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Chapter 1.
Introduction

The 20th century witnessed an unprecedented surge in the exploration of the fundamental
building blocks of the universe, driven significantly by the rise of quantum physics. This
exploration culminated in the development of the Standard Model (SM), a comprehensive
theoretical framework explaining fundamental particles and their interactions. Over the years,
the predictions of the SM have undergone rigorous scrutiny, reaching a historic milestone
with the discovery of the Higgs boson in 2012, serving as a robust confirmation of its validity.
However, both theoretical arguments and experimental evidence strongly suggest its limitations
as the ultimate theory governing particle physics.

Consequently, experiments at particle accelerators, such as the ATLAS detector at the Large
Hadron Collider (LHC), gain paramount importance. They play a crucial role in testing the
SM predictions and potentially uncovering indications of new particles or interactions beyond
its established framework.

One particularly effective approach for assessing the SM involves examining the electroweak
production of a vector boson pair associated with two jets. This method, notable for probing
vector boson scattering (VBS) processes, provides direct insights into the electroweak (EW)
sector of the SM. Accordingly, this thesis focuses on examining the electroweak production
of a Z boson and photon accompanied by two jets (EW-Z~vj7). This study is important
since it can access quartic gauge couplings WW Z~, ZZ Z~, Z Z~~ and Z~v7y. The last three
couplings are explicitly prohibited at the lowest order in the SM. Any deviation from the SM
predictions for these couplings could signify hints of new physics beyond the SM.

However, observing the EW-Z~jj process at the LHC poses significant challenges due to its
low production rate and presence of substantial background events. Evidence of the process
was found by both ATLAS and CMS detectors using proton-proton collision data collected in
2015 and 2016. Subsequently, ATLAS and CMS observed it using data collected from 2015 to
2018. This thesis details the analytical approach that led to the discovery of the EW-Z~jj
process, utilising data recorded by the ATLAS detector from 2015 to 2018. Additionally, the
thesis includes differential cross-section measurements for the EW-Z~jj process, which is
pivotal for future Effective Field Theory (EFT) studies and refining the existing Monte Carlo
description.

Furthermore, in anticipation of increased radiation doses at the upcoming High Luminosity
Large Hadron Collider (HL-LHC), various components of the ATLAS detector require upgrades.
Consequently, this thesis also focuses on upgrades of the electronic calibration boards for the
ATLAS liquid argon electromagnetic calorimeter. This critical undertaking aims to ensure a
good detector resolution, vital for achieving precise measurements of the energies of electrons,
photons, and hadrons with the ATLAS detector. The findings from these investigations
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will play a pivotal role in both the design and testing of the final calibration board for the
HL-LHC.

The thesis unfolds with Chapters 2 and 3 laying the theoretical foundation for the VBS
process and introducing the reader to the ATLAS detector. Following this introduction, the
thesis is divided into two main segments: the initial part (Chapters 4-6) focusing on upgrades
of the electronic calibration board, and the subsequent part (Chapters 7-13) delving into
the analysis of the Z+jj process with the ATLAS detector. Finally, Chapter 14 contains
concluding remarks.



Personal Contributions

e Chapter 5.3: I actively participated in irradiation tests and conducted data analysis.

e Chapter 6.3: I played a key role in the development of LabVIEW tests for controlling
the board from the test bench located at LAPP.

e Chapter 6.4: I carried out all tests involving the calibration board prototype and
conducted data analysis.

e Chapter 8.2 and Chapters 11.1-11.2: T applied selection criteria and computed relevant
variables for both signal and background samples at the detector level. Additionally, I
generated all signal samples at the particle level and computed corresponding particle-
level variables too.

e Chapter 11.3: I carried out extensive studies to determine the most suitable region for
measuring the EW-Z~j7 process.

e Chapter 12.2: I formulated the comprehensive procedure for executing the fitting process.
e Chapter 12.4: The entirety of the results presented in this chapter is my own work.
e Chapter 13.2: I was responsible for devising the optimisation strategy for binning.

e Chapter 13.3: I developed the procedure for unfolding the EW-Z~jj processes and
computed the essential inputs required for configuring the unfolding process.

e Chapter 13.4: I am the sole contributor to all the differential measurements related to
the EW-Z~j7 process.

e All studies in the appendices were conducted by me.



Chapter 2.
Theoretical Foundation

The goal of particle physics is to understand the elementary constituents of matter and the
interactions between them. At the core of this field lies the Standard Model (SM), a well-tested
theory that explains a wide range of phenomena and encapsulates our current understanding
of particle physics. It serves as the theoretical foundation for all modern particle physics.

