ATLAS employs two main high-level algorithms: MV2 and DL1. MV?2 utilises a Boosted
Decision Tree (BDT) approach, while DL1 utilises a Deep Neutral Network (DNN) [102].
DL1 incorporates the same inputs as MV2, along with input from the JetFitter algorithm,
thereby improving the rejection of c-jets and light-flavour jets compared to MV2.

The performance of these algorithms is evaluated based on their efficiency and their
ability to discriminate against light-flavour and c-jets. The b-tagging efficiency represents
the probability of correctly identifying a b-jet using the algorithm. The mistag rate, on
the other hand, refers to the probability of erroneously tagging a c-jet or light-flavour jet
as a b-jet. The b-tagging efficiency is estimated separately from simulations and collision
data, and a Scale Factor (SF) is determined as the ratio between data and simulation.
This SF is used to weight simulated events on a per-jet basis. To estimate the b-tagging
efficiency and mistag rates in data, t¢ events with two opposite sign leptons and two jets
in the final state are employed. The efficiencies and mistag rates for the MV2 algorithm
can be found in references [103,104|. Typically, the b-tagging efficiency using the MV2
algorithm in the ATLAS experiment at the LHC is reported to be around 77% for b-jets,
for a drop of 20% in the light-flavoured jet (i.e. jets originating from up, down, or strange
quarks) rejection [97].

2.4.6 Missing Transverse Momentum

In pp collisions, the partons involved in the hard interaction predominantly carry momen-
tum along the beam axis (z-axis) and possess nearly zero momentum in the transverse
plane. According to momentum conservation principles, the vector sum of the transverse
momenta of all collision products should be zero. However, any deviation from this is
missing transverse momentum, which is denoted as ET"™ and represents the negative of
the vector sum. The reconstruction of ET™ commences after the reconstruction and cal-
ibration of previously mentioned objects such as jets, photons, and leptons. Since these
objects are reconstructed independently, some energy deposits or associated tracks can
be utilised by multiple objects. Therefore, a step to remove any overlaps is performed

miss

before estimating the Ex

The reconstructed high pp physics objects, including electrons, muons, hadronic decay-
ing visible electrons, photons, and jets, collectively known as the "hard-term" of E4"™,
constitute the objects involved in the hard interaction. Conversely, tracks originating
from the primary vertex (PV) that are not associated with any of the "hard" objects
constitute the "soft" component. The soft term plays a crucial role in estimating the
scale and resolution of ET™, especially in events with a low number of hard objects. It

is reconstructed by utilising tracks from the Inner Detector (ID) associated with the PV.

So the total missing transverse momentum vector (E™) can be calculated [105] as the
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sum of these terms as:
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Chapter 3

Upgrade of the ATLAS ITk Data
Transmission Chain for the HL-LHC

The High-Luminosity Large Hadron Collider (HL-LHC) is an upgrade to the existing
LHC accelerator complex and detectors of associated experiments positioned around the
collision points. The HL-LHC upgrade objective is to increase the integrated luminosity
of the LHC by a factor of 5 to 7 compared to its current design luminosity. This will
consequently provide scientists with a much larger number of collisions to study, enabling
more SM precision measurements and expand the reach of BSM studies and the potential
discovery of new particles or phenomena. This upgrade of the LHC is scheduled to take
place in 20262028 in the Long Shutdown 3 (LS3) as presented in Figure 3.1. The first
phase of the HL-LHC upgrade is expected to take place between 2026 and 2027 and
the LHC will undergo modifications to increase its luminosity. Then 2027-2028 onwards
further modifications and improvements to the accelerator and its experiments.

In order to achieve the desired increase in luminosity, the HL-LHC upgrade plan includes
several key enhancements. One of the primary focuses is the replacement of the existing
LHC superconducting focusing magnets with new superconducting focusing magnets ca-
pable of generating stronger magnetic fields. These upgraded magnets will enable tighter
focusing of the particle beams, resulting in a higher particle density and more frequent
collisions. Additionally, the installation of new radio frequency (RF) cavities is planned
to accelerate and control the proton beams effectively. These RF cavities play a crucial
role in maintaining beam stability and optimising its performance. Furthermore, the
HL-LHC upgrade will incorporate crab cavities, which have the capability to tilt the par-
ticle beams and maximise the chances of head-on collisions. This innovative approach
further contributes to increasing the overall luminosity of the collider. These upgrades
collectively aim to significantly enhance the performance of the HL-LHC, enabling higher
collision rates and greater precision in data collection.

In response to the challenges presented by the High-Luminosity upgrade of the LHC, the
ATLAS detector must also undergo significant upgrades. This chapter focuses on the
replacement of the current Inner Detector of the ATLAS experiment with the all-silicon
Inner Tracker (ITk). The ITk features advanced capabilities such as high-speed and
radiation-hard data transmission. A crucial component of this upgrade is the electrical-
to-optical conversion stage, known as the optoboard, which combines multiple electrical
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signals into an optical signal. This chapter provides an overview of the HL-LHC project
and the ITk, highlighting their importance in advancing the capabilities of the ATLAS
detector. It then delves into the details of the ITk Pixel data transmission chain, with
a specific focus on the optosystem and its various components. The author’s work in
this area involves validating the preliminary versions of the optoboard design through
functionality tests. Additionally, an analysis of the signal quality is performed both
before and after irradiation to ensure accurate propagation of transmitted data through
the entire chain. Through this upgrade and validation process, the ATLAS experiment
aims to enhance its ability to handle the increased luminosity and radiation environment
of the HL-LHC. The advancements in the ITk Pixel data transmission chain, including
the optosystem, play a crucial role in maintaining the accuracy and reliability of the
detector’s measurements during high-energy collisions.

3.1 The High Luminosity LHC

To increase the luminosity to reach the design luminosity of the HL-LHC, the injection
chain must undergo upgrades [106].

The replacement of the LINAC 2 by LINAC 4 is part of the overall plan to prepare
the LHC for the HL-LHC project that has already been done during the LS2 [107].
The improved beam quality and intensity provided by LINAC 4 also contributes to the
overall improved performance of the LHC during the present Run 3. The LINAC 4
accelerates negative hydrogen ions (H ) to an energy of 160 MeV while the LINAC 2
accelerated protons from a source to an energy of 50 MeV. In the LINAC 4, these ions
are then stripped of their electrons to produce proton beams that are further accelerated
in subsequent stages of the accelerator complex before being injected into the LHC for
high-energy collisions. In the injector chain, the Proton Synchrotron Booster (PSB) is
also upgraded to provide a beam energy of 2 GeV instead of 1.4 GeV. Furthermore, the
PS and SPS will also be upgraded to cope with the increased injection energy and beam
current.

Another major upgrade to the LHC consists of replacement of the current focusing su-
perconducting magnets at the interaction points with new triplet quadrupole magnets
placed at the ATLAS and CMS IPs. These new focusing magnets are made from a com-
pound of niobium-tin (Nb3Sn), which exhibits superconductivity at very low tempera-
tures. Nb3Sn has a higher critical magnetic field than other superconducting materials,
such as niobium-titanium (NbTi). This higher critical magnetic field of Nb3Sn allows for
stronger magnetic focusing. These new magnets will provide a magnetic field of 11-12T
from the current magnetic field of 8.33 T and reduce the 8 function at the IPs. These
new magnets aid in increasing the peak instantaneous luminosity and requires a larger
crossing angle to keep the two beams separate when sharing a common beam pipe which
consequently reduces the instantaneous luminosity (£). To address this, the HL-LHC
will employ RF crab cavities to generate a transverse electric field that rotates each of
the bunches by half the crossing angle to ensure a head-on collision. The HL-LHC is
expected to deliver £ = 7.5 x 10** em™2s7! that is almost 3 times the LHC Run 2 in-
stantaneous luminosity £. This would imply an increase in the pile-up in the general
purpose detectors to up to < g > = 200. The increased luminosity level should allow
the delivery of 300 - 350 fb_lper year i.e. as many pp collisions per year as the current
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LHC has since its first decade of operation, resulting in a total integrated luminosity of
L = 3000 — 4000 fb "

The HL-LHC plans to use a luminosity levelling scheme that will limit £ to 5 x 10%* cm
by utilising techniques such as the Beam-Beam Compensation (BBC) which involves us-
ing an additional beam or an external force to counteract the effects of the opposing
beam, thereby reducing the beam-beam interaction and maintaining the luminosity at a
desired level. However, even with these added measures, the expected pile-up conditions
and radiation doses will be much higher than at the LHC. And tracking all the particles
produced from an average of 200 simultaneous pp interactions cannot be managed by
the current tracking detectors in the LHC experiments. Also, an increased integrated
luminosity (L) will cause more radiation damage and would consequently degrade the
performance of the present detectors very fast. As such the LHC experiments have to be
upgraded as well.

The following section provides an overview of the largest detector component of the
High-Lumi upgrade of the ATLAS detector - the replacement of the current ID with an
all-silicon 1Tk that will take place during LS3.

LARGE HADRON COLLIDER
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Figure 3.1: Current timeline of the LHC and HL-LHC programs. The installation of the
HL-LHC mainly takes place in the LS3 in 2026-2028. At the same time, ATLAS and
CMS will undergo their HL upgrades. Taken from reference [108].

3.2 ATLAS ITk System

The HL-LHC upgrade will requires improvements to the ATLAS Inner Tracker (ITk)
[27, 28] to handle the increased collision rate and maintain the high-quality tracking
capabilities.

The main goals for the HL-LHC upgrade of the ATLAS ITk are:

1. Increased radiation hardness: The ITk needs to withstand the higher radiation
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levels generated by the increased collision rate. To achieve this, new radiation-
tolerant materials and electronics will be used in the construction of the detector.

2. Improved granularity: The ITk will have a higher number of modules additional
tracking layers for tracking with smaller pixel sizes and strip pitches in comparison
to the pixel and strip detectors in the current ID, resulting in improved spatial reso-
lution. This enhanced granularity will provide better tracking of charged particles,
allowing for more precise measurements of their momentum and charge.

3. Enhanced timing capabilities: The I'Tk will also have improved timing capabilities
to enable more accurate identification of particle tracks and better reconstruction
of particle decay vertices. This will be achieved by reducing the timing uncertainty
of the detector modules.

4. Reduced material budget: Minimising the material budget in the ITk is crucial to
reduce multiple scattering and improve particle trajectory measurements. By using
lightweight materials and optimising the detector layout, the ITk achieves lower
material density and thus less scattering. This is crucial to reduce the scattering
and energy loss of particles passing through the detector, which can degrade the
measurement accuracy.

To meet these goals, the ITk will incorporate new technologies, such as advanced silicon
sensors, improved readout electronics, and innovative cooling systems and the design of
the ITk needs to fulfil among others these requirements [27]:

e Full detector coverage for tracks with pp > 1 GeV originating from a region of |z| <
15¢m and r < 2mm.

e Reconstruction of tracks from the primary vertex up to |n| < 4.

e Efficient tracking performance comparable or better than in the ID in HL-LHC
pile-up conditions of < p > =~ 200.

e Radiation resistant for the expected 10 years of operation with £ < 7.5 x 103 em 27!

with replacement of innermost components after 5 years.

The ATLAS ITk comprises a strip detector [27] in the outermost layers and a pixel
detector [28] in the innermost layers closer to the IP as shown in Figure 3.2. It is an
all-silicon tracker without a TRT-like sub-detector.

The strip detector covers the pseudorapidity region of n < 2.7. It consists of four barrel
layers and six end-cap rings on each side of the barrel located at 385 mm < r < 1000 mm
and upto |z| < 2850 mm. The strip detector uses double modules with a pitch, which
refers to the distance between adjacent strips in the detector module, of 69 — 85 um in
the r — ¢ plane. The pitch of these strip sensors is comparable to the current SCT.
However, unlike the SCT, the strip detector has 10x the number of channels to cover the
entire volume.

The pixel detector of the ITk further consists of three sub-systems: the Inner System
(IS), the Outer Barrel (OB) and two Outer Endcaps (OEs). In the region closest to the
IP, known as the low z region, the modules, which consist of a sensors and corresponding
electronics, of the ITk pixel detector are positioned on specialised support structures
called staves. These staves are arranged parallel to the beam pipe and are grouped
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Figure 3.2: This shows the ATLAS ITk layout. Figure shows (a) the strip detector in
blue and pixel detector marked by the red rectangle [28] and (b) shows the pixel and
strip detector quadrants 1 coverage with the three individual sub-systems [109].

together in layers to form the barrel section of the detector. On the other hand, in the
higher z region, the modules are mounted on rings that are perpendicular to the beam
pipe, forming the endcaps of the detector.

The staves and rings have local support systems. They provide mechanical stability to
the detector, ensuring its proper alignment and positioning. Additionally, they play a role
in temperature control, helping to maintain the sensors at cool operating temperatures.
Furthermore, these support structures facilitate the routing of electrical services to and
from the modules. The parameters of all local supports are listed in Table 3.1 for the
staves and in Table 3.2 for the rings.

Table 3.1: Parameters for the ITk pixel flat barrel and inclined rings in reference [110].
The number of sensors per row refers to a complete stave in the central, flat part of the
barrel where sensors are placed parallel to the beam line. The number of inclined rings
refers to both sides of the detector. Triplets consist of three connected read-out chips,
each associated with a 2 x 2 cm? sensor, while ’quad’ modules are made of four connected
read-out chips associated with a single 4 x 4 cm? sensor.

Barrel | Radius | Rows of | Flat Barrel | Flat Sensors | Inclined Rings | Inclined | Module

Layer | [mm| | Sensors || [mm] per Row || [mm] Rings Type
0 34 12 0-245 24 - - triplets
1 99 20 0-245 12 - - quads
2 160 32 0-372 18 380-1035 2x6 quads
3 228 44 0-372 18 380-1035 2x8 quads
4 291 56 0-372 18 380-1035 2x9 quads

The IS is made of a barrel and an endcap section and follows a quarter-shell integration
structure. Each of the quarter shells have a barrel section with the staves and rings as
local support structures. It also has an endcap section with flavours of rings to support
the pixel modules. The barrel section is made of the two innermost barrel layers in
region |z| < 250mm and the corresponding innermost end-cap rings, making up the
endcap sections. These innermost layers provide the coverage of the I'Tk of upto n < 4.
As the IS is the closest to the IP, it faces the largest amount of radiation as shown in
Figure 3.3 and is therefore designed to be replaceable once the radiation tolerance of the



50 Chapter 3: Upgrade of the ATLAS ITk Data Transmission Chain for the HL-LHC

Table 3.2: The parameters of one end-cap of the ATLAS ITk pixel system in the 1Tk
design as in Reference [110]. The radius indicated in the table shows the distance between
the closest sensor of a ring to the beam pipe. It is expected that particles coming from
z = +15cm will leave between one to four hits in each of the endcaps layers with each
layer comprising multiple rings. Here, the layers 0 to 1 belong to the IS. The number of
rings refers to both sides of the detector.

Ring Layer | Radius [mm| | |z| [mm)] Rings | Sensors per Ring | Module Type
0 33.20 263-1142 2x15 18 triplets
0.5 58.70 1103-1846 2x6 30 triplets
1 80.00 263-2621 2x23 20 quads
2 154.50 1145.5-2850 | 2 x 11 32 quads
3 214.55 1145.5-2850 | 2x 8 44 quads
4 274.60 1145.5-2850 | 2x 9 52 quads

IS is exceeded. This happens around L = 2000 f b~'. The total irradiation dose for each
of the ITk Pixel data transmission components is also listed in Table 3.3.

Table 3.3: The radiation levels expected for each of the ITk pixel detector services [29].

: . TID
Pixel Detector Section Expected dose Dose including

without safety factor (Mrad) | 1.5 safety factor (Mrad)
IS Type-0 LO cables 830 1245
IS Type-0 L1 cables 380 570
IS Type-1 cables 305 457.5
OB Type-0/Type-1 cables 162 243
OE Type-0 cables 352 528
OE Type-1 cables 216 324
TwinAx cables 305 457.5
IS PP1 and Type-2 124 185
OS PP1 and Type-2 47 70.5
Optopanels 10 15
PP2 and Type-3 cables 0.05 0.075
PP3 0.01 0.015

The OB layout consists of two different sections, flat and inclined, at |z| < 400 mm.
The staves of the OB are 2m in length. The local supports in the flat section are
known as "longerons" while those in the inclined section are known as "inclined rings".
This arrangement ensures the hermeticity of the I'Tk while simultaneously reducing the
number of required modules. Furthermore, it minimises the amount of material needed
by the OB, thus improving the tracking performance.

In the case of the OE, the local supports are carbon-based half-ring structures with an
embedded titanium pipe. The OE comprises the layers 2 — 4 rings and their placement is
also optimised to ensure hermeticity. Both sides of the half-rings will be loaded with the
pixel modules along with a flex PCB known as the Patch Panel 0 (PP0) to route power
and monitor the command or signals to and from each modules.

The ITk pixel modules employ a hybrid technology, where the silicon sensors are bump-
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Figure 3.3: Distribution of the non-ionising energy loss in units of 1 MeV neutron equiv-
alent fluence for L = 4000 fb™'in the ITk. Here, "Si 1 MeV neutron equivalent fluence"
refers to a measure of the amount of energy deposited by neutrons with an energy of 1
MeV in a silicon (Si) material, scaled to be equivalent to the effects of a certain fluence
(number of neutrons passing through per unit area). This plot is taken from reference
[111]. The simulation here is done using FLUKA [112] on the ITk layout as described in
reference [28].

bonded to the readout ASICs developed by the RD53 collaboration [113] and are based
on the 65 nm technology. Extensive optimisation studies [114| were conducted using pixel
module prototypes by the ATLAS collaboration to determine which sensor technology
is to be used in which part of the detector. From the studies it was concluded that the
best compromise between performance, yield and cost is achieved by having planar pixel
sensors in layers 1 to 4, with 100 pgm thick sensors in layer 1 and 150 pm thick sensors
in layers 2, 3 and 4 and 3D silicon pixel sensors in layer 0 due to their higher radiation
resistance. In a 3D silicon pixel sensor, the pixels are fabricated on thin columns of silicon
that extend into the bulk of the substrate. This creates a three-dimensional structure
where the sensitive volume is not restricted to the surface as in planar sensors. These
sensors exhibit enhanced radiation resilience due to the closely spaced implanted elec-
trodes. This configuration necessitates a lower bias voltage, resulting in reduced leakage
current and subsequently demanding less cooling. This design also serves to mitigate
charge trapping effects. Furthermore, the depletion voltage remains lower compared to
planar sensors, even under high irradiation doses. A crucial advantage is that the sensor
thickness required for signal generation and the electrode spacing are independent, en-
abling the production of thicker and more radiation-resistant sensors. The layer 0 also
employs two different pixel geometries to have a better resolution. 50 x 50 ,um2 and 25
x 100 um2 pixel sensors are used on the rings and in the central staves, respectively.
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To enhance the pixel readout capabilities, a new generation of front-end chips with smaller
pixels and increased bandwidth has been developed, as part of the RD53 collaboration.
This collaboration has led to the creation of the RD53A prototype readout chip, specifi-
cally designed for the ATLAS Experiment. Subsequent development has resulted in the
RD53B, also known as ITkPixv1. The final chip, ITkPix, has a size of approximately (2
X 2) cm?, allowing four FEs to read out a sensor area of roughly (4 x 4) cm?, encompass-
ing 307,200 pixels. The ITkPixv1 supports up to four data channels [115] with a nominal
bandwidth of 4 x 1.28 Gbps. Furthermore, it offers enhanced radiation tolerance, capable
of withstanding at least 500 Mrad = 5 MGy [28].

The pixel system will be powered using a serial powering scheme [116] where up to
thirteen pixel modules will be powered in the longest chain in the OEs. The use of the
serial powering significantly reduces the material budget by reducing the number of cables
required for powering. A Monitor Of the Pixel System (MOPS) chip will be employed
to monitor the temperature and the voltage drop in every module. The electrical signals
will be transmitted at 1.28 Gbps from the module through electrical cables to the opto-
electrical conversion system outside of the pixel detector. This custom-designed system
known as "optosystem", designed and tested by the ATLAS team at University of Bern
will equalise and aggregate the signals to 10.24 Gbps and convert the electrical signals to
optical signals.

The combined performance of the I'Tk Pixel and Strip detectors ensure that charged
particles with pp > 1GeV leave at least 9 hits in a silicon layer with n < 4, as shown
in Figure 3.4. This is a major improvement when compared to the current ID with n <
2.5 [117], that takes into account a maximum of 8 hits. Also, the expected tracking
performance of the ITk is shown in Figure 3.5. It is seen that the track reconstruction
efficiency is on par with that of Run 2 and an average pile-up that is 5x higher. Also
it is observed that the fake rate is reduced by one order of magnitude due to the higher
number of hits featured in the ITk [28].

<> =200

Thus, the I'Tk we are building meets the design requirements.

3.3 ATLAS ITk Pixel Data Transmission System

The ITk Pixel data transmission chain has three stages as shown in Figure 3.6:

1. Modules to Optosystem: The front-ends (FEs) of the ITkPix modules transmit the
detector data (uplink) and receive the command+trigger (downlink) via electrical
signals with twin-axial (twinAx) cables described in the following sections.

2. Optosystem: The Optosystem’s heart is the Optoboard where the electrical-optical
conversion along with the (de)-serialising of data and command-trigger between
front-end and back-end, where the back-end consists of Front End Link Exchange
(FELIX) [119] servers, occurs.

3. Optosystem to backend: The FELIX backend servers receive the data and transmit
the command-+trigger for the front-end modules through optical fibres.

Furthermore, the readout system has to fulfil the following set of requirements:
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Figure 3.5: The plots show a comparison of (a) the track reconstruction efficiency and
(b) fake rate to the Run 2 reconstruction performance with an average pile-up of < p >
= 20 and the ITk with < g > = 200 as a function of n for hard-scatter tracks with pr
= 1GeV using simulated ¢t events. These are taken from reference [118].

e Ensuring dependable transmission of data and command-trigger signals through
the uplinks and downlinks, respectively, between the front-end (FE) components
and FELIX at the necessary bandwidths.

e Small contribution to material budget to reduce negative effects from multiple
scattering from particle interaction with the detector.

e Power consumption < 10kW, complying with the ITk cooling plan.

e Readout components that are radiation tolerant taking into consideration L =
4000 fb~"and 2000 fb~for the IS.
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e Satisfy the ITk Grounding and Shielding (GS) policy [28].
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Figure 3.6: Overview of the interfaces for the data transmission [120].

The FEs are configured and triggered via 160 Mbps electrical downlink signals and send
their data via 1.28 Gbps electrical uplink signals. These electrical signals employ low-
voltage differential signalling, transmitting their signals using twin-axial cables with p-
and n-polarities i.e. employing Low Voltage Differential Signaling (LVDS) technique
[121]. These two polarities have currents flowing in opposite directions, thus cancelling
the EM fields. This makes the transmitted signals less susceptible to the environment.
The data arriving on the uplink is encoded using the 64b/66b Aurora protocol [28,122].
These electrical up- and downlinks, consisting of AWG34 twinAx cables running up to
6 meters, are accompanied by power and monitoring lines. They are routed along a
flexible printed circuit board (PCB) henceforth referred to as a flex, until they reach the
PPO PCB, which is mounted on the local support structure. The PPO is the single point
of contact for the electrical lines from the modules to the PP0O to the backend housed
outside of ATLAS via the optosystem.

The backend FELIX system is located outside of the ATLAS detector in the USA15
service cavern. Therefore, the optical links or fibres going to the FELIX from the op-
tosystem have lengths of upto ~ 100 - 150 m. The optical links are used here instead of
the electrical links as the distance from the detector to backend would result in signal
loss via attenuation of the electrical signals over the copper cables. Using optical fibres
results in a much smaller signal loss and higher bandwidth capabilities.

The optosystem, placed in between the FEs and the backend, has evolved drastically
since the ITk Pixel Technical Design Report (see Reference [28]), as the overall layout
of the Pixel data transmission system changed. At the time the author worked on the
data transmission chain, it was the first preliminary setup using the first prototypes to
validate the concept of the ITk Pixel data transmission chain and the results additionally
aided in designing the newer prototypes and optimising the performance of this chain.

3.4 The Optosystem

This section provides the technical overview of the system itself and describes the main
components of an optoboard.

3.4.1 Overview of the optosystem

The optosystems are located outside the ITk, onto the ITk end-plates at |z| = 3500 mm
and r = 1450-2450 mm, some of which are shown in Figure 3.7. The optosystem has
to fulfil requirements such as aggregation and opto-electrical conversion of all up- and
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Figure 3.7: A CAD drawing showing the locations of the Optopanels, in yellow, relative
to the ITk detector. The ITk Pixel detector is shown at the centre of the volume in red.

downlinks, ensure a Bit Error Rate (BER) < 102 over the complete transmission chain,
tolerance to radiation levels at the ITk end-plates of 50kGy and 7 x 10™ MeV N,/ cm”
[123] with applied safety factor, efficient cooling and powering and monitoring of all the
components and ease of access for replacement of components and compact design to fit
on the I'Tk end-plate.

The optoboards are hosted in a mechanical structure known as an optobox, with <
8 optoboards residing inside an optobox. The number of optoboards depends on the

number of e-links coming from a particular sub-detector of the ITk Pixel detector: the
IS, the OB and and the OE.

The twinAx cables carrying electrical signals reach the optoboxes containing the opto-
boards using termination boards. Twenty-eight optoboxes make one optopanel and there
are four optopanels at each side of the ATLAS detector, totalling eight panels dedicated
to the readout and control of the ATLAS ITk Pixel detector. The bundles of twinAx ca-
bles consisting of upto 24 uplinks and 8 downlinks are soldered onto a cable termination
PCB, which is linked to a single optoboard via a connector. These bundles are further
wrapped by a shield to extend the Faraday cage of the I'Tk to the optosystem.

The grounding and shielding constraints of the ITk are carefully followed, ensuring the
integrity of the Faraday cage within the optopanel. This is achieved through the use
of appropriate measures, such as the outer walls depicted in Figure 3.8a, which serve
as a Faraday cage. Additionally, the black plastic spacers, extending from the base of
the cooling plate, ensure isolation between the cooling plate and the base plate. These
measures, along with the enclosing walls and lid, contribute to maintaining the required
shielding and grounding characteristics of the optopanel. Further complying with the
grounding and shielding requirements of the ITk, the openings for the fibres on one
side and twinAx cable opening on the other side, have protruding flanges to ensure the
integrity of the Faraday cage. The narrow end of the optopanel is designed to receive
the twinAx cables carrying the electrical signals from the I'Tk Pixel modules.
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Figure 3.8: The final prototype design of the optopanel (a) in CAD drawing and (b)
showing the routing of the twinAx cable in more detail and coloured by subsystem: blue
for the IS, green showing the OB and orange representing the EC.

Figure 3.9 shows a small scale version of a working prototype of an optopanel, containing
only one optobox which hosts multiple optoboards. Each of these optoboards has the
capacity to serialise upto 24 x 1.28 Gbps electrical twinAx cables to 4 x 10.24 Gbps fibres
and de-serialise command and clock control from 2.56 Gbps fibres to upto 8 x 160 Mbps
twinAx cables.

Each optobox consists of a power board and connector board, respectively, for powering
of the optoboards. The power board consists of upto five bPOL12V DCDC converters
that receive a voltage of around 10V from the power supplies and output 2.5V. As one
bPOL12V can have a maximum output current of 4 A [124], it can only provide power
to two to a maximum of three optoboards when fully loaded. The power board also
has the MOPS for monitoring of the bPOL12V output voltages. The power supplied to
an optobox is disabled when and if it reaches very high temperature. This is monitored
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using two negative temperature coefficient (NTC) thermistors on the power and connector
boards directly linked to the interlock system. The connector board as the name suggest
connects the optoboards with the power board and ensures the correct mapping of the
five bPOL12V to the eight optoboards, based on the I'Tk Pixel SP chain.

The VITRx+ module (described in following Section 3.4.2) receives its required 2.5 V sup-
ply voltage for the VCSELs directly from the Power Board [125,126]. On the other hand,
the IpGBTs, GBCRs, and VITRx+ components require a 1.2V supply voltage, which is
generated by a dedicated bPOL2V5 DCDC converter. This converter is situated on a
separate small PCB that is mounted on the optoboard. By employing this arrange-
ment, the necessary supply voltages for different components are efficiently generated
and distributed as per their specific requirements.

Each optobox utilises around 8 W of power when fully configured and operational, and
results in a significant amount of thermal energy generated by a complete optopanel.
In order to dissipate this, three cooling pipes are placed on a cooling plate within the
optopanel using a perfluorohexane cooling fluid provided by the ATLAS services at 16 °c
or 289.15 K.
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Figure 3.9: The optobox Prototype Panel for the Outer Barrel system test. It is a final
design of the optobox which contains seven optoboards, their respective ERMS8 connector
is visible above the optoboard (OBn) labels. On the left side the entry of the electrical
twinAx cables (blue) can be seen.They end at an adaptor PCB that was produced for the
Outer Barrel system test.On the right side one can see the outlet of the fibres (mint) going
towards the back-end (FELIX). Power and DCS are handled inside the panel through
feed-through connectors on the bottom wall of the panel.

The optosystem’s basic component is a PCB called optoboard that hosts the one VTRx+,
four IpGBT and four GBCR ASICs that aggregate the electrical links and subsequently
convert them to optical signals for transmission to the ATLAS back-end system (FELIX)
via fibre optical cables on the uplink and converting the optical signals to electrical and
distribution of these clock and command signals to the pixel modules. Each GBCR has
an associated IpGBT that aggregates the six 1.28 Gbps uplinks into a single high-speed
signal. The IpGBTs on the uplink after aggregating the signals operate at 10.24 Gbps



58 Chapter 3: Upgrade of the ATLAS ITk Data Transmission Chain for the HL-LHC

using FEC12 that can correct 24 consecutive bits. Out of the 4 I]pGBTs, one of them is
an IpGBT "master" i.e. operates as a transceiver that distributes the 2.56 Gbps downlink
signal into the 160 Mbps e-links and the other three work as transmitters only and are
referred to as IpGBT "slave". The IpGBT master clock data recovery (CDR) unit recovers
a clock from the incoming high speed downlink data that synchronises with its internal
oscillator. This recovered clock is used to check the received downlink frames, generate
1.28 GHz e-clocks or electrical clocks, are used to synchronise and regulate the timing of
digital circuits or systems for operating the GBCRs using the retiming mode and provide
a 40 MHz reference clock to the other three IpGBTs. The IpGBT master is configured
using information sent over the IC field contained in the downlink data frame and the
other components - IpGBT slaves and the GBCRs (and VTRx+ is also possible) via 1’C
control of the IpGBT master. The optical signals are transmitted via optical fibres to
and from the ATLAS counting rooms for processing by the FELIX cards.

The first prototype known as optoboard V0, only has 1 VIRx+ and 1 IpGBT. The next
version, optoboard V1 had 1 VITRx+, 4 IpGBTs and 4 GBCRs as shown in Figure 3.10a.
The latest and final version of the prototype is optoboard V3, shown in Figure 3.10b. In
comparison V1, on the downlink direction, the GBCRs on optoboard V3 are bypassed
with the IpGBT handles the downlink pre-emphasis strength. From the bottom view the
full number of GBCRs and IpGBTs can be seen, up to four of each can be hosted on
the optoboard V3 PCB. This number of ASICS is determined by the number of e-links
arriving from the modules of a particular sub-system and therefore can be lower than 4.
It also has a hole in the PCB that allows for the direct thermal contact of the bPOL2V5
to the cooling L-profile.

3.4.2 Key components of Optoboards

This sub-section describes the key ASICs of an optoboard in more detail.
Versatile Link' Transceiver

The Versatile Link ™ or the VL+ [127], is a bi-directional multi-gigabit per second optical
physical data transmission system designed to perform efficiently in the HL-LHC envi-
ronments. It comprises three parts: an on detector transceiver (VTRx+), passive optical
components and commercial off-the-shelf back-end transmitters/receivers, as shown in
Figure 3.11. This device transmits uplinks at a speed of upto 10.24 Gbps and downlinks
upto 2.56 Gbps and can resist a total ionising dose (TID) of 1 MGy. Also, the VL+
operates at wavelengths of 850 nm. Table 3.4 lists all the specifications associated to
this VL+ project. The specifications take into account the minimum, maximum and
nominal values of important parameters such as the bit rates, the bit error, tempera-
ture, optical link length, TID tolerance and NIEL (Non-Ionising Energy Loss) tolerance
which refers to the ability of a material or device to withstand the effects of non-ionising
radiation-induced damage.

The VTRx+ module [128] has a dimension of 20 x 10mm?. It is made of four parts
and contains custom developed qualified parts as transmitter (Tx), receiver (Rx) and
transceiver (TRx) that are interconnected on a PCB:

1. There is a p-in-n doped diode (PIN diode) that generates an electrical pulse from
the incoming Rx optical signal.
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3D View

Figure 3.10: IThe figure displays (a) an image depicting the rear side of the optoboard
V1 prototype and (b) a design representation of the optoboard V3 prototype, illustrating
the arrangement of its different components - the larger ASICs are the four IpGBTs, the
smaller ASICs are the four GBCR2s and the small PCB to host the bPOL2V5.
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Figure 3.11: Versatile Link™ architecture showing the components of the VL+ : VTRx+
transceiver, passives, and commercial backend optical transmitters (Tx) and receivers
(Rx) taken from reference [127].

Table 3.4: Specifications of the Versatile Link™ system.

Parameter Min. | Typ. | Max. Unit
Uplink bit rate 10.24 | Gbps
Downlink bit rate 2.56 | Gbps
BER 107"

Link Length 50 150 | m

TID tolerance 1| MGy

NIEL tolerance 10" | neutrons/cm"2
Hadron tolerance 10" | neutrons Jem”2
VTRx+ temperature -35 60 | °C

Passives in-detector 35 60 | o
temperature

2. The GBTIA [129] then amplifies the Rx electrical signal from the PIN diode.

3. The module is equipped with an LDQ10 laser diode driver [130], which is responsible
for generating the necessary currents for the vertical-cavity surface-emitting lasers
(VCSELs) used for transmitting optical signals. The LDQ10 driver allows for the
configuration of various parameters such as bias and modulation currents, as well
as pre-emphasis, through an I2C [131] interface. This interface enables convenient
and flexible control and adjustment of the laser diode driver settings.

4. Finally, an array of four VCSELs transforms the LDQ10 electrical signals into an
optical signal.

The signal attenuation and power budget of the VL+ project inclusding both standard
and extended grade of radiation tolerance is summarised in Table 3.5. It also takes
into consideration effects of attenuation across 80 to 100 m of optical fibres along with
radiation damage to these fibres and other effects.
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Table 3.5: Power budget of the complete VL+ extended grade chain between the on-
detector transmitter and receiver (VIx+ and VRx+) and the corresponding back-end
components (Rx and Tx). Adapted from Reference [127].

Property Uplink Downlink
VTx+ — Rx (10.24 Gbps) | Tx+ — VRx+ (2.56 Gbps)
Tx Optical Modulation Amplitude (OMA) [dBm)] >-5.2 >-1.6
Rx sensitivity [dBm]| <-12.5 <13.1
Power budget [dB] >7.3 >11.5
Margin [dB] =09 ~1.975

Low-power Gigabit Transceiver

The Low-power Gigabit Transceiver (IpGBT) [132,133] is a radiation tolerant ASIC
that can be used to implement multipurpose high speed bidirectional electrical links
for aggregation and monitoring in high-radiation environment of high-energy physics
experiments such as the HL-LHC. This ASIC is controlled with a back-end firmware
running on a Field-Programmable Gate Array (FPGA) like the FELIX system for the
ITk. In the tests done and shown using the IpGBT in this chapter, a KC705 FPGA
board with customised IpGBT firmware [134,135] was used.

The IpGBT can either be operated with an external reference clock or by the using
its clock data recovery (CDR) circuit, which synchronises its internal oscillator to the
clock extracted from the incoming data. The ASIC supports 2.56 Gbps links in the
downlink direction and 5.12 or 10.24 Gbps links in the uplink direction, depending on
the selected operation mode. The 2.56 Gbps downlink is then further deserialised into
individual e-links at data rates of 80, 160 or 320 Mbps. The structure of one IpGBT-
FPGA encoded downlink frame, i.e., a structured format in which the data is organised
and transmitted using encoding techniques, transmitting at a frequency of 40 MHz is
shown in Figure 3.12b. Out of the 64 bits of a downlink data frame, 32 bits are used
for the data (D field), while the other 32 bits are used for internal control (IC) data to
configure the IpGBT, the external control (EC) to configure other IpGBTs to support
master-slave operation and the Forward Error Correction (FEC field). FEC employs
Reed-Solomon Codes [133,136] technique which permits the detection and correction
of up to 12 consecutive bit errors in the data. The data within the downlink frame
is processed through two important steps: interleaving and scrambling. Interleaving
involves arranging the bits within a frame in a specific order, while scrambling involves
replacing bits to achieve DC balance, ensuring an equal number of ’1’s and ’'0’s in the
data before transmission. The uplink operated at either 5.12 or 10.24 Gbps is aggregated
with incoming uplink e-links at data rates between 0.16 and 1.28 Gbps. For the ITk
Pixel data transmission chain and the tests shown in the following section the uplink
data stream at 1.28 Gbps is used. The structure of the uplink data frame is similar
to that of the downlink. However, it has a total of 128 or 256 bits for data rates of
5.12 or 10.24 Gbps, respectively, because of the larger D and FEC fields. The uplink
data frame employs either FEC5 or FEC12 encoding schemes for 5.12 or 10.24 Gbps
modes respectively. The IC and EC fields are made of the associated responses to the
downlink IC and EC commands. Also, like the downlink, the uplink data is scrambled
and interleaved before leaving the IpGBT.

Furthermore, this ASIC has General Purpose Input Output (GPIO) pins, I’C control,
analogue-to-digital converters (ADC) and clock outputs to configure, monitor and com-
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Figure 3.12: Structure of the IpGBT (a) architecture and (b) downlink frame [133].

municate with other components such as other IpGBTs and the Giga-bit Cable ReceiverS
(GBCRs).

Giga-bit Cable Receiver

The third key component is the Giga-bit Cable Receiver (GBCR). In the ITk pixel data
transmission chain, each pixel module has a pixel sensor and three or four RD53B chips
[137-139] in parallel that transmits the data from the FEs at 1.28 Gbps per channel to
a IpGBT via a GBCR. Due to space constraints close to the IP and radiation tolerance
specifications of the IpGBT and VTRx+, these ASICS are to be located a few meters
from the pixel modules. From the pixel modules the data is electrically transmitted via
a flex of 0.1 m to 1 m followed by AWG34 twinAx cable of < 6 m which leads to about
20 - 25 dB signal loss at a data rate of 1.28 Gbps i.e. a frequency of 0.64 MHz. Thus, the
RDb53B’s output signal is completely embedded in the noise, necessitating compensation
of the signal loss for the IpGBT to recognise and process the signal. A GBCR is used to
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recover the signal’s high-frequency loss. An initial prototype ASIC called GBCRI1 [?,140]
was used for the initial data transmission scheme in which it receives 4 uplink channels
each functioning at 5.12Gbps. An updated prototype ASIC called GBCR2 [141] was
then designed to meet requirements of the current baseline scheme, in which it receives
six uplink channels each functioning at 1.28 Gbps.

The design of the GBCR2 employs the 65 nm CMOS technology with a single power sup-
ply of 1.2V and a dimension of 1 x 2 mm?. The GBCR2 features seven uplink channels,
which consist of six channels for data transmission and one channel for testing purposes,
mirroring the configuration of the IpGBT. In addition, this prototype introduces the op-
tion of utilising two downlink channels operating at a speed of 160 Mbps from the I[pGBT
to the RD53B. These downlink channels incorporate integrated pre-emphasis function-
ality to compensate for situations where the pre-emphasis provided by the IpGBT is
insufficient to drive the command and trigger signals to the RD53B effectively. This
feature helps reduce jitter on the downlink, consequently minimising jitter on the uplink
channels as well since the uplink clock is recovered from the Clock and Data Recovery
(CDR) unit of the RD53B [142]. The GBCR ensures compliance with the ITk pixel data
transmission chain requirement of an uplink BER 1< 107'%. The incoming signal from
the RD53B is equalised and can optionally be retimed using a phase-adjustable e-clock
operating at 1.28 GHz provided by the IpGBT and received by the GBCR2 phase shifter.
All seven uplink channels share the same phase shifter. The equalised or retimed data
is then directed to the electrical receiver (eRx) of the IpGBT. The IpGBT 12C master
is utilised for configuring both the uplink and downlink channels, as well as the phase
shifter.