In this chapter, Section 2.1 provides an overview of the essential components of the Standard
Model. It describes the mathematical framework underlying the SM, with an emphasis on
electroweak theory, to facilitate the understanding of Z+ vector boson scattering as a probe for
new physics, which is discussed in Section 2.2. For an in-depth exploration of the underlying
principles, readers may refer to [1] and [2].

2.1. Standard Model

The Standard Model classifies particles into two distinct groups: fermions and bosons.
Fermions, characterised by half-integer spin!, obeys the Pauli exclusion principle [3] which
forbids two identical fermions from occupying the same quantum state simultaneously. On
the other hand, bosons, with integer spin, do not face such restrictions and can occupy the
same quantum state without limitation.

The fermions can be further classified into two groups: leptons and quarks, as seen in Figure
2.1. Leptons are organised into three doublets, known as generations. Each doublet consists of
a negatively charged lepton (electron e, muon p, tau 7) and its corresponding neutral lepton

(Ve, Vy, vr):
<Ve> (Vﬂ> (VT>
e) \pu) \ 7

The distinguishing factor between generations is the mass of the particles. Higher-generation
particles have greater mass than their counterparts in lower generations. Moreover, heavier
particles are unstable and tend to decay into lower-generation particles until they reach the
most stable first generation.

! The spin of a particle corresponds to its intrinsic angular momentum
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il I}
mass =22 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % EZ] k2] 0 0
spin | % U % C % t 1 Q 0 H
up charm top gluon higgs
e
=4.7 MeVic? =96 MeVi/c? =4.18 GeV/c? 0
- -¥s -Y 0
- (d v (8 » b "
down strange bottom photon
e
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 -1 -1 0
» » x » &
electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <18.2 MeV/c2 =80.39 GeV/c?
0 0 0 +1
% Ve ¥ Vl-l % Vt 1 \%
electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1.: Standard Model of elementary particles

Quarks, like leptons, are also divided into three generations. Each generation includes two
quarks, one with an electric charge of +2/3e and the other with a charge of -1/3e:

)-C) )

Unlike leptons, quarks cannot exist in isolation due to their color charge. Thus, quarks
combine to form composite particles called hadrons, which do not possess any net color charge.

These fermions interact with each other via four fundamental forces: the strong force, the
electromagnetic (EM) force, the weak force and the gravitational force. The SM is a quantum
field theory (QFT), a theoretical framework that combines principles from both special
relativity and quantum physics. The gravitational force, on the other hand, is based on
Einstein’s theory of general relativity (GR). Since a theory unifying GR and QFT has not
been formulated successfully till date, gravity is the only force that is excluded from the
SM. In addition, it should be kept in mind that gravity is by far the weakest force at the
subatomic level. Thus, gravitational interactions for elementary particles can generally be
ignored anyway.

The key idea behind QFT is that every particle in the universe is an excitation of a quantum
field that is defined over all space and time. For example, the electron particle is simply a
quantum excitation of the electron field that pervades throughout the universe. Similarly, force-
carrying vector (spin-1) particles, also known as gauge bosons or vector bosons, are excitations
of the SM force fields. A description of the SM forces, along with their corresponding gauge
bosons, is shown in Table 2.1. The properties of these gauge bosons (such as mass, charge
and spin) is depicted in Figure 2.1.
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Interaction Gauge boson  Matter particles involved
Strong gluon quarks

Electromagnetic photon quarks, charged leptons
Weak W=, Z bosons all

Table 2.1.: A comparison of forces in SM.

The final piece of the SM is the scalar (spin-0) Higgs boson [1]. It is simply a quantum
excitation of the all-pervading Higgs field, which is a field responsible for generating the mass
of all elementary particles.

Furthermore, in accordance with QFT, each fermion has an associated antiparticle with the
same mass but opposite quantum charges (such as the electric charge Q). For example, the
antiparticle of an electron with @@ = —1le is the anti-electron/positron with Q = +1e [7].
These anti-particles are also included in the SM, but have not been depicted in Figure 2.1.

The following sections provide a mathematical formulation of electroweak vector bosons, i.e.
W=, Z, and ~, based on the principles of QFT.

2.1.1. Electromagnetic Interactions

The dynamics of a field in QFT is governed by the Lagrangian density L. It is often called just
the Lagrangian. For example, the Lagrangian of a matter (or fermion) field ¢ at spacetime z
can be decomposed into a term representing the kinetic energy of the matter field L, qtter
and a term representing its mass L;,qss. It is then written as

L= £matter + Emass

- %Z(:L‘)(iry“@u)i/)(x) — map(z)ip(x) (2.1)

where y# are Dirac matrices [2], m is the particle mass and 1 is the anti-matter field.