Each uplink channel comprises:

e Passive attenuator: It is adjustable with 1/3, 2/3, and 1 of the signal and targets
avoiding the saturation of the equaliser.

e Fqualiser: The long electrical cables attenuate the high-frequency components of
the signal more than the low frequency ones causing significant Inter-Symbol Inter-
ference (ISI) jitter i.e. the distortion or variation in the timing of received symbols
or bits in a communication system caused by the presence of multiple symbols over-
lapping in time. Therefore the equaliser acts as a high-pass filter and degrades the
low-frequency components thereby compensating for the high-frequency loss. The
equaliser is designed for a cable lengths of 1 m flex and 6 m twinAx cable i.e. 7m
long electrical transmission cable. The equaliser settings can be optimised by con-
figuring the middle and high frequency settings where 80 to 200 MHz, 200-400 MHz
and 400 MHz to 1.3 GHz are the low, medium and high frequency ranges. Fach
uplink channel has its individual equaliser comprising three identical high, medium
and low frequency Continuous-Time Linear Equalisers (CTLEs). All 3 CTLEs to-
gether provides up to 30 dB peaking strength defined as the amount of amplification
or boost applied to specific frequency components of a signal by the CTLE to the
signal. And the power consumption of the entire equaliser is ~ 0.84 mW per uplink
channel.

e Limiting Amplifier (LA): It amplifies the equaliser’s output signal to saturation for
the output driver. It includes a DC-offset-cancellation circuit to remove the DC
offset due to the mismatch between the LA and the equalisers.
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e Retiming logic: As afore-mentioned, the uplink channels can be operated in ei-
ther retiming or non-retiming mode. In the retiming mode, the equalized signal
undergoes further minimization of jitter by being retimed. This process involves
utilizing a phase shifter that receives a 1.28 GHz e-clock from the lpGBT. The
phase shifter generates phase-adjustable clocks for each uplink channel’s retiming
logic, which samples the uplink data at precise intervals. On the other hand, in the
non-retiming mode, the retiming logic is bypassed, and the phase shifter is disabled.
Also in this mode, the phase delay of each uplink channel can be independently
configured through the I°C interface.

e Current-Mode Logic (CML) driver: This driver is responsible for transmitting the
recovered data to the IpGBT.

IpGBT

[ora]

1.28 GHz
SCL
SDA

Driver Passive

Attenuator
Uplink Downlink

eRx
Channel x7y | Retiming Phase 2C Channel x2
Logic Shifter Target
LA |

——

DC-offset- Low-Pass

Cancellation

[pre-emphasizer|

Filter

CML Driver

GBCR2

Passive
Attenuator

Q

Twinax Twinax
1.28 Gb 160 Mb
ps AWG34 Cable ps AWG34 Cable

it RD53B o

Figure 3.13: The GBCR2 architecture taken from Reference [120]. The downlink chan-
nels in the GBCR2 are not bypassed as in the next updated versions of the optoboard
and overall data transmission. These channels are configured in its optimal settings as
described by the GBCR2 team.

In the uplink channels, the total jitter of the output signal is 129.1 ps (peak-peak) and
79.3 ps (peak-peak) and the total power consumption is 109.1 mW and 127.7 mW below
the specification of 174 mW, in the non retiming and retiming modes, respectively. The
power consumption of the two downlink channels is < 53 mW [120].

In this thesis, optoboard prototype versions VO and V1 have been tested and the results
are shown in Section 3.6. The next section explains some theoretical concepts underlying
the tests done to qualify the data transmission chain.
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3.5 Concepts of Link Performance and Signal Quality Tests

The quality of the data transmission chain and validating whether it meets the required
specifications are done using jitter analysis, bit error ratios and measuring the signal
attenuation.

3.5.1 Jitter Analysis and Eye Diagram

Jitter is a short-term variation in the timing of a digital signal from its nominal value.
There are two main types of jitter, random jitter and deterministic jitter. Random jitter
is unbounded, which means that its value continues to increase with increasing duration
of measurement. It is associated with stochastic processes like noise. Deterministic
jitter is bounded, and its amplitude is limited with increasing observation time. The
description of these different types of jitter is based on the Tektronix primer for jitter
charaterisation [143].

Time-domain jitter types of interest are period jitter, cycle-to-cycle jitter, time interval
error (TIE) and total jitter(TJ).

Jitter that repeats in a cyclic fashion is called periodic jitter. It is defined as the deviation
in cycle time of a signal with respect to the ideal period over a random number of cycles,
preferably between 1000 to 10000 cycles. Peak-to-peak period jitter is defined as the
difference between the highest and the lowest period value from the sample size used for
the measurement. The period jitter, is illustrated by the measurements P1, P2 and P3
in Figure 3.14 and shows that this jitter measures the period of each clock cycle in the
waveform.

Cycle-to-cycle jitter is defined as the variation in cycle time of a signal between adjacent
cycles over a random sample of adjacent cycle pairs. The number of cycles selected for
this measurement should range between 1000 to 10000 to have ample confidence in the
measurement. Cycle-to-cycle jitter is usually specified as the greater of the absolute
values of the highest positive or negative variation value in cycle time between adjacent
cycles. For example, if the largest positive cycle-to-cycle variation is 62 ps and the largest
negative cycle-to-cycle variation is -65 ps, the overall cycle-to-cycle jitter is commonly
specified to be 65 ps. The cycle-cycle jitter is also indicated by C2 and C3 in Figure 3.14.

Figure 3.14 also shows the time interval error indicated by the measurements TIE1
through TIE4. This type of jitter measures how far each active edge of the clock varies
from its ideal position. The TIE is obtained by integrating the period jitter, after first
subtracting the ideal clock period from each measured period. This jitter measurement
is important as it shows the collective effect from a small amount of period jitter over
time. Once the TIE reaches +0.5 unit intervals, the eye of the eye diagram, explained
later in this section, is closed and a receiver circuit will experience bit errors.

TJ is another time-domain jitter specification commonly used in Serial IO applications
that is derived from the TIE measurement. It is measured at a specified BER for the
serial 10 link and combines the effect of random and deterministic jitter components. It
predicts a peak-to-peak jitter that will only be exceeded with a probability equal to the
BER. Real-time oscilloscopes such as the Textronic 2 GHz oscilloscope typically include
jitter analysis software tools that decompose T'J into random (RJ) and deterministic jitter
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(DJ) components. The relationship between TJ, RJ and DJ is shown in Equation (3.1)
where n is the application BER multiplier which in case of 1071% is 14.26 [144]:

T‘]pkfpk = D‘]pkfpk +n X RJ(’I"mS) (31)
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Figure 3.14: The different types of jitter measurements taken from Reference [143].

All of the methods discussed so far rely on edge locations only. An eye diagram is a
graphical representation of a digital signal’s quality and integrity. An eye diagram is
created by superimposing multiple digital signal periods on top of each other, with the
horizontal axis representing time and the vertical axis representing signal amplitude,
as shown in Figure 3.15a. If the waveform is repeatable, a sampling scope may be
used to build an eye diagram from individual samples taken at random delays on many
waveforms. The resulting pattern resembles an "eye" shape, hence the name. In practice,
eye diagrams are typically either monochrome or colour scaled to indicate the density of
waveform samples at any given point of the display.

The eye diagram typically consists of three main components:

Vertical Opening: The vertical opening of the eye diagram represents the signal’s voltage
levels. It shows the amplitude range over which the receiver can reliably distinguish
between high and low signal levels. A wider opening indicates better signal quality and
a larger voltage margin for reliable detection.

Horizontal Width: The horizontal width of the eye diagram corresponds to the time
duration of a single bit period. It represents the timing uncertainty or jitter in the
received signal. A narrower width indicates less jitter and better timing synchronisation.

Noise and Distortions: The eye diagram also reveals the presence of noise, ISI, and other
signal distortions. These are represented by variations in the eye’s edges, blurring, or
overlapping of the eye pattern. These distortions can degrade the signal quality and
impact the receiver’s ability to accurately detect and interpret the transmitted data.

By examining the eye diagram, one can gain valuable insights into the performance of
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Figure 3.15: Comparing eye diagrams of RD53B CDR uplink in (a) to that of RD53B
CDR + 1m flex + 6m twinAx cable in (b). The more closed the "eye" the higher the
jitter.

the communication system. One can assess the impact of various impairments, such as
noise, timing errors, crosstalk, and signal distortions. This information can be used to
optimise the system’s design, diagnose problems, and make necessary adjustments to
improve overall signal quality and reliability and ensure high-quality data transmission
and reception.

For all the data transmission validation tests, TIE and TJ were considered along with
the associated eye diagrams.

3.5.2 Bit Error Ratio Tests

A bit error ratio (BER) test is a common method used to assess the quality of digital
communication systems by measuring the error rate of received bits.

In a BER test, a known pattern of bits, usually a pseudorandom bit sequence (PRBS), is
transmitted through the communication system under test. The receiver then compares
the received bits with the expected pattern and counts the number of bit errors. The BER
is calculated by dividing the number of bit errors by the total number of transmitted bits.
It is usually expressed as a ratio, such as 1076 (1 error bit per million transmitted bits).
This measured ratio is affected by many factors including: signal to noise, distortion,
and jitter.

N,
BER = T (3.2)

bits

The BER test provides insights into the system’s performance by quantifying the level
of errors occurring during data transmission. It helps identify potential issues, such as
noise, interference, channel impairments, or problems with equipment or components.
By measuring the BER at different points in the system or under different conditions,
one can pinpoint problem areas and take appropriate corrective measures.

For most transmission chains, BER is expected to be less than a predefined threshold. For
the ITk Pixel data transmission chain, the specified BER threshold is 102, The number
of bits required to accomplish this will only depend on the required confidence level and
BER threshold. In numerous scenarios, precise measurement of the BER may not be
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essential; instead, the measurement can be terminated if the BER value is unequivocally
below or above a specific threshold. For instance, during a qualification test, the crucial
requirement is to verify that the device being tested operates with a BER surpassing
10" and the exact BER value, becomes less significant in this context. The certainty
of such an assertion can be conveyed through the concept of a confidence level (CL).
The CL of a BER measurement can be calculated using statistical methods statistical
methods based on the binomial distribution function and Poisson theorem as shown in
Equation (3.3).

1

B (N x BER)"
" BER

o )| or

—In(l-CL) + lnz
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Here, N stands for the number of bits transmitted, BER is the required BER to qualify
the transmission chain for example 107"? and E is the total number of errors detected. In
case, EE = 0, the second term in this equation is equal to zero. Therefore, for a specified
BER of 107*? and a required typical conﬁdence level of 95%, the required number of bits
to test without any errors is 3 x 10", Once these many bits have been tested without
error, it ensures that the BER < 10_12

3.5.3 Transmission losses using Vector Network Analyser

A vector network analyser (VNA) is a test instrument used to measure the electrical
characteristics of high-frequency and microwave devices, circuits, and systems. A VNA
operates based on the principle of scattering parameters (S-parameters), which describe
the relationship between the incident and reflected waves at different ports of a device
under test (DUT). By measuring and analysing these S-parameters, a VNA can provide
valuable information about the DUT’s impedance, gain, insertion loss, return loss, phase
shift, and other electrical characteristics.

S-parameters, also known as scattering parameters, describe the relationship between the
input and output signals of a device under test (DUT), which in this case are the electrical
cables and ASICs (GBCR2), in terms of amplitude and phase. The S-parameters of a
DUT define the amplitude and phase of the incident and reflected waves at each port of
the device.

The VNA generates a stimulus signal and measures the response of the DUT at differ-
ent frequencies. The measurement setup involves connecting the DUT to the network
analyser using coaxial cables or other appropriate transmission lines. Before taking mea-
surements, the VNA is calibrated to remove any systematic errors introduced by the
test setup. The DUTs such as twinAx cables and GBCR2 is connected one at a time
to the network analyser, with each port properly terminated to match the characteristic
impedance of 50 2. The network analyser then sweeps through a range of frequencies of
interest while measuring the response of the DUT. At each frequency point, the network
analyser measures the S-parameters such as amplitude and phase of the incident and
reflected waves.
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Therefore, the measured S-parameter matrix describes the changes in the reflected and
transmitted waves with respect to the incident wave at an N-port PCB component,
where N is the number of ports. These parameters are defined in terms of transmission
and reflection coefficients. The most common S-parameters are S11, S12, S21, and S22,
which represent the scattering parameters for the forward and reverse waves at the input
and output ports, respectively. Each parameter is represented as a complex number,
including magnitude and phase information.

For a two-port transmission line or device under test (DUT), these four S-parameters as
shown in Figure 3.16:

e Sq; and Sy = Reflected/Input [dB]

e S and Sy = Transmitted/Input [dB]

Hence, S9; is the measure of the transmitted signal from port 2 relative to the input
entering port 1 while S;; is the measure of the reflected signal from port 1 relative to
the input entering port 1. For all the tests conducted using the VNA as shown later in
Figures 3.20 and 3.22, the S,; parameter was measured.

S21
I

Port1 Port2

2 mm = g €
—

$12

Figure 3.16: A two-port device with four S-parameters.

3.6 Preliminary Data Transmission Chain Test Setup and
Results

The ITk pixel data transmission chain was validated adding one component at a time,
using the testing methods described in Section 3.5.
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3.6.1 Loopback tests conducted using the Xilinx Integrated Bit Error
Rate Test (IBERT) in this Xilinx KC705 FPGAs

I developed the first test set up to test the GBCRI1 along with a 6 m long twinAx ca-
ble using the KC705 field-programmable gate arrays (FPGA) board [145] to perform
loopback tests.

The KC705 board features a Xilinx Kintex-7 FPGA, which provides a high-performance
and programmable logic fabric. The FPGA offers a range of resources, including logic
cells, memory blocks, and high-speed transceivers, making it suitable for a wide range
of applications. The KC705 FPGA board can also be used for signal recovery in high-
speed digital communication applications. To perform signal recovery on the KC705
board, the user would typically use the high-speed serial transceiver interfaces available
on the board. These transceivers are designed to handle high-speed data transmission
and provide features to aid in signal recovery. The KC705 board typically includes
clock and data recovery circuitry within the high-speed serial transceivers. The CDR
circuitry recovers the clock signal embedded in the received data stream and uses it to
synchronise the data recovery process. It compensates for any timing variations or jitter
introduced during transmission. Furthermore, depending on the specific application,
additional signal conditioning techniques may be employed to improve signal integrity
such as pre-emphasis, de-emphasis, retiming, and other methods to enhance the received
signal quality. Signal recovery can also involve error detection and correction mechanisms
like forward error correction.

I performed loopback tests over this chain using the Xilinx Integrated Bit Error Rate
Test (IBERT) [146] feature available in this Xilinx FPGA and system-on-chips (SoCs)
that allow for convenient on-chip testing and measurement of the BER of high-speed
serial interfaces.

Some key aspects and capabilities of Xilinx IBERT which were employed for the mea-
surements are:

e On-Chip Test Pattern Generation and Detection: IBERT provides an on-chip test
pattern generator (TPG) and test pattern checker (TPC). The TPG generates a
known test pattern, such as a pseudorandom bit sequence (PRBS), that is trans-
mitted through the serial interface. The TPC receives the transmitted pattern and
compares it with the expected pattern to calculate the BER.

o Flexible Configuration: IBERT allows configuration of various parameters to match
the characteristics of the specific serial interface being tested. This includes select-
ing the data rate, configuring the pattern length, adjusting voltage levels, and
specifying the number of lanes or channels. The tests I conducted used PRBS of
15 and 23 bit lengths and data rates of 1.28 GHz and 5.12 GHz.

e Fye Scan and Jitter Analysis: Advanced analysis features, such as eye diagrams
that provide insights into the quality and margin of the received signal and jitter
analysis, which allowed to measure and characterise timing variations and jitter
components affecting the serial link under test were used.

o Real-Time Monitoring and Debugging: IBERT provides real-time monitoring capa-
bilities of important link metrics such as BER, error counts, and link status enabling
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efficient debugging and troubleshooting of issues affecting the serial communication
link.

o [Integration with Vivado Design Suite: IBERT is also integrated with Xilinx’s Vi-
vado Design Suite, which provides a comprehensive design environment for develop-
ing and testing FPGA-based systems. Vivado Design Suite allows users to configure
and generate the necessary intellectual property (IP) cores and constraints for IB-
ERT, as well as perform system-level simulations and analysis. The integrated
Vivado Design Suite is particularly helpful as it provides built-in capabilities for
generating and analysing eye diagrams as shown in Figure 3.18.

For the high-speed serial communication link under tests, the IBERT IP core is utilised
in Vivado to generate the necessary test signals and capture the received data. The
IBERT IP core is configured with the desired settings for the specific link, including
data rate, pattern length, and equalisation options. With the IBERT IP core configured,
the BERT is performed. Vivado also provides a graphical interface for setting up the
test parameters, such as the number of samples, the test duration, and the desired test
patterns. Once the bit error rate test is generated, it is run and the received data is
captured. Vivado offers analysis tools tthat enable the selection of the captured data,
specification of the number of Unit Intervals (Uls) to include in the eye diagram, and
adjustment of various display options. Additionally, Vivado allows for the examination
of key parameters of the eye diagram, such as the eye opening, voltage levels, and timing
margins.

IBERT generates and sends over the chain Pseudo-Random Bit Sequences (PRBS) of
various lengths. The The KC705 board provides access to 16 GTX transceivers. One of
these GTX is wired to SMA connectors (RX: J17, J18 TX: J19, J20) which are used in
these loopback tests to send and receive the PRBS data over the transmission chain under
test connected via SMA cables. The IBERT IP block compares the sent and received
data and calculates the BER.

The GBCRI1 registers were configured via e protocol using an Arduino microcontroller
(hardware and software project). The GBCR equalisation parameters and other associ-
ated parameters were configured to its optimum settings as recommended by the GBCR1
developers. The suggested optimum settings for the GBCR1 equalisation parameters are
shown in Figure 3.17.

Comparing the effect of different bit rates

I performed a comparison of the loopback tests using one device at a time between the
design data rate of 1.28 Gbps and 5.12 Gbps for the ITk Pixel data transmission chain
on the uplink and that of the GBCRI, respectively is shown in Table 3.6. It is seen
that the higher the bit rate, the lower the eye opening UI%. Adding the twinAx cable
considerably worsens the eye opening overall. However, adding GBCRI1 to the chain after
the twinAx, is seen to improve the eye opening UI%. The signal recovery by the GBCR1
combined with that of the KC705 is observed here to improve the eye opening and is the
same for both the bit rates. The eye diagram obtained via the Vivado interface for a
PRBS of 23 bits at 1.28 Gbps, sent from the KC705 through the 6 m twinAx cable to the
GBCRI1 and back to the KC705 via another 6 m twinAx cable is shown in Figure 3.18.
The eye opening in Ul is 81.4%. This initial tests confirmed that though the GBCR1
design frequency did not match the I'Tk requirements, the concept works and further



72  Chapter 3: Upgrade of the ATLAS ITk Data Transmission Chain for the HL-LHC

Jitter(CH4)
EquSC
0 2 4

45

N
(=)

Optimal:
EquSC =3b’011
EquSR = 4b’0000

o
w
a

w
<)

% g
uc; -25§
Amplitude > 640 mV
10 T % RMS(Min) < 8 ps
‘ ‘ ‘ 15
10
15 5
CH4

Figure 3.17: A 2D plot showing the GBCR1 equaliser (EQ) setting and the associated
jitter in channel number 4. The EQ setting circled in red shows the optimal settings
for the design frequency of 5.12 Gbps. Here the EquSC and EquSR are capacitor and
resistor registers associated to optimising the equaliser.

Figure 3.18: Loopback test using KC705 and Vivado interface along with a 6 m TwinAx
cable and GBCRI1.

tests could be carried out till the updated GBCR2 was available for tests.

Comparing direct powering vs. DCDC converter
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Table 3.6: Comparing bitrates from loopback tests conducted using KC705 and Vivado
interface

Eye opening (UI%) for PRBS23

Devices/Bitrate 193 Ghps | 5.12 Gbps
KC1705 79.84 66.67
KC705 + TwinAx (6m) 65.89 36.36
KC705 + GBCRI1 81.40 69.70
KC705 + TwinAx (6m) + GBCRI1 | 81.40 69.70

As mentioned in Section 3.4.1, the components on the optoboard such as the GBCR
are not powered directly but via DCDC converters to provide an efficient solution for
the distribution of power for each of these components. Loopback tests were performed
to compare the effect on the performance of the transmission chain when the GBCR
is directly powered versus powered via a DCDC converter, FEAST 1.2 V. The FEAST
1.2V is also a single-phase synchronous buck DCDC converter like the bPOL2V5. The
FEAST 1.2V was used instead of the bPOL2V5 due to unavailability of the latter at the
time of testing.

A synchronous buck converter, also known as a synchronous step-down converter, is a
type of DCDC converter that is an enhanced version of the conventional buck converter.
It offers improved efficiency compared to a standard buck converter by replacing the
diode with a synchronous rectifier (typically a MOSFET) in the output path. The basic
principle of a buck converter involves using a switching transistor, an inductor, a diode,
and a capacitor to control the voltage output. The switching transistor (typically a
MOSFET) is turned on and off at a high frequency by a control circuit, such as a pulse-
width modulation (PWM) controller. When the transistor is turned on, current flows
through the inductor, storing energy in its magnetic field. This is the "on" or "charging"
phase. When the transistor is turned off, the inductor’s magnetic field collapses, causing
the stored energy to be released. The diode, known as the freewheeling diode or catch
diode, allows the inductor current to continue flowing and charges the output capacitor.
This is the "off" or "discharging" phase. By adjusting the duty cycle of the switching
transistor (i.e., the ratio of on-time to off-time), the average voltage across the inductor
and output capacitor can be controlled. This allows the buck converter to regulate the
output voltage to a desired level, which is typically lower than the input voltage.

The FEAST DCDC converter needs to be enabled as the circuit is disabled by default
and requires an application of a voltage above 850 mV to the designated enable pin in
the FEAST circuit. Furthermore an input voltage of 5V upto 12V is provided directly
via a power supply that converts this input voltage to 1.2V that is used to then power
the GBCR1. More information on the FEAST can be found in reference [147]. The
performance of the transmission chain employing the FEAST instead of direct powering
is comparable as shown in Table 3.7. Therefore, the next tests were carried out using
direct powering.
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Table 3.7: Comparing direct powering vs. FEAST 1.2V of GBCRI1 from loopback tests
conducted using KC705 and Vivado interface

Bitrate [Gbps| over Eye opening (UI%) for PRBS23
KC705 + TwinAx (6 m) + GBCRvl | Power supply | FEAST 1.2 V
1.28 81.40 82.17

5.12 69.70 66.67

3.6.2 Jitter analysis of the electrical transmission chain using Xilinx

KC705 FPGA generated PRBS over transmission chain: KC705/RD53B

CDR, 1m flex, 6 m twinAx and GBCR1

Incorporation of 1 m flex

I conducted further tests with the 1 m flex added to the transmission chain. Jitter analysis
was performed using a 2 GHz Tektronix oscilloscope instead of the Vivado interface. The
KC705 provided the PRBS data through the chain via 1 m flex, 6 m twinAx cable. The
results have been summarised in Table 3.8. It is seen that the jitter over the chain is ~
200 ps measured at a measurement point right after the flex, which is quite high. The
IpGBT requires the jitter to be < 100 ps. The jitter after only the twinAx cable is very
high and no open eye was observed. Adding GBCRI1 helped to decrease the jitter despite
not operating at the intended design frequency of 1.28 Gbps, when incorporated in the
chain right after either the flex or the twinAx cables. The KC705 + TwinAx (6m) +
GBCRI1 chain has a very high TIE in comparison to the TJ. Ideally the TJ ~ TIE.
When TIE is > or < TJ, it was observed that it is caused by the DJ component in
the TJ (TJ = RJ + DJ). As such, no pattern was detected on the oscilloscope which is
composed of periodic jitter (PJ), data dependent jitter and bounded uncorrelated jitter
(BUJ). The PJ leads to unstable clock-recovery in the PLL from the received PRBS
to GBCR1 whose design frequency is not 1.28 Gbps but 5.12 Gbps. Therefore the TIE,
which measures the deviation of the clock recovered from the received data to the ideal
clock, is far more reliable in measurements conducted with GBCR1. The fact that no
open eye was observed from the data transmitted over the maximum transmission length
of 1 m flex and 6 m twinAx cable shows that the signal loss needs to be compensated and
therefore there is a requirement of a GBCR designed to recover 1.28 Gbps uplink signals.

The measurements were also corroborated with a 16 GHz oscilloscope as measuring a
1.28 Gbps signal with a 2 GHz oscilloscope can some challenges due to the bandwidth
limitations of the equipment. Also, a high sample rate i.e how frequently the oscilloscope
samples the signal, was set ~10,000, to accurately capture the 1.28 Gbps signal’s fast
transitions in both the oscilloscopes.

Incorporation of RD53B CDR in place of KC705 FPGA board

I performed the next jitter tests also using a 2 GHz oscilloscope after including the RD53B
CDR chip as the RD53B FE was not available for testing in place of the KC705 board.

The RD53B CDR chip was developed by the ATLAS group in Bonn as an independent
test vehicle for the clock-data recovery circuit that would be integrated in the RD53B FE
chip. The BDAQ53 board with Enclustra KX-2 FPGA module was also developed by the
ATLAS group at the University of Bonn and used to configure the RD53B CDR chip, as
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Table 3.8: Jitter tests using a 2 GHz oscilloscope incorporating 1 m flex in the KC705,
6 m TwinAx and GBCRI1 in the transmission chain

Devices Observed Jitter using 2 GHz oscilloscope

TJ [ps] TIE pp [ps]

KC705 + Flex (1m) 234 201
KC705 + TwinAx (6 m) No open eye

Pre-emphasis 52 47

KC705 + GBCR1 CDR enabled No pre—I()emphasis 49 48

CDR disabled 487 238

KC705 | Flex (1m) + GBCORIL 64 60

KC705 + TwinAx (6m) + GBCRI1 97 1959
KC705 + Flex (1m) + TwinAx (6 m) No open eye
KC705 + Flex (1m) + TwinAx (6 m) + GBCR1 No open eye

shown in Figure 3.19. The software part of the readout system is written in Python and
heavily relies on Basil framework. A voltage of 1.2 V was directly provided to the RD53B
CDR using a power supply. The BDAQ board itself could be either directly powered or
powered from the PC via a USB cable. Once the chip was powered, a 160 Mbps training
pattern (010101...) was sent to the command input of the chip. The command and
configuration information was sent to the RD53B CDR via BDAQ FPGA display port
cable. Then, once the voltage controlled oscillator (VCO) in the RD53B CDR circuit was
locked, i.e stabilised, and produced a 1.28 GHz output clock, the RD53B CDR switched
from its "startup" mode to normal operation. Here, the command sent over to the
chip could be switched form the training pattern to PRBS pattern with 3, 5 or 7 bits.
The configuration of the chip then released the reset of the linear-feedback shift register
(LFSR), generating data for the serialiser (SER) and setting the output pattern to be
either PRBS7 or PRBS15 (in this case PRBS15). The CML driver of the chip then
drives this PRBS pattern through the uplink. A pre-emphasis circuitry implemented in
the chip design ensures that the settings can be adjusted for each cable type and length
individually for best results. The uplink was sent via connecting SMA cables to the flex
and twinAx and GBCR to be then analysed on the oscilloscope.

Table 3.9 shows the jitter observed over the the different components of the transmission
chain with the RD53B CDR sending the PRBS instead of the KC705. As mentioned
earlier, the IpGBT specifications require the jitter < 100ps [148] at a BER of 1072,
The uplink, tested right after the RD53B CDR, has a jitter of 100 ps. The RD53B CDR
pre-emphasis on the uplink is required to observe an open eye with the 6 m twinAx
cable in the transmission chain. Again, the TIE is more reliable than the TJ in the
measurements conducted with the GBCRI1 in the transmission chain. The observations
from these measurements are comparable to those with the KC705 providing the PRBS
pattern.

3.6.3 Irradiation studies of 6 m twinAx cables

Signal loss analysis

Given the potential exposure of the electrical cables to elevated radiation levels, as indi-
cated in Table 3.3, I carried out preliminary evaluations to assess the integrity of the data
transmission chain using irradiated twinAx cables. These cables are anticipated to en-
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GTX_NEW: CML output (up to 1.28
Gbps) of new CDR

Provides RST signals for the
CDRs (static during operation)
160 Mbps data stream
recovered from CMD,

\ synchronized to REC_CLK

| Control of setup |

4

Figure 3.19: The RD53B CDR setup for configuration via BDAQ53 board and powering.

counter a radiation dose of approximately ~ 300 Mrad, and thus, their performance was
examined for quality assurance. A 6 m twinAx cable was irradiated in steps and then the
signal loss over the cable and subsequent jitter analysis was performed. Figure 3.20 shows
the signal or power loss over the transmission chain as a function of the frequency. At a
data rate of 1.28 Gbps, which corresponds to a frequency of 0.64 GHz, the power loss is
negligible, measuring less than 1dB when comparing the power loss at 13 Mrad to that at
91.2 Mrad. However, at higher frequencies, the power loss becomes more significant, and
the signal experiences faster attenuation, particularly at elevated irradiation doses and
frequencies. It is important to mention here that comparisons were made with 13 Mrad
instead of 0 Mrad as these measurements were planned and accordingly conducted after
the twinAx cable had already been irradiated to 13 Mrad.

Jitter analysis

Table 3.10 presents the jitter values at various stages of irradiation for a 6 m TwinAx cable
transmitting a PRBS15 pattern through the uplink from the RD53B CDR. Interestingly,
I observed that the jitter at 34.2 Mrad was greater than that at 91.2Mrad, indicating
that factors other than irradiation dose, such as suboptimal pre-emphasis settings on the
RD53B CDR and environmental may have influenced the jitter behaviour. Generally
upon repeating each measurement, the jitter was seen to be within £20ps. However, it
is evident that the overall trend is an increase in jitter with higher irradiation doses and
with an increased number of electrical components in the transmission chain.
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cable (a) against frequency [GHz| and (b) against dose [Mrad| including the interpolated

insertion loss at 0 Mrad.
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Table 3.9: Jitter tests using a 2 GHz oscilloscope incorporating RD53B CDR (PRBS15)
in place of KC705 board in the test setup.

Devices TJ [ps] | TIE pp [ps]
RD53B CDR 100 93
RD53B CDR + GBCRI1 88 85
RD53B CDR + Flex (1m) 277 260
RD53B CDR + Flex (1m) + GBCRI1 85 78
RD53B CDR + TwinAx (6 m) no pre-emp No open eye
pre-emp 217 196
RD53B CDR + TwinAx (6m) + GBCR1 no pre-emp 83 248
pre-emp 147 220
RD53B CDR + Flex (1m) + TwinAx (6m) | no pre-emp No open eye
pre-emp 264 209
GBCRI 875 456
RD53B CDR + Flex (1m) + TwinAx (6m) EQ h’30 | CDR on
+ GBCRI1 pre-emp GBCRI . A
CDRoff | 06
, GBCR1
EQ h’00 CDR on 91 421

Table 3.10: Jitter measurements performed using a 2 GHz oscilloscope at various irradi-
ation stages of a 6 m TwinAx cable using a PRBS15 pattern generated from the RD53B
CDR.

Irradiation Dose [Mrad|
Devices 13 18.9 34.2 91.2

TJ [ps] | TIE [ps|] | TJ [ps| | TIE [ps|] | TJ [ps] | TIE |ps| | TJ |ps| | TIE [ps]
RD53B CDR + TwinAx (6 m) 217 196 218 198 320 309 239 223
RD53B CDR + Flex (1m) + TwinAx (6m) | 264 209 340 262 267 225 270 221

3.6.4 Signal loss/gain of each electrical component after replacement
of GBCR1 with GBCR2

Next I measured the signal loss on each of the electrical components in the transmission
chain once the GBCR2 ASIC (designed to recover the uplink signals at a data rate of
1.28 Gbps) mounted on a PCB designed for lab testing was available. The measurements
included ~ 3m of SMA cables that were used to connect the components. Summing over
the observed loss for each of the components, the total loss over the chain at 0.64 GHz
without SMA cables is ~ -17 dB and with SMA cables is ~ -23 dB prior to incorporating
the measurements for the GBCR2. The GBCR2 was configured with default settings
and the adjustable resistances HFSR and MFSR associated to the high and medium
frequency CTLEs set to 8 each as shown in Figure 3.21. It is seen that the GBCR2 has
a gain of ~ 20dB for an input signal with -20 dB insertion loss. Therefore, the GBCR2
with optimum equaliser configuration recovers the losses, as shown in Figure 3.22.

3.6.5 Measurements with optoboard VO

Next, I employed the optoboard VO test setup to validate the interaction among the
IpGBT, optical data transmission, and the customised firmware that includes the [pGBT-
FPGA core operating on the KC705. Successful configuration of the IpGBT ASIC was
achieved using the IC field of the high-speed optical link.
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Figure 3.21: Jitter versus CTLE peaking parameters taken from Reference [120]. It is
observed that the the optimal values of MFSR and HFSR for the CTLE is around 8 - 10
for each.

This prototype comprises the VIRx+, one IpGBT and no GBCR. However, even with
these components, it was sufficient for testing and confirming the fundamental operational
principles of the optosystem i.e. conversion of the high-speed signals from optical to
electrical, the configuration of the optosystem via the optical link, and the multiplexing
of the e-links.

The VITRx+ and IpGBT VO on the optoboard VO were provided with 2.5V and 1.2V
directly using power supplies and dedicated circuitry on the optoboard VO PCB. Configu-
ration of IpGBT VO internal registers and I2C masters of IpGBT V0 was sent over optical
downlink using the IC field in the IpGBT data frame from the KC705 FPGA hosting the
customised IpGBT backend firmware. In addition to other information, this dataframe
includes the IpGBT address, register address, and data that will be written/read. Then,
using the Si5324 oscillator, which is a a precision clock generator of the KC705 FPGA
board to provide a reference clock at a frequency of 320 MHz, the GTX transceiver
transmits the 2.56 Gbps downlink over the Small Form-factor Pluggable Plus (SFP+)
transceiver on the KC705. The optical to electrical conversion is done by the VTRx+
and then the IpGBT VO recovers both data and a 40 MHz clock from the downlink. The
e-link signals of the IpGBT can be analysed using the Integrated Logic Analyser (ILA,
[149]).

Demonstration of operational principle using the downlink

The first test I performed with the optoboard VO was to effectively demonstrate the
operational principle using the downlink. To this end, an increasing counter was injected
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Figure 3.22: Electrical signal loss/gain of each electrical component. It is seen that the
GBCR2 has a gain of ~ 20 dB for an input signal with -20 dB insertion loss. Therefore, the
GBCR2 with optimum equaliser configuration recovers the losses over the transmission
chain.

into one of the downlink data fields of the IpGBT-FPGA. By observing the resulting e-
link signal after traversing the entire downlink chain (SFP+ — fiber - VTRx+ — IpGBT),
the counter could be seen in the corresponding e-link, on the ILA and also on the os-
cilloscope as shown in Figure 3.23. This qualitative demonstration effectively showcased
the operational principle of the Optosystem where the optical downlink was received and
converted to electrical signals by the VITRx+ and then demultiplexed in the IpGBT.

BERT using internal IpGBT pattern checker/generator

I performed a BERT on the uplink using the internal IpGBT PRBS generator and pattern
checker. The IpGBT test pattern checkers and generators have been schematically shown
in Figure 3.24. The IpGBT transmitter can be programmed to transmit the following:
a fixed pattern, PRBS sequence, clock sequence, or loop back incoming downlink frame.
The data coming from each group of receiver ports of the IpGBT (ePortRx) can be
replaced with test patterns. The test pattern generator generates 16 or 32 bits in each
clock cycle when the chip operates in low or high speed mode respectively. When a fixed
pattern is used to test the data transmission in fact a PRBS is transmitted over the high
speed frame. Since the fixed pattern transmitted is DC balanced the receiver will have
no problem locking to the incoming data stream. The IpGBT has one pattern checker
which can monitor various points along the data path. This architecture implies that
only one data stream can be checked at any given time. The duration of the measurement
is expressed in the number of 40 MHz clock cycles and can be programmed accordingly.
It should be noted, that the actual number of bits checked depends on the data source.
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For example, channel working at 80 Mbps produces only two bits per 40 MHz clock cycle,
while channel working at 1.28 Gbps produces 32 bits per 40 MHz clock cycle.

As the IpGBT V0 had a known issue with its phase shifter such that it didn’t lock
when using PRBS7 generator with the highest clock frequency of 1.28 GHz, the internal
downlink loopback test was conducted at an uplink data rate of 640 Mbps. This affects
only test mode and not normal operation. The internal PRBS7 Generator of IpGBT was
enabled and the bits were checked by Pattern Checker of the IpGBT internally. The test
was conducted for ~14 mins (the highest offered by IpGBT internally i.e. 239 bits) and
there was no observed bit errors.

Down

Link
Pattern
Gen.
Eq CDR ¢»| DES Down —&— [ePortTx
Link
Data eLinks output[15:0]
Path

| Pattern
High Checker
Speed
Interface clocks |
—>
I: eLinks clocks
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Figure 3.24: Schematics of the IpGBTv0 internal PRBS generator and pattern checker.

Master-slave functionality tests

As the Optoboard hosts 4 IpGBTs, it was important to test the concept of IpGBT
"master-slave" functionality. The IpGBT successfully configured as a transceiver ad-
dressed informally as IpGBT "master" was used to generate 40 MHz output e-clocks as
reference clocks for the three transmitter-only IpGBTs addressed informally as lpGBT
"slaves". As the optoboard VO hosts only 1 IpGBT ASIC, four optoboard V0Os were con-
nected in a daisy chain as shown in Figure 3.25, where one of the optoboards hosted the
IpGBT configured as a master provided this 40 MHz reference clocks to the IpGBT slaves
via SMA cables connected to an customised adapter PCB. The I2C master of the IpGBT
facilitated the configuration of the IpGBT slaves via 1’C protocol thereby confirming the
fundamental principle of the optoboard in the optosystem.

I first tested the master-slave functionality concept by checking the frequency of the
reference clock provided by the IpGBT master to the IpGBT slaves and the jitter on the
clock observed from the IpGBT slave on the last optoboard v0 connected in the daisy
chain. I noticed that the quality of the reference clock from lpGBTv0 slaves degrades
with respect to position in daisy chain. And the IpGBT addressed as slave "003" was
observed to have a lower eclock frequency of 39 MHz and a very high jitter.

In the next versions of the optoboards including the optoboard V1 used in some of
the later tests presented in this thesis, were designed with direct lines from master to
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Figure 3.25: This is the optoboard VO test set up for preliminary testing and lpGBT V0
master-slave functionality tests.The master optoboard VO is on the extreme left with the
IpGBT VO configured as a master connected via daisy chain to the optoboard V0s with
IpGBT VO0s configured as slaves.

slave which further corroborated the working concept of the optosystem in the I'Tk pixel
data transmission chain. And, I did not observe any issues e-clock frequency and jitter
associated to the master-slave functionality of the IpGBT ASICS on the optoboard V1s
that I tested.

A second test was conducted to validate the IpGBT master-slave communication concept
using the internal BERT feature of the [pGBT. The BER was found to be less than 1012
for all the IpGBTs, except for IpGBT slave 003. The other IpGBT slaves exhibited similar
levels of jitter, approximately 200ps, and operated at an e-clock frequency typically
around 40 MHz. However, IpGBT slave 003 was observed to be malfunctioning with
higher jitter and lower e-clock frequency and deemed defective.

Nevertheless, this test successfully confirmed the functional operation of the lpGBT
master-slave functionality, demonstrating its viability and effectiveness.

Validation of working concept of ITk pixel data transmission chain using the
optoboard VO

I performed an inclusive test using BERT to validate the working concept of ITk pixel
data transmission chain using the optoboard V0. To this end I provided, a constant
training pattern followed by PRBS7 pattern to the RD53B CDR by the IpGBT V0
master over the electrical downlink at 160 Mbps. Once the VCO of the RD53B CDR
locked to the downlink pattern, it then generated a PRBS7 uplink pattern at 1.28 Gbps.
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Table 3.11: LpGBTv0 master-slave functionality: Quality of the reference clock using

jitter analysis

Df?‘lsy cbaln Clock .
orientation IpGBTVO | Frequency Total Jitter
M: IpGBTv0 master, 2: IMHz| [ps]
2,3,4: IpGBTvO0 slaves 002, 003, 004

master 40.0022 218

slave 002 40.0038 186
M,2:4,3 slave 004  40.0005 205

slave 003  38.8315 3714
M.,2.3,4 slave 003  39.9975 244
M.,3,2,4 slave 003  40.0025 223

This uplink was then received both directly from the RD53B CDR and via 1 m flex, 6 m
twinax and GBCR2 hosted on its customised PCB to be checked by the pattern checker
inside the IpGBT. A total of 3 x 102 bits were checked for each case and the no bit
errors were observed.

Effect of downlink jitter on the uplink

It is expected that the quality of the downlink will affect the quality of the uplink.
As such, I did comparison of the effect of downlink jitter on uplink as summarised in
Table 3.12. The jitter on the uplink for optoboard VO (0Bv0) and OBv0 + 1m flex
4+ 6m twinAx is comparable. Using the BDAQ board to send the downlink to the
RD53B CDR instead of the IpGBT hosted on the OBv0 considerably reduces the uplink
jitter. However, when testing retiming mode with the GBCRv2, it is necessary to send
the downlink from the OBv0 to match the phase of the 1.28 GHz e-clock. Overall, the
RD53B CDR is able to lock to the incoming downlink with jitter around 200 ps and the
observed jitter on the generated uplink is lower than the jitter on the downlink.

Table 3.12: Comparing effect of downlink jitter on uplink generated by the RD53B CDR

Devices in Jitter (TJ) on | Jitter (TJ) on

downlink signal downlink [ps| | RD53B CDR uplink [ps|
OBv0 194 141
OBv0 + TwinAx (6 m) + Flex (1 m) 216 142
BDAQ 163 119

3.6.6 Optimisation of GBCR2 and IpGBT register settings

Tests were done by me to optimise GBCR2 and IpGBT register settings to improve the
performance of the data transmission chain.

Figure 3.26 shows the signal and jitter over RD53B CDR (with no added pre-emphasis) +
1m Flex + 6 m TwinAx + GBCR2, with the GBCR2 configured in the default equaliser
(EQ) mode. The received downlink was a PRBS5 pattern coming from the BDAQ board.
The observed TJ is ~221 ps and TIE pp ~189 ps.
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Figure 3.26: The signal and jitter over RD53B CDR (no pre-emphasis) + 1m Flex +
6m TwinAx + GBCRv2 (default EQ mode).

Then the Continuous Time Linear Equaliser (CTLE) parameters versus corresponding
total jitter was measured. The CTLE parameters adjust peaking strength of middle
frequency range from 250 to 450 MHz and high frequency range from 400 to 1300 MHz.
The uplink channel was configured without attenuation. And it is seen that the output
amplitude strengths have similar TJ measurements. The CTLE configuration d’136
in EQ mode i.e. the adjustable resistances HFSR and MFSR associated to the high
and medium frequency CTLEs set to 8 each gives the lowest TJ ~205ps as shown in
Figure 3.27. Though the IpGBT is able to recover the incoming uplink signals with a
jitter > 100 ps, with a BER < 10712, it is preferable to optimise the parameters further
to reduce the jitter to 100 ps.

As the retiming mode is expected to further reduce the jitter, the next studies were
conducted using the GBCR2.

A comparison between the 40 MHz and 1.28 GHz clock was done and the TIE pp observed
was 114 ps and 117 ps, respectively. Therefore, the jitter on the eclocks are comparable.
The next step was to optimise the settings of the 1.28 GHz e-clock using jitter analysis
as shown in Table 3.13. It is observed that the jitter:

e lowers with decreasing drive strength
e is comparable for different pre-emphasis modes (disabled, self-timed, clock-timed)

e lowers with increasing pre-emphasis strength

A drive strength 2.0 mA was seen to have the lowest jitter. The jitter of the pre-emphasis
modes are comparable. The pre-emphasis strengths and widths of 2.0mA — 4.0mA are
also comparable. However the pre-emphasis width of 960 ps has a slightly lower jitter.
So, the 1.28 GHz that would be provided to the GBCR2 for retiming was configured with
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Figure 3.27: The jitter over RD53B CDR (no pre-emphasis) + 1m Flex + 6 m TwinAx
+ GBCRv2 different EQ modes.

a drive strength 2.0 mA, pre-emphasis mode — clock timed, pre-emphasis strength 4.0 mA
and observed TJ ~ 106 ps.

It is important to note in case of the retiming mode, the phase delay in GBCR2 is directly
proportional to the Thit where Thit = 1/bit rate. The phase delay in GBCR2 increases
by 1 if Tbit is increased by 1. In the IpGBT, the phase delay line covers more than one
bit period i.e., 1.75 x Thit and in automatic mode during initialisation only phases 4 to
11 are allowed as shown in Figure 3.28.

3.6.7 BER and jitter analysis conducted over the entire uplink chain
with replacement of optoboard VO with V1

One of the first full data transmission test setup is shown in Figure 3.29 with the KC705
hosting the IpGBT-FPGA core, Optoboard V1 with one VIRx+, four IpGBTS and four
GBCR2s, two 6 m twinAx cables for the down and uplink and the RD53B CDR with the
BDAQ board. SMA cables are used to connect each of the components.

After optimisation of the multiple parameters of the different components - RD53B CDR,
IpGBT V0 and GBCR2, jitter and BER tests were performed over the entire uplink chain
with the GBCR2 in EQ mode as shown in Figure 3.30. The jitter and BER correlate
as expected and the BER for good configurations of the devices is < 10712 (dark green
areas).

I did this test using 3m twinAx cables instead of 6 m twinAx cables. As expected, the
CTLE configurations of the GBCR2 changes with the change in length of the electrical
transmission chain. With a smaller electrical transmission length, more configurations
with the desired BER < 10~ '? is available.
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Figure 3.28: Schematically representing the phase delay between GBCRv2 and IpGBTvO0.
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Figure 3.29: The Preliminary Data Transmission Test Setup at Bern.
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EQ scan: BER, continuous phase, 1m Flex and 6m Twinax EQ scan: Jitter, 1m flex, 6m Twinax and GBCRv2
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Figure 3.30: BER and jitter tests on the uplink with the entire transmission chain con-
sisting of 1 m flex and 6 m twinAx with GBCR2 in Equaliser mode. The jitter and BER
correlate as expected and the BER for certain configurations of the devices is < 10712
as demonstrated in the dark green areas.
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Figure 3.31: BER and jitter tests on the uplink with the entire transmission chain con-
sisting of 1 m flex and 3 m twinAx with GBCRv2 in Equaliser mode.
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Table 3.13: Comparing parameters of 1.28 GHz Eclock to optimise settings using jitter
analysis (16 GHz oscilloscope)

IpGBTv0 1.28 GHz EClk
Parameters 7 [ps]
4.0 122.45
Drive strength [mA] 3.0 120.60
2.0 112.29
Pre-emphasis mode Disda.bled 112.29
(Drive strength 2.0 mA) Sell-timed 11479
Clock-timed | 113.24
0.0 113.24
Pre-emphasis strengths [mA| | 1.0 112.74
(Drive strength 2.0 mA, 2.0 107.61
clock-timed) 3.0 107.23
4.0 107.59
Pre-emphasis width [ps| 120 107.59
(Drive strength 2.0 mA, 360 107.35
clock-timed, pre-emphasis 720 106.39
strength 4.0 mA) 960 105.91
BER vs. DIICIkDelay for 1m Flex and 6m Twinax Total jitter vs. DIICIkDelay for 1m Flex and 6m Twinax
100 —e— BER (6m Twinax) oo —e— TJ (6m Twinax)
(a) (b)

Figure 3.32: BER and jitter tests on the uplink with the entire transmission chain con-
sisting of 1 m flex and 6 m twinAx with GBCR2 in retiming mode. It is seen that for the
right phase alignment of data with GBCR2 and IpGBT V0, a lowest jitter ~ 110 ps with
corresponding BER < 10~? is achieved.

The BER and jitter tests performed over the entire chain with GBCR2 in retiming mode
is shown in Figure 3.32. In the Retiming mode (i.e. additional clock fed to GBCR2 from
IpGBT V0 aside from recovered clock from data), for the right phase alignment of data
with GBCR2 and IpGBT V0, a jitter ~ 100 ps that is within the IpGBT specifications
is observed.

The phase difference depending on the electrical transmission chain length in the GBCR2
retime mode is shown in Figure 3.33. This demonstrates that depending on the length
of the chain, the parameters must be set differently.
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BER vs. DIICIkDelay for 1m Flex and 3m or 6m Twinaxes LpGBT phase vs. DIICIkDelay for 1m Flex and 3m or 6m Twinaxes
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Figure 3.33: BER and phase difference tests on the uplink with the entire transmission
chain consisting of 1m flex and 3m twinAx and 6 m twinax with GBCR2 in retiming
mode respectively. The DLL phase difference between IpGBT V0 and GBCR2 depends
on the length of the data transmission chain and consequently the configuration for the
lowest BER. It shows that depending on the length of the chain, the parameters must
be set

In conclusion, the ITk pixel data transmission chain setup using the initial prototypes,
are able to meet the requirements of:

1. the loss in electrical signal on the uplink < 20dB,
2. the bit error ratio < 10™"% bits in most configurations.

It is also important to note that though the total jitter of ~ 110 ps in the retiming mode
and ~ 200ps in the equaliser mode have a jitter higher than the IpGBT specification
of jitter within 100 ps, the data transmission chain exhibits the required BER < 10712,
Hence, it can be safely concluded that the I'Tk pixel data transmission chain with jitter
within 200 ps and < 20dB signal loss over the uplink has a BER < 10~ and fulfils all

the criteria.

With the working concept of the optoboard and the ITk pixel data transmission chain
verified and parameters optimised, next tests out of the scope of this work done by me
were performed by the Bern ATLAS team by incorporating the RD53B FE and then
the final FE version known as ITkPix V2 and the FELIX system in place of the RD53B
CDR and KC705 board. Also, further irradiation campaigns were done to irradiate all
the cables and components on the optoboard and BER and jitter tests post irradiation
were done. A final design review (FDR) of the ITk pixel data transmission chain has
also taken place and very soon production of the optosystem and the overall transmission
chain will begin.



Chapter 4

Search for Supersymmetry in events
IM1SS

with tb+FE+ "~ final state

Supersymmetry (SUSY) offers an extension to the Standard Model (SM) that addresses
various issues left unanswered by the SM. These include the hierarchy problem, dark
matter, and dark energy. SUSY accomplishes this by introducing partner particles for
the known bosons and fermions in the SM. In R-parity conserving SUSY models, these
SUSY particles are pair-produced and the lightest supersymmetric particle (LSP) which

is considered to be be the lightest neutralino <>Z(1)> is stable, and is a proposed dark
matter candidate.

All SM fermions have left and right-handed chiral components (f;, and fr) and by ex-
tension in SUSY there are two additional scalar particles ( f 7, and f ) for these fermions.
From Naturalness considerations, the lighter states of the SUSY partners of 3rd genera-
tion SM quarks known as "stops" and "sbottoms" are favoured. The top squark () states
mix to yield mass eigenstates £; and #,. Likewise the sbottom (5) states mix to yield 51
and 132. By convention #; and l~)1 are considered to be the lighter state. If we consider
t, ~ 1L, then the #; is accompanied by a b; being close in mass due to Spontaneous
Supersymmetry Breaking. These 51 and t; could be pair-produced with relatively large

cross-sections at the LHC as shown in Figure 4.10 later in Section 4.1.3.

This chapter provides an overview of the search for the pair production of ¢ and b squarks
decaying into final states comprising of a top quark, a bottom quark and Ep .

The author’s contribution to the analysis is the designing the signal grid and validating
the signal points, defining the signal, control and validation regions for the bulk region
or Region A of this analysis and associated statistical and systematic analysis. This is
an ongoing analysis.

4.1 Analysis Motivation

Earlier versions of the analysis has been performed using Run 1 and part of Run 2
datasets using 20 fb'and 36.1fb 'of recorded data and at Vs = 8TeV and 13 TeV
respectively. This analysis is performed again with the full Run 2 dataset of 139 bt
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b/t

Figure 4.1: Diagram illustrating the signal scenario for the pair production of bottom
and top squarks where one arm shows decays to a top or bottom quark and the lightest
neutralino and the other other arm shows decays via an intermediate chargino to a top
or bottom quark and the lightest neutralino. The mass difference Am()Z(l), )Zf) is small
i.e. chosen to be 1GeV, therefore the W boson from chargino decay is off-shell.

This increased data set combined with the latest object definitions and reconstruction
techniques are utilised to improve the sensitivity to this unique and and already well
motivated supersymmetric signature.

4.1.1 Signal Phenomenology

For this search, simplified models based on the phenomenological minimal supersymmet-
ric extension of the SM (pMSSM) [150-152| are considered. The signal scenario taken
into account for this search is shown in Figure 4.1. The # or b — t + >~((1) and  or b —
b + ﬁt decays are considered to be equally probable. The intermediate ﬁt is assumed
to be almost degenerate with the )2(1) and decays to a )Z(l) and an off-shell W boson. The
W boson is highly off-shell as the mass difference between the )ﬁt and )2(1) is taken to be
small and its decay products are therefore not detected. As such, the signature consists
of a top quark, a bottom quark and 92(1) s in the form of E4™.

As the branching ratio (BR) for the  or b—t+ )2(1) orb + )Z? is taken to be 50%, half of
the decays proceed via this asymmetric decay mode with th-+E1"™ final states while the
rest of the decays proceed symmetrically with 25% decaying to a bb+E1" final states
and the other 25% decaying to a tt+ET " final states.

For our signature of tb-+ET iSS, the top quark decays semi-leptonically, so events with
one charged lepton, two b-jets and E7™ are selected. Therefore for this final state,



Section 4.1: Analysis Motivation 93

Figure 4.2: A t-channel single top quark production and its leptonic decay processes.
Taken from Reference [153].

the main expected SM backgrounds come from single-top, ¢, W+jets, and t¢ +Z. The
expected dominant background is the single-top in this 1-lepton final state caused by a t-
channel single-top. The W decays leptonically to a lepton (anti-lepton) and anti-neutrino
(neutrino) as shown in Figure 4.2.

The tt background which was observed to be the dominant background in the previous
analysis [24], is a well modelled background and therefore can be suppressed when de-
signing the signal region is expected to have some contributions in this analysis as well.
This is because, in t¢ events, the top quarks decay into bottom quarks and W bosons.
One of these W bosons decay leptonically as in single-top background and the other
hadronically. Some background contribution is also expected from the W-jets events.
No contributions is expected from Z-+jets process as a Z boson would decay to a lepton
and anti-lepton pair or a neutrino and anti-neutrino pair thus not meeting the one-lepton
criteria of our signal process. However, contributions from t¢ +Z processes are expected
if the Z boson here decays invisibly and the the tops decay each to a bottom quark and
W boson, out of which one W boson decays leptonically and the other hadronically.

4.1.2 Previous tb+E7™ Run 2 Analysis at 36.1fb~ "

This analysis had been originally based on a paper summarising ATLAS Run 1 searches
for direct pair production of third-generation squarks at the Large Hadron Collider [154]
and optimised for £ £ or b b — b )ﬁc +t )2(1) asymmetric decay using Run 1 and Run 2
data at 20 fb'and 36.1 fb_l, respectively. For both searches the mass difference between
the )ﬁc and )2(1] is taken to be very small and the )Zli decays as )ﬁc — W+ >Z(1].

The mass difference between the )ﬁc and )Z? was taken to be 5 GeV and 20 GeV for the
search performed with 20 fb~'of Run 1 data. From this search, t masses upto 560 GeV
were excluded for )2(1) masses of 110 GeV [155]. The tb+E1 "™ final state was investigated
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Figure 4.3: Observed and expected exclusmn contours at 95% CL, along with the +1o
variation of the expected limit, in the bl— X1 mass plane in combination with another
SUSY search with pair-produced bottom quarks and EmlSS [24]. The pink line denoting
b1L-SRs is of interest for this full ATLAS Run 2 data set tb+Emlss analysis for motivation
as well as comparison.

again with the combined 2015 and 2016 Run 2 data of 36.1 fb~'with a chosen mass
difference of 1 GeV between the )Ngli and )2[1). This 1 GeV mass difference is also chosen for
the full Run 2 analysis described in this section and is further explained in Section 4.1.3.

miss

The analysis had been designed to be statistically combined with the bb-+FE1 " analysis
performed in 2016. The statistical combination of the analysis provides exclusion up to
larger ¢ or b masses. As been from Figure 4.3, the combined exclusion excludes ¢ or b
masses up to 880 GeV for X1 mass of 110 GeV, while the pink contour in the plot showing
the 1-lepton observed limits, excludes ¢ or b masses up to 820 GeV for the same )2? mass
[24].

4.1.3 Signal grid and kinematic studies

I conducted signal kinematic studies to optimise the sensitivity to these mixed-decay
processes where one leg decays as t/b — t + 92(1) and the other as /b — b + Xli, where
the )Zli susequently decaying as ff - W* + )Z?.

Five MC generated samples using MadGraph with same ¢ and )2(1) masses and five different
Am(%3, x7) = {1,5,10, 20,100} GeV were produced to check effect of the different mass
differences and the implementation of the off shell W decay. When the mass difference
is 100 GeV, the W boson is on-shell and the generation of on-shell events is more likely



Section 4.1: Analysis Motivation 95

0.16 T
Am Ghic)
— 1GeV
— 5 GeV
10 GeV
— 20 GeV
—— 100 GeV

Am (%)
—1Gev
—— 5 GeV

No. of Events
No. of Events
o
=

10 GeV
—— 20 GeV
—— 100 GeV

o

o ¢
o
>

o
=3
o

T T[T T [T T[T T[T oTT

o
o
b

0.02

w
i
Am (2ix)

)

M—.H‘u.."

Am (C)=1 GeV

I H
X gl e :Fﬁ#u:q:rr'-ﬂl,'# gl
o 11EE
E Q
£ O 2 7 6 ) 10 15 17 16, of ol 200 400 600 800 1000 1200 me%}eV]
(a) (b)

Figure 4.4: No. of jets vs. number of events (a) and leading jet pp (b) for m; 900 GeV
and m -, 400 GeV.

X1

with higher numbers of jets. From the Figure 4.4a, it is observed that for lower mass
differences, the off-shell W decay generally has events with a lower number of jets, when
compared to the on-shell decay with a mass difference of 100 GeV, suggesting the off-shell
decay is working as expected. Additionally, as shown in Figure 4.4b, the jets originating
from off-shell decays exhibit higher pr, which aligns with expectations because in case of
the 100 GeV mass difference, the generation of an on-shell W boson leaves lesser energy in
comparison to the smaller mass difference scenarios for the associated jets. It is also seen
that the histograms representing the small mass differences all fall within their respective
statistical uncertainties. So, as long as the chosen mass difference is small, which ensures
that the W-boson mass is off-shell, the kinematics remain unaffected. Thus, to maintain
consistency with the previous iteration of the analysis and to keep the W boson off-shell,
the chosen mass difference is Am(f((l), )Zf) = 1GeV.

Next, the top quark decay distribution for all the ¢ and )2? signal points was plotted
for verification, and as expected figure 4.6a shows that there is maximum number of
events with 1 top quark i.e. tb-+E7"™ events as the BR = 0.5. The number of events are
distributed as per the set BR where 50% of the total events produced are tb-+Ep 55 ovents
along with equal number of bb+ET"™ events and tt+ET"™ events which constitute 25%

of the total events individually.

A ET 55 characterisation of all the signal points were performed to check if EY 55 cuts

were required for any of the signal points. It was seen that for signal points where
Am(t, )ch)) < 300 GeV which is the compressed region of the analysis, an Eyp > filter is

required as an Ep > trigger is used in the analysis. This Ex " characterisation pre- and

post-application of the ET 5% filter is shown in Figure 4.7. The efficiency of Eq' iss trigger
is ~100% around ET™ > 230 GeV as shown in Figure 4.5. In the case of these signal
points located in the compressed region, an Et " filter with a threshold of 150 GeV is
implemented. This filter guarantees that events with E7"™ values close to the applied

threshold are not excluded during the calculation of systematics.

Applying the ET 55 filter affects the branching ratio of each of the decay modes and

changes it from the desired BRthrE%ﬁss = 0.5 and BRbbJrE%ﬁss = BRtt+E¥iss = 0.25 as

seen in Figure 4.6. The signal points that are generated without the Ep iss filter, the BR
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Figure 4.5: Performance of the missing transverse momentum triggers for the ATLAS
detector during Run-2 data taking [156]. It is seen that the ESS trigger efficiency is
100% at E7™° > 230 GeV.

is rescaled using Equation (4.1). Here, the desired branching ratio of BR; ShsbiiE = 0.5
and BR; bt 7 = 0.5 in the ideal scenario.
BRy; st Ny B Ryp bz BBy e 0N BRyjp 00 “Ny
NroTaL = BR 3 BR. BR. + R — (4.1)
T/b—b+xi i A e T S T/b—st+x0

In case of the signal points with Ep" 5 filter applied where the generated events for each
of the three decay modes is not as desired, the Equation (4.1) can be modified as in

Equation (4.2) to include rescaling factors Ry, = %, Ry, = % and Ry =
N,
Ntt(f;;ter) :
BRt/b—)b—i—Xi “Nyy BRt/b—>b+>ﬁBRt/b—>t+“°Ntb BRt/b—>t+xO Ny
NroTar = Ry, B 5— + By, R “BR. Ry B 3
RE/iHbﬂﬁ /bty b 5T RE/E—>t+>z‘f
(4.2)

After generation of the signal points, further validation of these points were done by
plotting the leading jet pr distribution shown in Figure 4.8. This distribution is observed
to be continuous as expected with events in the compressed region signal point having
the lowest leading jet pp distribution.

To check if the produced samples were as expected, each of the mass points of the
tb+ET™ signal grid have been validated and the number of events in all these plots
shown in Figures 4.4, 4.6, 4.7 and 4.8 have been normalised to 1.
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Figure 4.6: The Top quark decay distribution for some of the signal points. On the
left hand side, the top quark decay distribution before application of the MET filter of
150 GeV and on the right hand side the top quark decay distribution after application of
the E7"™ filter. As the BR is set to 50% for tb-+E1 " events, it is expected that events
decaying to 1 top quark is 0.5 while to 2 and 0 top quarks is 0.25 as seen before application
of the ET"™ filter as the plots have been scaled to unity. Applying the ET™ filter for
signal points that have a Am(t, )2?) < 300 GeV, causes the BR of some of the tt-+Ep ™
and bb+ET"™ events to change and this re-weighting is corrected using equation (4.2).
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Figure 4.7: Some of the signal points without applying the Errfniss (MET) filter of 150
GeV (a) and after applying the E1™™ filter (b).
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The proposed th+FEt ™ signal grid is shown in Figure 4.9. It has 1.59 million events per
MC campaign and there are 3 such campaigns to have enough events for the analysis.
The points along the diagonal is known as the compressed region with very small mass
difference between ¢ and )Z(l), the points with large mass difference between t and )Z(l) are
known as the bulk region and the rest is known as the intermediate region. Figure 4.9a
shows the proposed signal grid with the events generated per signal point. The number
of events per signal point is chosen to ensure that the number of events at these points
is not dominated by the statistical uncertainties.

The effective luminosity for a signal point is the ratio of number of events to be generated
and the product of the cross-section of the ¢ mass and filter efficiency for that signal point.
Figure 4.9b shows the effective luminosity and Figure 4.9¢ shows the filter efficiency of
each of the signal points. In case of all the points where the ET™ filter of 150 GeV is
not applied, the filter efficiency is 1 as expected.

The SUSY cross-sections plot helped to decide the ¢ mass upper limit. The cross-
section for 1500 GeV and 1700 GeV is 0.257 x 10~ % £ 16.63% pb 'and 0.796 x 10~ &
19.4% pb_lrespectively. Since number of expected events is a product of cross-section
and integrated luminosity, for a # of mass of 1500 GeV and an integrated luminosity of
139 fb_l, the approximate number of expected events is ~ 139. In case of a ¢ of mass of
1700 GeV and same integrated luminosity, the approximate number of expected events is
14. With an efficiency of a SUSY selection on the expected signal of about 20%, for a ¢
mass of 1700 GeV the number of expected measured events that pass the selection is ~ 3
events. To achieve sufficient statistical significance and validate the analysis assumptions
exclusions have to be made on the signal with more than 2 to 3 events. To this end, the
t mass upper limit of 1500 GeV was decided upon.
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Figure 4.9: The signal grid with (a) the no. of events, (b) effective luminosity and (c)
filter efficiency per signal point respectively The total no. of events per MC campaign is
1.59M.

The other mass limits are taken baed on the previous analysis. A lower limit of 500 GeV
was placed on the ¢ mass because last analysis did not exclude the mass points around ¢
mass of 500 GeV and )2? mass ~ 350 GeV. Therefore this SUSY search should be sensitive
to these points.

Furthermore, an upper limit of 1150 GeV was kept for the )2(1) mass for 1200 GeV ¢ mass
onwards as there is a loss of sensitivity as the )Z(lJ mass increases. This is due to the differ-
ence in kinematics of high )2(1) and high # mass regions known as 'bulk and intermediate
regions’ to that of low >~((1) and high ¢ mass regions or the region where both the )Z? and t
masses are similar i.e. along the diagonal known as 'compressed region’.

The final LEP exclusion ~ 102 GeV as shown in Figure 4.11 helped in setting the lower
limit on the )2[1) mass. The constraints placed by the LEP experiment on direct )Zli
production provided the lower limit on the )ﬁc mass, chosen to be 110 GeV [158] taking
into consideration both the final LEP exclusion limit and alignment with the earlier
version of the analysis. This subsequently constrains the )2(1) masses considered, based on
the chosen mass splitting of 1 GeV.
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Figure 4.10: Plot illustrating the effect on cross-section of SUSY particles with increasing
particle mass. It shows that with increasing particle mass, the cross-section decreases at
a centre-of-mass energy of /s = 13 TeV [157].

4.2 Analysis Strategy

The analysis is divided into two kinematic regions - A and B. Region A consists of the
signal points in the bulk and intermediate regions where Ami(t, )2(1)) > 300 GeV while
Region B consists of the compressed region where Am(t, )Z(I)) < 300 GeV such that Am
is kinematically close to the mass of the top quark given #/b — Y7 + b/t (see Figure 4.1).

A cut-and-count approach was used for this analysis using selections on physical variables
to optimise and design the signal regions of this search. Furthermore, to enhance the
miss

sensitivity by combining with the bb+FE1 ™ analysis which has 0-lepton regions, the
regions in this analysis use 1-lepton selections to maintain orthogonality.

4.2.1 Data and simulated event samples

This analysis uses the full v/s = 13TeV Run 2 data, recorded between 2015 and 2018,
with a total integrated luminosity of 139 fb~!. Table 4.1 lists the SM backgrounds that
are generated.
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Figure 4.11: This plot has been taken from an ATLAS paper [159]. Constraints placed
by LEP on direct )ﬁc production provide a chosen lower limit on the )2% mass of 110 GeV,
which in these scenarios also constrains the )2(1) masses considered, dependent upon the

mass splitting chosen as shown in the above plots.
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Table 4.1: Overview of the nominal simulated background samples.

Process ‘ Event generator

z Sherpa_ 221 NNPDF30NNLO [160, 161]

w Sherpa_221 NNPDEF30NNLO [160,161]

single top | PowhegPythia8EvtGen A14 [162], PhHerwig7EG _H7UE,aMcAtNloPythia8EvtGen A14 [163]
tt PhPySEG _Al4 [162,164]

diboson Sherpa_ 222 NNPDF30NNLO, Sherpa_ 221 NNPDF30NNLO [160, 161]

ttZ aMcAtNloPythia8EvtGen_ MEN30ONLO _ A14N23LO [165]

tw aMcAtNloPythia8EvtGen  MEN30ONLO A14N23LO [165]

tZ MadGraphPythia8EvtGen A14

ttH PhPyS8EG _AI14NNPDF23 NNPDF30ME, PowhegPy8EG _A14NNPDF23 NNPDF30ME [166]

4.2.2 Event reconstruction

This search for pair production of ¢ squarks is based on selections of events with two
b-jets and large missing transverse momentum, with exactly one charged lepton in the
final state. So the main physics objects used in this analysis are light leptons consisting
of of electrons, muons, jets and reconstructed E1 ", The light leptons and jets are known
as "baseline" objects as selections on these objects or variables are required to satisfy the
preliminary requirements which are then further processed using an "overlap removal"

(OR) technique to prevent potential overlaps between these reconstructed objects.
Jets

Jet objects are reconstructed from three-dimensional energy clusters in the calorimeters
using the anti-k; jet algorithm with a radius parameter R of 0.4 [91] and clustered particle
flow objects (PFO) [90]. These jets have to meet certain criteria to isolate jets from jets
arising from non-collision sources or detector noise and any event containing such jets
are then removed. These jets are categorised as "baseline" when these jets have a pp >
20 GeV and |n| < 2.8. Other pile-up jets that arise from hard scatter, is removed using
the Jet Vertex Tagger (JVT) [167]. If the jet has JVT > 0.5 or it has pp > 60 GeV or
|n| > 2.4, the jet is kept. Then the OR is applied to be further categorised as "signal"
jets.

B-tagged Jets

Baseline jets are categorised as b-tagged using a multivariate algorithm [103] that utilises
information about the impact parameters of inner detector tracks associated with the jets.
This algorithm also takes into account secondary displaced vertices and the reconstructed
flight paths of b-hadrons within the jet to determine the likelihood of the jet originating
from a b-quark. For this analysis the jets are labelled as b-jets if they pass the “standard”
77% efficiency working point with pp > 20 GeV, |n| < 2.5 and satisfy the standard JVT
requirements as described before.

Light Leptons - electrons and muons

Electrons, muons and their respective antiparticles constitute light leptons. The electron
candidates are reconstructed using the energy clusters in the electromagnetic calorimeter
which are matched to a track in the inner detector (ID) and are required to satisfy a set
of quality criteria termed as "loose" [168-170]. These candidates are termed "baseline"
when along with the quality criteria, they satisfy the conditions pp > 10 GeV, |n| < 2.47
and longitudinal impact parameter 2, sin (#) < 0.5 mm. These baseline electrons are used
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to perform the lepton-jet overlap removal and in the lepton veto in the signal region.

Baseline muon candidates are similarly identified from ID tracks by matching with the
Muon Spectrometer (MS) track. These candidates have to meet the requirements of pr
> 10 GeV, |n| < 2.7 and have zysin () < 0.5 mm [171].

These remaining baseline lepton candidates after performing overlap removal (described
later) with baseline jets are used to define "signal" leptons. The signal electrons are
required to satisfy "tight" quality criteria [172]. Further, to be classified as "signal"
leptons, these leptons are matched to the primary vertex by requiring the transverse
impact parameter dy/o(dy) < 5 for electrons and dy/o(dg) < 3 for muons [84,171,172].

Overlap Removal

A b-aware overlap removal (OR) is applied to these reconstructed baseline physics objects
- the light leptons and jets defined above in order to avoid that reconstructed objects
are double counted as two different physics objects. The procedure follows the "heavy
flavour” overlap removal (OR) recommendation [172| and the sequence to resolve these
overlapping physics objects are:

o [f two electrons share a track then the object with lower pr is rejected

e If a muon and an electron share their ID track then electron is rejected, unless the
muon is a calo-muon, then the muon is rejected

e If a jet and an electron are within AR = \/772 + gf)z < 0.2 and the jet is not a b-jet

then the jet is removed
e If a jet and an electron are within AR < 0.4 then the electron is removed

e If a jet and a muon are within AR < 0.2 or the muon track is ghost associated to
the jet then the jet is removed if it’s number of tracks is lower than 3 and is the
jet is not a b-jet.

e If a muon and a jet are within AR < 0.4 then the muon is rejected.

Along with the OR technique, multiplicative scale factors are applied to simulated MC
events to take into account the differences between data and simulation for reconstruction,
identification and isolation efficiencies, and for the jet momentum scales and energy
resolutions. Similar corrections are also applied to the probability of mis-tagging jets
originating from the hard proton-proton scattering as pile-up jets with the Jet Vertex
Tagger (JVT) discriminant which is described later in the chapter.

E’III‘liss

Er 5 i5 defined as the negative vector sum of the pp of all the selected and calibrated
physics objects i.e. the electrons, muons and jets in an event coming from the hard-
scatter (HS) vertex and an extra soft term which comprises of all the detector signals
associated to the HS but not with any of the pre-defined physics objects [173] as described
also previously in Section 2.4.6. This soft term is calculated from inner detector tracks
with pr above 0.4 GeV matched to the primary vertex to make it more resistant to
contamination from pile-up in comparison to the calorimeter based equivalent. The full
ET™ calculation using the reconstructed objects is shown in Equation (2.15).
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miss

The default "Tight” working point is used for the E1"° reconstruction [172]|. This applies
extra restrictions on the jets entering the calculation. On top of the meeting the require-
ments for signal jets there is a transverse momentum condition of pp > 30 GeVapplied
in the range 2.4 < |n| < 4.5. A condition of JVT > 0.5 is also applied to jet with pp
< 60 GeVand |n| < 2.4. Tau and photon contributions are not included to the E1™*
calculation, because they are not expected for the signal models targeted in this analysis.

Triggers

miss miss

Two types of triggers are used for this analysis. B~ (HLT-Ep  -triggers) trigger [174]
is employed for all the regions with 1/ events and the single lepton trigger is employed
for the 3¢ control region of one of the dominant ¢£Z backgrounds where the pair of £ are
used to mimic the ET™ from t£Z with an invisibly decaying Z boson.

Inferred from previous ATLAS analyses and studies conducted while constructing the
signal grid and signal regions, a Ep > threshold > 250 GeV and a pp threshold > 27 GeV
for the leading-pt leptons is used to ensure full trigger efficiency.

4.2.3 Discriminating variables

A set of discriminating variables are built from the kinematic quantities in order to define
the signal regions and the corresponding control and validation regions. The purpose of
these variables is to discriminate SUSY signature from the various SM background events
in the signal region (SR) and to demonstrate effective modelling in the control (CRs)
and validation regions (VRs).

The variables used in for this analysis are described below:

e Hy [GeV]: is defined as the scalar sum of the pr of all the signal jets in an event.
For SUSY signals with high pp jets, the Hp variable is expected to peak at a larger
value than the SM backgrounds.

Hy = ZPT,i- (4.3)

o Effective Mass [GeV]: is defined as the scalar sum of the py of the leading n
jets in an events which is the H variable and the ET™ as shown in the equation

below.

me = 'Tet)i RS gy s, (4.4)

i<n

For this variable too, a selection on large values of m.g improves the SUSY signal
to SM background ratio.

e Object Based Eg’ s Gignificance: The EF™° significance is used to quantify
B contribution to the total hadronic activity in an event. For SUSY signals,
the Ex° and Hr are expected to be very large and therefore E1"° significance

T significance are

is also expected to be very large. Furthermore, m.g and Ep
correlated as they are constructed using the E4"™ and Hy variables. Selections on
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the BT is.s significance variable effectively reduces the multi-jet contributions with
fake ErTn * The Object Based E1™° Significance is the dimensionless definition of
the BT significance which encodes the resolution of each object involved in the
calculation as shown in Equation (4.5), where oy, is the longitudinal variance of the
missing momentum vector and pp represents the covariance between longitudinal
and transverse measurements..

EFIII‘liSS

S = (4.5)
2 2
oL <1 - PLT)
e my,: the invariant mass of two leptons.
e Transverse Mass: is defined as shown in the following Equation (4.6).
mr =\ 2 O EE™ — (1) - BE™) (4.6)

This variable is used to reconstruct the mass of a particle which decays to a particle
that is detectable, for e.g. a lepton and to an undetectable particle. This variable is
used in 14 signal and control regions to suppress the W+ jets and t¢ backgrounds.
The mp for a W boson decay is calculated to be equal to the mass of the W
boson myy with the ET™ coming from the neutrino in the decay process. In SUSY
scenarios, the ET™ contribution arises from neutralinos in the event by selecting

my > 90 — 120 GeV.

° m?gm (jet1_4, EYT 1SS): is defined as the minimum transverse mass of the jets in

an event and E*°. This variable is used to reduce the ¢ backgrounds by selecting

mip <jet1,4,E%“ss) > 150 GeV.

e my," (b—jety_o, EX"): is defined as the minimum transverse mass of the b-jets
in an event and Ep .

o Ap™n (jet1_4, ET iSS): is defined as the minimum A¢ between any of the four
leading jets and the missing transverse momentum vector. Angular selections
between ET™ and jets help in reducing the mis-measured QCD multi-jet back-
grounds.

° m{,‘?“: the minimum invariant mass between the lepton and one of the two b-jets
is defined as follows.

myy" = ming_y 5 (Mg, ) (4.7)
mi™ is constrained by the top quark mass. Then the lepton and b-jet under con-
sideration would be compatible with ¢ production and can be used to distinguish
tt from single-top quarks coming from Wt— channel in 1/ regions.

® Nje: the number of jets or "jet multiplicity” in an event.

® Npy_jes: the number of b-jets in an event or, "b-jet multiplicity”.

® Nigp: the number of leptons in an event or, this can be the number of baseline or
signal leptons and is marked accordingly.



106

miss

Chapter 4: Search for Supersymmetry in events with tb+FE1  final state

e pr (7;): The transverse momentum of the ith jet in the event.
e pr (¢;): The transverse momentum of the i lepton in the event.

e Asymmetric Transverse Mass, ampqo: The ampy [175,176] is a specialisation

of the m variable that reconstructs the masses of semi-invisibly decaying particles
where both legs of the decay channels are not composed of the same particles.

In this analysis, the amyy variable is used to reject the ¢t backgrounds where
one of the top quark decays semi-leptonically. For the ¢t process, ampy can be
calculated as a function of 5 parameters. In a 1¢ scenario, the visible particles
in the t¢ decay consist of the two b-quarks or b-jets (b;, by) and a light lepton
(¢). This reduces the number of mass parameters involved by 1 because of the
conventional mt calculation where the lepton’s mass is disregarded. As such, one
invisible particle is involved in the decay process, specifically the neutrino arising
from the leptonic decay of the W-boson. Consequently, the masses of the invisible
particle is set to 0. So, in the case of the t¢, the amqpy function can be obtained
from the following equation:

ampy = ampy(my, pr (by) , i1 (bs) , r (be) , PE). (4.8)

Also the above described mf,réin variable needs to be considered in this 1¢ scenario
when reconstructing the ampy. The lepton in the top quark decay can be paired
with either of the b-jets for this calculation and amqpy is calculated based on the
following scenarios:

— If the my, ¢ and my, , computed for both legs of the decay is > 170 GeV, neither
of the two associated lepton and b-jet is compatible with the lepton and b-jet
originating from a top decay, so the event is rejected and the amp, is set to
the overflow value as every control, validation and signal region requires my, <
170 GeVto suppress SM tt events.

— If one of the my, y < 170 GeVand the other is my,, > 170 GeV, then the amp,
is reconstructed using the the first b-jet (by).

— If one of the my, o > 170 GeVand the other is m;,, < 170 GeV, then the amq,
is reconstructed using the the second b-jet (by).

— If the my, , and my,, are both < 170 GeV, the amyp, is calculated using both
the b-jets as both m; , and my, , are compatible with the b-jet and lepton
coming from a top quark decay.

- mffz: is the lepton-based stransverse mass which is constructed in the same
way as ampy, but assumes that both heavy particles decayed into a lepton
and an invisible particle.

— A@poost: is the angle between Ep 5 and Et 5%, which describes the azimuthal
angle between the pr " vector and the '/ vector, which is the vectorial sum
of pr and the transverse momenta vectors of the two leptons, pr(f;) and

miss

)

pr(€y) (also called lepton-corrected pr

Therefore a selection of ampy > 175 GeV~ m, is used to suppress the ¢t background
and the signal to background ratio increases at higher values of amqps.
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4.2.4 Region definitions

This tb+ET 55 search employs a general strategy of defining signal, control and validation
regions using the kinematic variables defined above. The signal Regions (SRs) are defined
based upon kinematic differences between SUSY signal and SM background. The SRs
are optimised to maximise the discovery or exclusion significance for the SUSY model.
The control regions (CRs) are defined to constrain the SM backgrounds in the SRs. The
CRs are kinematically close but orthogonal to the SRs and are designed to contain events
with only the specific background process considered as much as possible. The validation
regions (VRs) are defined to validate the backgrounds in the SRs. And all these regions
are orthogonal to each other.

Before defining a SR, a preliminary set of selections are made on the variables referred to
as "Preselections" are applied such that they take the kinematics of the signal topology
for the compressed, intermediate and bulk regions of the signal grid into consideration.
These preselections are employed for initial SUSY signal, SM backgrounds and data to
MC agreement or modelling studies. These preselections aim to remove all the data that
do not have the intended physics signature yet inclusive enough that appropriate control
and validation regions can be constructed.

All the events are required to pass the LHC Run 2 Event Cleaning (2015 and 2016) [177].
Offline event cleaning is required to remove any poorly measured events which affects
the data quality and removes backgrounds that do not arise from the collisions in the
beamline such as beam halo, cosmic ray particles incident on the detector and random
coherent energy spikes in the calorimeter. To pass the the event cleaning criteria each
of these events have to have at least one primary vertex with two reconstructed tracks,
with pp > 500 MeV measured by the ID [178]. Jets that come from the aforementioned
unwanted processes are called "fake jets" and those coming from pp collisions are "good
jets”. The "good jets" are selected and the "fake jets" are rejected as per the "LooseBad”
criteria as defined in [95]. Only "good jets" with an efficiency greater than 99.5% for
jets with pp > 20 GeVare selected. Also, some of the events in the early Run 2 were
flagged and rejected when they were observed to have large amounts of transverse energy,
particularly in the |n| ranges of the Liquid-Argon (LAr) calorimeter caused by saturation
of the EM calorimeter endcap and indicated by the measurement of unusual pulse shapes.
Cosmic muons and reconstructed muons that are identified from events satisfying the
|zo| > 1 mm or |dy] > 0.2 mm conditions and have a large error (> 20%) on the
momentum and consequently introduces high values of ET™° respectively are rejected by
applying event cleaning.

miss

As mentioned before in Section 4.1.1, the SUSY signature consists of Ep " and a top
and a bottom quark coming from an asymmetric decay of a b/t pair production. The top
quark further decays into a second bottom quark and a leptonically decaying W boson,

resulting in a final state with two bottom quarks, one lepton and ET"™. Due to this
signal topology, the preselection requires events with 2 b-jets and 1 baseline and signal

miss

lepton (e, ). Also a selection of Ex " > 250 GeV is applied in order to be in the trigger
plateau. A selection is additionally applied on the pp (£) > 10 GeV to meet the criteria
for lepton candidates as explained in Section 4.2.2.

The preselections that are applied for all the regions in this analysis are listed in Table 4.2
and Figure 4.12 shows the signal, and background distributions of some variables at
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preselection level using the full Run 2 data. The lower panels of the preselections plots
show the agreement of the data to the MC generated events. In general the data and MC
are in agreement except at higher values of mjy; " due to the constraints of MC modelling

of this variable.

Table 4.2: Preselection requirements used as a baseline selection for all regions in the
analysis

Selection Criteria | Value

Trigger selection | Passed single lepton or E1™° Trigger
E7™ > 250.0 GeV

nb-jets == 2

Nep(e,u) baseline | ==

Nep(e,u) Stgnal ==1

pr(lep) > 10.0 GeV

Signal Region A definition

This chapter and the author’s work was focused on the bulk region which is referred to as
signal region A (SRA). This region is analysed using a conventional cut and count type
method. The SRA, is built to be sensitive to tb-+E7"™" signals where the mass splitting

Am (tN/iJ, >~((1)> is large.

The optimisation of the SRA follows a strategy that attempts to maximise the discov-
ery significance as defined in Equation (4.9) from reference [179], where s and b are
the number of expected signal and background events and o} is the uncertainty on the
background events. The statistical significance Z can be calculated using Equation (4.9)

miss

which helps in optimising the sensitivity of the SRs to the tb+FEt = signal.

(s +b)(b+ o?) b? ois 2
Z=2(s+b)n | P2 — Zin 14— (4.9)
b +(S+b)0b oy b(b+0b)

SRA utilises the kinematic variables described in Section 4.2.3 to isolate the signals
from the SM background. Figure 4.13 shows the distributions of the most important
SRA selection variables before the selection is applied, known as n-1 plot, that helps
in deciding ’cuts’ placed on the kinematic variables such that the SM backgrounds are
strongly suppressed.

The final SRA selections are summarised in Table4.3.

The distribution of two variables from SRA are shown in Figure 4.14 along with the
calculated significance. The good sensitivity to the bulk region signals and the number
of predicted events or yield are summarised in Table4.4. It is observed that the main
background composition of SRA is single top, followed by 7.
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Figure 4.12: The preselection conditions from Table 4.2 are applied to plot all important

variables used later on in this analysis. The E

miss

, Mg, M7, the jet multiplicity, amps

and miy™ have been shown here. The MC simulation is scaled to 139fb™*. The solid
coloured histograms indicate the different SM background distributions with the hashed
area representing the total statistical uncertainty.
three representative signal points. The lower panel displays the data over MC ratio for
each bin. In general the data and MC are in agreement except at higher values of my,™.

The lines show the distribution of
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Figure 4.13: N-1 distributions for relevant variables in SRA motivating the chosen se-
lections for the SRA. The variable plotted is the one removed from theSRA selections.
The MC simulation is scaled to 139fb ™! and a semi-log scale applied. The solid coloured
histograms indicate the different SM background contributions. With the hashed area
representing a total statistical uncertainty. The lines show the distributions from three
different "representative” signal points. The lower panel displays the standard recom-
mended ATLAS significance of each bin, Z,, with a flat 20 % uncertainty applied.
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Table 4.3: Definition of Signal Region A (SRA)

Selection ‘ SRA
B [GeV] >250.0
Nep baseline ==1
Niep signal ==1
Mh-jets == 2
Niets Stgnal > 2
leading-pr jet is b-tagged
T (J1) [GeV] > 100.0
pr (J2) [GeV] > 100.0
pr (41) [GeV] > 27.0
min|Ag¢(jet; ,, B > 0.4
amps [GeV] > 350.0
ET iss significance >16.0
Hy > 300.0
mi" > 200.0
Mg [GeV] >1000.0
mr [GeV] > 200.0
my™ [GeV] < 170.0
m" >300.0

Table 4.4: Composition of SRA, with both the SM background and three representative
signal points for 139 L.

SRA Yield

tbMET 900 110 | 9.71 £0.77
tbMET 900 300 | 8.31 £0.46
tbMET 1000 110 | 5.51 £0.44
Single-top 2.65 + 0.37
ttZ 1.86 + 0.19
Wjets 0.67 £ 0.52
Other 0.18 £0.05
tt 0.14 4+ 0.04
Z+jets 0.02 +£0.02

SM 9.52+0.67
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Table 4.5: Summary of CR selections for single top

Selection CRA-st
EF™ [GeV] >250.0
Niep baseline ==
Niep Stgnal ==1
Ny-jets -
Niets Signal >2
leading-pt jet is b-tagged
pr (J1) [GeV] > 100.0
pr (01) [GeV] > 27.0
min[Ad(jet, 4, EX)] | > 04
ammy [GeV] > 350.0
EF significance [13.0,16.0]
mr [GeV] > 90.0
mi™ [GeV] < 170.0
" [GeV] >200.0

Control Regions A definitions

The single top background which is the dominant background in SRA, is controlled
using the selections listed in Table 4.5. The my;" < 170 GeV is used as the modelling
of the my;"" at higher values worsens and is not around 1. The ampy > 350 GeV and

min

mr, > 200GeV selections helps in removing the tt background. Furthermore, the my >

90.0 GeV helps in removing W + jets. The selection on the E}' iss significance between 13
and 16 not only aids in designing a pure single top CR (CRA-st) but also in maintaining
the orthogonality of CRA-st to the SRA.

From the yields in Table 4.6 it is seen that the single top background has been well
isolated and Figure 4.15 shows some of variables plotted in CRA-st. These distributions
show the single top dominance and that the data to MC agreement is reasonable in this
region.

The next dominant background in region A which is also observed in the compressed
regions, is the ttZ. To ensure a pure ttZ CR, a 3/ selection is applied and additionally a
selection on the invariant mass between the two opposite sign and same flavour (OSSF)
leptons is applied to target the Z-peak between 86.0 and 105.0 GeV. Also, the CR-ttZ
uses the single-lepton trigger unlike the other 1/ regions discussed so far, which employ
the Ep ™ -trigger [156]. Table 4.7 summarises the applied selections for the t#Z CR and
Figure 4.16 shows that the t¢Z background has been well isolated and the data to MC
modelling is in agreement. The corresponding yields are reported Table 4.8.

Validation Region A definition

One validation region is defined for both single top and ¢tZ as summarised in Table 4.9
The designed VR has a similar SM background contribution in comparison to the SRA
and motivates using these VR selections to validate the A Type fit particularly as it
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Table 4.6: Data and Monte Carlo yields broken down by process in CRA-st for 139 L.

CRA-st Yield

tbMET 900 110 | 1.18 +£0.28
tbMET 900 300 | 1.13+0.17
tbMET 1000 110 | 0.82+0.17
Data 40.00 £+ 6.32
Single-top 21.10£1.09
tt 11.42 + 0.56
W-Hets 8.05+1.11
ttz 1.61 4+ 0.20
Other 0.87 +£0.13
Z+jets 0.23 +0.09
SM \ 43.28 4+ 1.68
Data | 40.00 + 6.32

Table 4.7: Selections for ttZ control region.

Selection ‘ CR-ttZ
Trigger 14
nlep ==3
Njets >2
Np-jets -
pr (61) [GeV] 27
pr (£2) [GeV] 10
pr (63) [GeV] 10
Myy [GQV] [86,105]

Table 4.8: Data and Monte Carlo yields in ttZ control region for 139 L.

CR-ttZ Yield

tbMET 800 600 | 0.00 + 0.00
tbMET 900 400 | 0.00 = 0.00
tbMET 600 400 | 0.00 == 0.00
Data 43.00 == 6.56
ttZqqll 30.64 + 0.41
Other 9.65 + 0.37
tt 0.27 +£0.12
Z+jets 0.13+0.05
Single-top 0.01 +0.01
W-tjets 0.00 + 0.00
SM | 40.70 4 0.57
Data | 43.00 + 6.56
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is very difficult to isolate the t£Z completely in a separate VR. The associated yield is
tabularised in Table 4.10. Here the orthogonality with the signal and control regions of
region A is maintained by requiring that the amyy < 350 GeV. Figure 4.17 shows that
the two main backgrounds observed in SRA have been validated in the designed VR.
Again it is seen that there is a good agreement in the yield of data and MC prediction
with approximately half of the events coming from single top followed by ¢ and ttZ.

Table 4.9: Summary of the selections that define VRA for the single top and ttZ back-

ground.

Table 4.10: Data and Monte Carlo yields broken down by process in VRA-st for 139 L.

All the A regions maintain orthogonality with the B regions by requiring the leading jet

to be a b-jet.

Selection ‘ VRA-st
EFS [GeV] >250.0
Niep baseline ==
Niep Stgnal ==
Np-jets ==2
Njets Stgnal > 2
leading-pr jet is b-tagged
pr (j1) [GeV] > 50.0
pr (41) [GeV] > 27.0
min[Ad(jet, ,, ER5)] > 0.4
amy [GeV] < 350.0
mr [GeV] > 200.0
mi™ [GeV] < 170.0
" [GeV] >270.0

VRA-st Yield

tbMET 900 300 | 8.11+0.46
tbMET 900 110 | 7.55+0.70
tbMET 1000 110 | 2.76 +0.31
Single-top 31.73+1.91
tt 15.63 £ 0.76
ttz 14.75 4 0.57
Other 3.16 £0.21
Wt jets 3.10 £0.72
Z+jets 0.26 +0.12
SM | 68.62 +2.27
Data | 65.00 + 8.06
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Signal Region B definition

miss

The optimisation of the signal region B was performed by the tb+FEt
and included in this thesis for completeness.

analysis team

The SRB is tailored to encompass the "compressed" region, characterised by a small mass
splitting of < 300 GeV between the mass of £/ b and the )2?. Table 4.11summarises the SRB
selections and Figure 4.18 shows the effective mass and E1"> plotted for SRB. Also the
background composition and the projected signal events in SRB are both summarised in
Table 4.12. This yield table indicates a slightly higher number of expected events, both for
signal and background, in SRB compared to SRA. However, the analysis’s sensitivity to
new physics remains robust, and notably, the composition of the dominant backgrounds
is different to that of the SRA. The primary background source is attributed to ttZ7,
followed by ¢t and single top events as seen in Table 4.12. As mentioned before, the t£Z
background is shared between the two regions.

Table 4.11: Summary of the selections that define SRB along with the complimentary
CR and VR for the t¢ background.

Selection SRB CRB-ttbar VRB-ttbar
B [GeV] >400.0 >250.0 >250.0
Niep baseline == == ==
Niep Stgnal ==1 ==1 ==1
Mb-jets I I I
Niets Stgnal >3 >3 >3
leading-pr jet not b-tagged | not b-tagged | not b-tagged
T (71) [GeV] > 200.0 > 200.0 > 200.0
pr (a) [GeV] > 100.0 > 100.0 > 100.0
pr (€1) [GeV] > 10.0 > 10.0 > 10.0
min[Ad(jet, ,, B > 0.4 > 0.4 > 0.4
ams [GeV] > 280.0 > 280.0 > 280.0
B significance >15.0 < 15.0 < 15.0
Meg [GeV] >800.0 >800.0 >800.0
mp [GeV] > 150.0 [100,150] > 150.0
mi™ [GeV] < 170.0 < 170.0 < 170.0
i [GeV] >200.0 >120.0 >120.0

Control Regions B definitions

SRB has a high standard model contribution from #¢ processes, where the tops decay
into b-quarks and W-bosons, of which one decays leptonically into one lepton and a
neutrino, while the other decays hadronically. The selections for a dedicated t¢ CR are
also summarised in Table 4.11, which require one lepton and similar kinematic variables
as the SRB. The orthogonality to the SRB and VRB are ensured by choosing a window
within the my variable. The CR-t¢ is shown in Figure 4.19 and the corresponding yields
are reported in Table 4.13.

The ttZ CR selection is shared with region A and the relevant selections and yields are
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Table 4.12: Composition of SRB with the expected SM backgrounds and three represen-

tative signal points.

SRB ‘ Yield

tbMET 600 400 | 8.93+1.45
tbMET 900 500 | 4.72 4+0.41
tbMET 800 600 | 2.45+0.27
ttZnunu 4.70 £0.38
tt 4.15+0.17
Single-top 2.34 £ 0.37
Wjets 1.77 £ 0.49
Other 0.88 £0.11
ttZqqll 0.10 £ 0.05
Z+jets 0.00 £ 0.00
SM 13.94 £ 0.75

Table 4.13: Yields i

n tt control region.

CR-ttbar Yield
tbMET 600 400 | 1.85 = 0.64
tbMET 800 600 | 0.28 +0.10
tbMET 900 400 | 0.17 £0.06
tt 115.89 =+ 2.02
Single-top 11.75 £ 1.11
Wt jets 11.46 + 1.39
Other 2.52 4 0.27
ttz 1.99 +0.26
Z+jets 0.06 & 0.04
SM | 143.66 +2.71
Data | 145.00 +12.04

shown in Tables 4.7,4.8 and Figure 4.16.

Validation Regions B definitions

The ¢t Validation Region is defined similiarly to the t¢ control region. All selections
are summarised in Table 4.11. The inverted mp selection being greater than 150.0 GeV
sets it kinematically closer to the SRB than the CR. The selection of number of jets was
relaxed to be < 2, to ensure high enough statistics in the VR. Table 4.14 summarises the
yields and Figure 4.20 shows distributions of the ¢¢ validation region.

Since ttZ is the dominant background in the SRB, a more dedicated VR was designed
for validation.

miss

Inspired by a two-lepton ¢tZ enriched SR from the tt+FET " 2¢ analysis [180], a two-
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Table 4.14: Yields in t¢ validation region.

VR-ttbar Yield

tbMET 600 400 | 1.81 4 0.62
tbMET 900 400 | 0.53 £0.11
tbMET 800 600 | 0.38+0.10
tt 19.75 +0.77
Single-top 3.78 +0.54
W-tjets 1.71 4 0.56
ttZnunu 1.62£0.24
Other 0.84 +0.10
ttZqqll 0.23+0.11
Z+jets 0.04 £ 0.02
SM | 27.97+£1.13
Data | 17.00 +4.12

lepton VR was defined for t¢Z . The selections are summarised in Table 4.15. The two
most important variables in this region definition are the lepton-based transverse mass,
m5,, and the angle between the original and lepton-correct E™| Agy o ost-

A three-lepton t£Z background is considered to affect the SRB in cases where the Z-boson
decays invisibly into neutrinos contributing to ET ", while the two tops decay semi-
leptonically. Therefore, the two-lepton ttZ VR is expected to have a high contribution
from ttZ events.The distributions in Figure 4.21 show variables in the two-lepton tZ VR
where the ttZ background is split into t¢Z (vv) and ttZ (llgq) for further classification
and evaluation of the targeted invisible Z-decay. In this region like the t¢Z CR, a single-

lepton trigger is used.

Table 4.15: Selections for ttZ validation region.

Selection ‘ ttZ-VR
nlep =—=2
Leptons flavour DF SF
pr (¢1) [GeV] >25

pr (£9) [GeV] >20
Myy [GGV] - <70,>110
Np-jets > 1
|A¢boost| [rad] <1.5
ET iss significance >12
mis >110
B [GeV] >200

Finally, a summary of the complete Signal Regions A and B selections along with each
of the contributing control and validation regions is presented in Table ?77.
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Table 4.16: Yield table for the two-lepton ttZ-VR.

VR-ttZ Yield

tbMET 900 500 | 2.63 +0.28
tbMET 600 400 | 1.48 +0.58
tbMET 800 600 | 0.66 = 0.14
ttZnunu 14.30 £ 0.56
tt 11.52 £ 1.25
Other 10.26 + 0.35
ttZqqll 7.30£0.20
Single-top 3.90 +£0.67
Z-+jets 1.58 £0.26
W-jets 0.17 +0.14
SM | 49.04 £ 1.60
Data | 67.00 +8.19

4.3 Systematic Uncertainties

There are broadly two types of uncertainties - "detector" and "modelling". The detector
uncertainties are related to the detector and reconstruction of the analysis objects like jets
and leptons and applies on the signal and background while the modelling uncertainties
arise from the modelling of SM and SUSY in the MC generated events depending on
the MC generator. Systematics to the theoretical predictions are also considered on the
signal.

Detector Uncertainties

The definition of the physics objects utilises p and 7 values taken from the reconstruction
of these objects based on the data collected by the detector. Therefore taking into
detector uncertainties is very important. The individual sources of detector uncertainty
considered in the analysis are listed as follows:

e Luminosity: The luminosity uncertainty on the total Run 2 data is taken to be
1.7% [181] as recommended by the data preparation group and is taken into account
by varying up and down by 1.7% the integrated luminosity that the MC is scaled
to while performing the fit.

e Jet Energy Scale (JES): One of the two main sources of uncertainties for jets are
uncertainties affecting the calibration of the energy scale (JES). The JES corrects
the calorimeter’s response to the true jet energy and the uncertainty on the JES
is derived in bins of pr and n as detailed in reference [90]. These variations, up
and down, are estimated and included along with uncertainties arising from flavour
composition and pile-up. Furthermore, to increase the efficiency of estimating the
JES uncertainty, a reduced set of parameters are used.

e Jet Energy Resolution (JER) for small-R jets: The other of the two main
sources of uncertainties for jets are uncertainties affecting the resolution (JER).
JER is the uncertainty on the central value measured for the energy of a jet. The
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JER can affect the jet multiplicity by varying the measured pt of a given jet and
thus leading to this jet not meeting the jet pp requirements or vice-versa [90]. The
JER uncertainties in this analysis is estimated by smearing all jets momenta in
simulation events.

e Jet Vertex Tagger: This tagger is used remove central jets that arising from
pile-up events and uncertainties in the JVT arises from mistakenly tagging hard
scattering jets arising from pile-up events [182].

o ETS Soft-term Resolution and Scale: The uncertainty on the E2®° is a conse-
quence of uncertainties of individual objects such as the JES and JER systematics

being propagated to all ET 55 related variables. The uncertainty on the recon-
miss

miss

structed Eq 7 is also dependent on the E1 ™ soft term derived by two different
in-situ methods using Z — uu events [183].

e b-tagging: As the regions designed in this analysis require 2 b-jets, the uncer-
tainties arising from b-tagging affects signal and backgrounds. These b-tagging
uncertainties are accounted for by varying the pp, n and flavour-dependent scale
factors based on the kinematics of the jet and the jet flavour as described in this
reference [184].

e Lepton efficiencies: Lepton reconstruction and identification efficiencies have
contributions to the backgrounds. For electrons, the uncertainties originate from
the e/~ resolution and scale and from the electron reconstruction efficiency. Sim-
ilarly for muons the uncertainties originate from the muon resolution and recon-
struction efficiency, the isolation and the momentum scale. The lepton trigger scale
factors are also taken into consideration due to the usage of single lepton triggers
in a three-lepton ttZ control region.

e Pileup: The uncertainty due to pileup re-weighting of the MC samples is accounted
for by applying a scale factor to the MC simulations that considers the minimum-
bias vertex data related to the number of pile-up interactions. And the uncertainty
on the applied scale factor applied is calculated by varying the scale-factor within
its uncertainties.

Due to the analysis final states and resulting selections, the most relevant detector un-
certainties for the analysis are the uncertainties arising from the jets - the JER, JES
and b-tagging uncertainties. The uncertainties coming from the leptons and ET™ are
comparatively less relevant and is expected to only contribute a small amount to the

overall total uncertainty.
Modelling Uncertainties

Theory uncertainties affecting the background normalisation and kinematic distribution
impact significantly the background prediction in the signal regions, being in several cases
the highest uncertainty in the signal regions. These uncertainties mainly stem from the
non-arbitrary choices made when constructing a MC generator to model a physics process
associated to either the MC generator, the parton shower and hadronisation model used,
the simulation of ISR/FSR radiation and/or the PDF scale and or QCD scales used to
predict the kinematics and cross-sections of the processes.

The uncertainties arising from the choices made when producing the signal MC are esti-
mated when performing the model-dependent fit procedure as explained in the following
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section.

4.4 Results and interpretation

The fitting procedure used in the analysis is implemented using the HistFitter [185]
framework which performs a log likelihood fit using the number of expected MC events
for each process, in each CR and SR; the number of data events in each region, and the
errors on the number of expected MC events arising from the systematic uncertainties.
This background estimation using this fitting procedure allows for partial cancellation
of the systematic uncertainties. There are 3 types of fit: Background-only fit, Model-
dependent or Exclusionfit and Model-Independent or Discovery fit.

The Background-only fit is done to get the normalisation parameters (u,) for each of
the dominant backgrounds that have corresponding CRs defined. The purpose is to
evaluate the total background expectation in the SRs (and VRs) without making any
assumptions on the signal model under consideration (i, = 0). These normalisation
parameters calculated by the fit procedure by using information only from the CRs.
These normalisation parameters are then introduced into a different likelihood function,
containing information from the CRs, VRs and SRs, to estimate the scaled backgrounds in
the SRs and VRs. A background-only fit without systematics was performed to obtain the
scaling factors for the dominant background contributions in region A. The normalisation
factors obtained have been summarised in Table 7?7 and the both the background scaling
factors were fitted simultaneously.

Table 4.18: Scaling factors for backgrounds obtained with separate background-only fits
in region A and B

Region ‘ Scaling Factor ‘ Value
SRA | p(single top) | 0.8 0.3

w(tt2) 1.2 4 0.2
SRB | u(tf) 0.8 +0.1
((ttZ) 1.2 40.3

After performing the background-only fit, a model dependent fit is performed to study
the signal model. This fit calculates the normalisation or signal strength parameter
(14sig) associated with the signal model under investigation. Also, this fit is known as an
exclusion fit because with no observed significant excess of events in the SRs from the
background-only fit results, exclusion limits can be applied to the SUSY signal. This fit
is performed simultaneously on the CRs and SRs, adding the signal sample to the CRs to
take into account possible signal contamination of the CRs. The results of the exclusion
fit takes into consideration all of the signal mass scenarios in the considered mass plane
such that an exclusion contour can be produced. If there is an observed excess of events,
then this fit can be used to measure the signal strength of the model.

The model independent fit or discovery fit provides a model-independent limit on any
additional number of events in the SRs beyond the expected number of background
events such that the results of the analysis can be interpreted in the context of any
generic model. This fit works in the same manner as the model independent fit. However
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tb+EF' CRA CRAst CRttZ
Observed events 40 43
Fitted bkg events 40.10 +6.31 42.94 4+ 6.54
Fitted Z events 0.23 = 0.00 0.13 £ 0.00
Fitted W events 8.05+0.14 0.00 + 0.00
Fitted ttbar events 11.42 4+ 0.19 0.27 + 0.00
Fitted st events 17.65 + 6.32 0.00 + 0.00
Fitted ttZ events 1.88£0.34 35.82 £6.54
Fitted other events 0.87+0.01 6.721+0.11
MC exp. SM events 43.28 37.76
MC exp. Z events 0.23 0.13
MC exp. W events 8.05 0.00
MC exp. ttbar events 11.42 0.27
MC exp. st events 21.10 0.00
MC exp. ttZ events 1.61 30.64
MC exp. other events 0.87 6.72

Table 4.19: Fit results for the background only-fit in the A-type control regions, for an
integrated luminosity of 139 fb~ Nominal MC expectations (normalised to MC cross-
sections) are given for comparison. The errors shown are statistical only. Uncertainties
on the fitted yields are symmetric by construction, where the negative error is truncated
when reaching to zero event yield

in this instance, a dummy signal is inserted instead of using an actual signal model and
no signal contamination is allowed.

The background-only fit results for CRA, VRA and SRA are shown in Tables 4.19, 4.20
and 4.21 respectively. Generally a good overall agreement is found between the MC
prediction and the observed data within uncertainties for all the regions. The combined
VR for single-top and ¢tZ is further motivated by the pre- and post-fit yields as shown
in Figure 4.22 and Table 4.20. Post fit, the background composition in the VRA fully
validates the observed dominant backgrounds of single top followed by ¢tZ in the SRA.

The background-only fit results for CRB, VRB and SRB are shown in Tables 4.22, 4.23
and 4.24 respectively. Also for region B, the MC and data are in good agreement. The
tt VRB post fit plots in Figure 4.23 validates the observed t¢ background observed in
the SRB.

As no excess is observed from the background-only fit results, I performed a model
dependentfit to place exclusion limits on the tb-+ET" signal model under consideration.
Figure 4.24 shows the expected limit plot and Figure 4.26 shows the expected limit plot
with a flat 20% uncertainty applied produced for SRA. From this preliminary expected
exclusion using SRA, it is observed that in comparison to the early Run 2 results as shown
in Figure 4.27, there is an increased sensitivity. It is seen that upto 980 GeVt/ b mass
can be excluded for )2(1) mass of 110 GeV. This is already ~ 150 GeV gain in the expected
exclusion limit in comparison to just the 1£ region shown by the red contour. and ~
60 GeVgain in comparison to the combined bb+Ep"™ and tb+Ep"™ observed exclusion
contour represented by the blue line.
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tb+E™SS VRA VRAst
Observed events 65
Fitted bkg events 65.93 +9.84
Fitted Z events 0.26 = 0.00
Fitted W events 3.09 £ 0.05
Fitted ttbar events 15.63 £ 0.26
Fitted st events 26.55 +9.51
Fitted ttZ events 17.25 £ 3.15
Fitted other events 3.16 £ 0.05
MC exp. SM events 68.62
MC exp. Z events 0.26
MC exp. W events 3.10
MC exp. ttbar events 15.63
MC exp. st events 31.73
MC exp. ttZ events 14.75
MC exp. other events 3.16

Table 4.20: Validation region for single top: Fit results for the background only-fit in the
A-type validation region, for an integrated luminosity of 139 fb~! Nominal MC expecta-
tions (normalised to MC cross-sections) are given for comparison. The errors shown are
statistical only. Uncertainties on the fitted yields are symmetric by construction, where
the negative error is truncated when reaching to zero event yield

tb+E™sS SRA SRA
Observed events 5
Fitted bkg events 5.41+1.15
Fitted Z events 0.02 = 0.00
Fitted W events 0.67 +0.16
Fitted ttbar events 0.14 +0.03
Fitted st events 2.21+£0.97
Fitted ttZ events 2.19+0.49
Fitted other events 0.18 +0.04
MC exp. SM events 5.54
MC exp. Z events 0.02
MC exp. W events 0.67
MC exp. ttbar events 0.14
MC exp. st events 2.65
MC exp. ttZ events 1.87
MC exp. other events 0.18

Table 4.21: SRA: Fit results for the background only-fit in the B-type validation region,
for an integrated luminosity of 139 fb~! Nominal MC expectations (normalised to MC
cross-sections) are given for comparison. The errors shown are statistical only. Uncer-
tainties on the fitted yields are symmetric by construction, where the negative error is
truncated when reaching to zero event yield.

Figure 4.25 shows the expected limits for SRB performed by the analysis team. Here too
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tb+Epis CRA CRBtt CRttZ
Observed events 145 43
Fitted bkg events 144.79 + 12.00 42.99 £+ 6.53
Fitted Z events 0.06 £0.01 0.13+0.03
Fitted W events 12.49 +2.47 0.00 + 0.00
Fitted ttbar events 113.83 £ 13.21 0.23 £0.03
Fitted st events 12.32 +2.44 0.00 = 0.00
Fitted ttZ events 3.11+0.58 35.91 £6.67
Fitted other events 2.98 + 0.59 6.72 + 1.33
MC exp. SM events 166.60 37.76
MC exp. Z events 0.06 0.13
MC exp. W events 12.48 0.00
MC exp. ttbar events 136.10 0.27
MC exp. st events 12.32 0.00
MC exp. ttZ events 2.66 30.64
MC exp. other events 2.98 6.72

Table 4.22: Fit results for the background only-fit in the B-type control regions, for an
integrated luminosity of 139 fb~! . Nominal MC expectations (normalised to MC cross-
sections) are given for comparison. The errors shown are statistical only. Uncertainties
on the fitted yields are symmetric by construction, where the negative error is truncated
when reaching to zero event yield

tb+Ex* VRB VRB-tthar
Observed events 17
Fitted bkg events 26.32+1.94
Fitted Z events 0.05 + 0.01
Fitted W events 1.86 +0.37
Fitted ttbar events 18.08 + 2.08
Fitted st events 3.24 +0.64
Fitted ttZ events 2.14+0.44
Fitted other events 0.94+0.19
MC exp. SM events 29.66
MC exp. Z events 0.05
MC exp. W events 1.86
MC exp. ttbar events 21.57
MC exp. st events 3.24
MC exp. ttZ events 2.00
MC exp. other events 0.94

Table 4.23: Validation region for tt: Fit results for the background only-fit in the B-type
validation region, for an integrated luminosity of 139 fb~! Nominal MC expectations (nor-
malised to MC cross-sections) are given for comparison. The errors shown are statistical
only.Uncertainties on the fitted yields are symmetric by construction, where the negative
error is truncated when reaching to zero event yield
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tb+E™sS SRB SRB
Observed events 15
Fitted bkg events 15.84 £1.61
Fitted Z events 0.00 = 0.00
Fitted W events 1.99 £0.41
Fitted ttbar events 3.94 + 0.50
Fitted st events 2.49 £0.51
Fitted ttZ events 6.39 + 1.23
Fitted other events 1.03£0.21
MC exp. SM events 15.67
MC exp. Z events 0.00
MC exp. W events 1.98
MC exp. ttbar events 4.71
MC exp. st events 2.49
MC exp. ttZ events 5.45
MC exp. other events 1.03

Table 4.24: Fit results for the background only-fit in the B-type validation region, for an
integrated luminosity of 139 fb~'. Nominal MC expectations (normalised to MC cross-
sections) are given for comparison. The errors shown are statistical only.Uncertainties
on the fitted yields are symmetric by construction, where the negative error is truncated
when reaching to zero event yield.

a marked improvement is observed in comparison to Figure 4.3 in the compressed region.

As mentioned at the start of the chapter, this is still an ongoing analysis at the time
of writing this thesis. A few signal point have been added in the designed grid to pro-
duce a better limit contour around the m; = 700 GeVand meo = 400 GeV. Overall, the
preliminary results from the exclusion plot shown in Figures 4.24 and 4.27 motivates
that the final exclusion contour produced in combination with the designed SRB for the
compressed regions and with the latest bb+ET"™ analysis will further exclude the limits
of this signal model, thereby increasing the chances of finding SUSY beyond the excluded

region.
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Figure 4.14: Three important variables are plotted after the conditions noted in Table 4.3
are applied to form SRA. The MC simulation is scaled to 139 fb~and a semi-log scale
applied. The solid coloured histograms indicate the different SM background contribu-
tions. With the hashed area representing a total statistical uncertainty. The lines show
the distributions from three different "representative” signal points. The lower panel dis-
plays the standard recommended ATLAS significance of each bin, Z,, with a flat 20 %
uncertainty applied. The plots show that in individual bins, it is dominated by the lim-
ited statistics in W+-jets. However, this does not affect the SRA, as this phenomenon is
related to the data generation in MC simulations and particularly noticeable when deal-
ing with rare events. Furthermore, the observed main SM backgrounds are single-top
and ttZ.
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Figure 4.15: Distributions in single top CRA-st for different variables. In each sub-figure
the coloured, solid histograms show the SM backgrounds scaled to 139 fb~!. The hashed
area represents the statistical error on the prediction. The black points show the data

with statistical error bars. Overlaid are dashed lines of representative signal points.

lower panel contains the ratio of data over SM prediction.
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points show the data with statistical error bars. The lower panel contains the ratio of
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Figure 4.17: Distributions in single top VRA-st for different variables. In each sub-figure
the coloured, solid histograms show the SM backgrounds scaled to 139 fb~!. The hashed
area represents the statistical error on the prediction. The black points show the data
with statistical error bars. Overlaid are dashed lines of representative signal points. The
lower panel contains the ratio of data over SM prediction.



Section 4.4: Results and interpretation 129

> T T T 3 3 E T T
8 s [ T 7 3 F 1S T
2 10 E| 2 10° = y
8 Mscgor MW E 3 E Msngeor  Mweies
= Vs =13 TeV, 139 b 10 oer Zies 3 2 E V§=13TeV, 139107 Mloner Zejes
g 0 SRB_ISR ShouTom  —omETE0 40 o § 1°  smreUsR ShsMToal  — wMET s00 400
3 — OMET 900500 —VET 800600 @ E — IOMET 500 500 — 1MET 800 600
—= 10
—= =
- 10
— 10
;\? ;\? oF T T T T T T T
& 8 _—
2 of E| = = . | . M 3
500 1000 1500 2000 2500 3000 3500 4000 4500 0 200 400 600 800 1000 1200 1400
mg, [GeV] ET™ [GeV]
miss
( a) Mefr ( b ) E T

Figure 4.18: Two important variables are plotted after the conditions noted in Table 77
are applied to form SR. The MC simulation is scaled to 139 b~ and a semi-log scale
applied. The solid coloured histograms indicate the different SM background contribu-
tions. With the hashed area representing a total statistical uncertainty. The lines show
the distributions from three different "representative” signal points. The lower panel
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Figure 4.19: Distributions in CRB-ttbar for mgg and E2'° variables. In each sub-figure
the coloured, solid histograms show the SM backgrounds scaled to 139 fb~!. The hashed
area represents the statistical error on the prediction. The black points show the data
with statistical error bars. Overlaid are dashed lines of representative signal points. The
lower panel contains the ratio of data over SM prediction.
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lower panel contains the ratio of data over SM prediction.
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Figure 4.21: Distributions in two-lepton ttZ-VR for Mypy(£;,£y) and EF™ variables.
In each sub-figure the coloured, solid histograms show the SM backgrounds scaled to
139fb'. The hashed area represents the statistical error on the prediction. The black
points show the data with statistical error bars. Overlaid are dashed lines of representa-
tive signal points. The lower panel contains the ratio of data over SM prediction.
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Figure 4.22: Post-fit one-bin plot and kinematic distributions in VRA-st. In each sub-
figure the coloured, solid histograms show the SM backgrounds scaled to 139 fb~'. The
hashed area represents the statistical error on the prediction. The black points show the
data with statistical error bars. Overlaid are dashed lines of representative signal points.
The lower panel contains the ratio of data over SM prediction.
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Figure 4.23: Post-fit one-bin plot and kinematic distributions in VRB-ttbar. In each
sub-figure the coloured, solid histograms show the SM backgrounds scaled to 139 bt
The hashed area represents the statistical error on the prediction. The black points show
the data with statistical error bars. Overlaid are dashed lines of representative signal
points. The lower panel contains the ratio of data over SM prediction.
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Figure 4.24: Expected model-dependent exclusion limits for SRA at 139 fb~! without the
inclusion of the systematic uncertainties. The limit is shown in the b mass (x-axis) and
>~<(1) mass (y-axis) plane and the limit plot uses background normalisation factors obtained
from background-only fits using associated single-top and ttZ CRAs for SRA.
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Figure 4.25: Expected model-dependent exclusion limits for SRB at 139 fb_l, with no
systematic uncertainties included. The limit is shown in the b mass (x-axis) and )2(1)
mass (y-axis) plane. The limit plot uses background normalisation factors obtained from
background-only fits in ¢t and t¢Z CRs for SRB.
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Figure 4.26: Expected model-dependent exclusion limits for SRA at 139 fbfl, including
a flat 20% systematic uncertainty. The limit is shown in the b mass (x-axis) and ¥}
mass (y-axis) plane. The limit plot uses background normalisation factors obtained from
background-only fits in single-top and ttZ CRs for SRA.
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This thesis documents the author’s active engagement within the ATLAS Collabora-
tion spanning from 2019 to 2023. During this period, the author has made significant
contributions to the ATLAS Collaboration, co-authoring many publications and playing
an equal role in two pivotal initiatives: the search for the pair production of 3rd gen-
eration squarks and the high-luminosity upgrade effort of the ATLAS detector whilst
contributing directly to the following published work:

e J. Anders, et al., A facility for radiation hardness studies based on a medical cy-
clotron, Journal of Instrumentation 17 (2022) P04021 [186]
I contributed to pre- and post-irradiation characterisation of twin-axial electrical
cables using the irradiation setup.

The SUSY search presented in this thesis is still ongoing and in its final stages. The
initial plan had been to use machine learning techniques to design the analysis regions.
However due to time constraints arising from long production time and limited duration
of a Doctoral thesis a 'cut-and-count’ method was employed. Since I started writing the
thesis, there has been addition of new signal points around m; = 700 GeV and meo =
400 GeV in the signal grid. Also, the inclusion of the complete systematics in the fitting
procedure is in progress. In this thesis the expected exclusion limits have been presented.
Even if no significant excess is observed that would confirm the existence of SUSY,
already the sensitivity shown in Figure 4.24 is such that it extends the limits as shown in
Figure 4.3 by 60-150 GeV in the bulk region. The expected limits on mg ; exclude upto

980 GeV for moo = 110 GeV assuming Am()}?, )ﬁc) =1 GeV to align with the last analysis.

miss

Moreover, this tb-+Ep 5 final state search results will also be combined with bb-+ET
searches using the full 139 fb~'Run 2 dataset. This is expected to further extend the
exclusion contour well into the TeV mass scale. This is extremely promising and further
motivates the need for the HL-LHC. With increased luminosity and consequently greater
statistics, the possibility of finding the lightest SUSY particles is becoming very real.

The first two to almost three years of my Doctoral thesis was spent working in the Bern
ATLAS laboratory, building and testing the first prototype of the ATLAS ITk Pixel data
transmission chain associated to the HL-LHC upgrade of the ATLAS detector. I started
with testing the GBCR1 using an Arduino micro-controller and then slowly building the
chain adding one component at a time. Characterising each component in the chain and
optimising the multiple registers in each of the components was at best a pleasure and at
worst - particularly during the COVID era, very challenging. But I look upon this time
of my thesis, where I learnt the most. I successfully managed to qualify the ITk Pixel



138 Conclusions

Optoboard v3.0 +
termination board

RO 1TkPix v

- LY g 1
S— = S

OB IL3 PPO Position J10 = S
P av— 1 —}

- AEE front-type

Figure 4.28: The complete functioning data transmission chain with the final I'Tk com-
ponents.

electrical data transmission chain from the pixel modules to the optoboard. It is able to
satisfy the requirements of BER < 1072 for a signal loss < 20dB with lowest observed
total jitter of ~ 110 ps. The IpGBT specifications have stated a jitter requirement of <
100 ps. However, for properly configured components, the observed BER at 95% CL is
<1072

When I moved from lab work to physics analysis, the transmission chain consisted of the
RD53B clock-data-recovery (CDR) chip, 1 m flex and 6 m twinAx cables and optoboard
prototype version 1, with GBCR2, IpGBT v0, and VTRx+ version 10. Instead of the
FELIX, a customised KC705 board was used to communicate with the optoboard. Cur-
rently the transmission chain consists of the ITkPixV1 front-end (FE), patch panel 0, 6 m
twinAx cables, optoboard prototype version 3, with GBCR2, IpGBT v1, and VTRx+
version 10 connected via optical fibres to the FELIX backend system. After a successful
final design review, we are now in production phase.

Figures 4.29 and 4.28 show FELIX soft errors and BER limit results obtained by Bern
ATLAS team members with the most up to date data transmission chain respectively.

I had dreamed of completing the ITk data transmission chain prototype inside the Bern
laboratory and had hoped to conduct a source test and watch the particle being detected.

This too will soon be a reality.

My involvement in the I'Tk Pixel readout system highlighted the significance of not solely
focusing on sensor and front-end attributes, but also adopting a comprehensive approach
to detector design. This comprehensive perspective is indispensable for ensuring the suc-
cessful development and functionality of a tracker. Elements like readout mechanisms,
power supply, grounding strategies, and monitoring protocols must be considered early
in the design phase. Anticipating these aspects from the outset is essential for exam-
ple in the context of upcoming colliders like the Future Circular Collider (FCC) [187]
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Figure 4.29: Soft error counter and BER limit measurements using FELIX system on
the left and right respectively.

which examines scenarios for three different types of particle collisions: hadron (pp and
heavy ion) collisions, like in the LHC (FCC-hh), electron—positron collisions (FCC-ee),
as in the former LEP. Other options include proton—electron collisions or proton-heavy
ion collisions. For example, detectors at FCC-ee [188] necessitate ultra-low material
budgets, whereas those at FCC-hh [189] must meet unparalleled standards of radiation
resistance. In this context, leveraging the insights gained from the design and opera-
tion of detectors at the High-Luminosity LHC is particularly invaluable, especially in
addressing challenges related to material budget and radiation hardness. More research
and development (R&D) is required and to this end, among the current experiments at
the LHC, the ALICE experiment designed primarily for heavy-ion physics, focusing on
the study of quark-gluon plasma, can contribute significantly to the understanding and
building of the FCC project in comparison to the ATLAS and CMS experiments.

In conclusion, my work and time spent as a Doctoral candidate has contributed in testing
and expanding the limits of particle physics and more importantly expanded my own
exclusion limits.
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