This Lagrangian remains invariant under phase rotations in the complex plane. In other
words, if the field ¢ is rotated by an angle « in spacetime as follows,

Y(x) = eY(x) (2.2)

then the Lagrangian in Equation 2.1 does not change. Such spacetime transformations
that leave a Lagrangian invariant are known as gauge transformations. In addition, gauge
transformations are often classified into a gauge group or symmetry group. For example, the
transformations in Equation 2.2 represent the U(1) symmetry group.

In Equation 2.2, the parameter o does not vary with spacetime x. For this reason, the
symmetry is called a global symmetry, i.e., the field changes by the same amount at every
point in spacetime.

Conversely, if a(x) is spacetime dependent, i.e. the field changes by different amounts at
different points in spacetime, the Lagrangian is no longer invariant with respect to local U(1)
gauge transformations. In order to restore local symmetry, the derivative d, is replaced by



Theoretical Foundation 11

the covariant derivative D, given by

B, — Dy = 0y, + igA,(x) (2.3)

where A, (z) is a new field known as the gauge field. It will also transform under local gauge
transformation as follows

Au(w) = Ay() - ;aum(x)) (2.4)

The parameter g in Equations 2.3 and 2.4 is the gauge coupling parameter. It denotes how
strongly the gauge field A, () interacts with the matter field 1 (z).

From Equations 2.2, 2.3 and 2.4, it can then be shown that D, (x) transforms as

Dyab(z) — 0,(e@ip(x)) + ig (Au(m) - ;8M(a(a:)>em(“)1/)(x)
= @D ()

such that the term zﬁ(a:)ify“Duw(a:) is invariant under local gauge transformations. Conse-
quently, the Lagrangian is also invariant under local transformations.

Hence, in general, gauge fields corresponding to a symmetry group are introduced in theory to
produce a Lagrangian that is invariant under local transformations. This is known as gauge
theory.

Lastly, a kinetic term for the gauge field A, has to be included in the Lagrangian®. This
additional term should not break the local gauge invariance of the Lagrangian. It can be
written as

1 17
Egauge = _ZFM (x)F,UV(m)
where F,,(x) is a gauge invariant object itself known as the field strength tensor. This is
given by
Fuy(z) = 0, A,(x) — 0,A,(x)

Here, the gauge field A, can be identified as the photon gauge field. The final Lagrangian,
invariant under local U (1) transformations, is then written as

L= Lmatter + »Cmass + *Cgauge

/) Tallad 1 v (2'5)
= () ("' D, — m)p(x) — ZF () Fu(z)
Equation 2.5 describes the Lagrangian of Quantum Electrodynamics (QED) [1] [2] for a single

flavour of charged fermions.

2 The Lagrangian combines the kinetic energy and potential energy of a field to describe its dynamics. The
kinetic energy represents the energy associated with the field motion, while the potential energy represents the
energy associated with the field itself.
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It should be noted that an additional mass term for the gauge bosons of the form —mTQA”AM
would break the local gauge invariance of the Lagrangian. Thus, photons are massless.

2.1.2. Electroweak Interactions

In the previous section, it was shown how the photon arises as a gauge field associated with
local U(1) symmetry. In this section, a similar gauge theory approach for W* and Z bosons
is followed. This will eventually lead to the electroweak unification [6].

As a starting point, the symmetry group considered for weak interactions is SU(2). It is
represented by,

() = T ()

Here, ¢ is a doublet and T are the three generators of the SU (2) group that define the SU(2)
algebra. They can be written in terms of Pauli spin matrices &

T==¢ (2.6)

P R

Consequently, local gauge invariance leads to the appearance of three new gauge fields
Wl}, Wﬁ, Wl‘j’ along with a gauge coupling parameter g. The experimentally observed W/f
boson fields [7] [5] can then be written as a combination of gauge fields W, and W7 as follows

N | —

and & is given by

1 Y172
Wi — WH + ZWIJJ
g V2

Experimentally, it was found that the Wiﬁ bosons couple to left-handed fermions® only.
Consequently, the gauge fields W,} and Wi should interact in the same way. The symmetry
group is thus modified to SU(2)r,, where the index L indicates that the gauge fields associated
with the SU(2) group couple to a doublet of left-handed fermions.

The third gauge field Wj’ has no electric charge. However, it cannot play the role of the
neutral Z boson. This is because WS couples to left-handed fermions only (from SU(2)r
symmetry), whereas the Z boson interacts with right-handed fermions as well.

In order to solve this problem, an additional U(1)y symmetry is considered. Here, the index Y’
denotes the conserved charge associated with U(1) symmetry. It is known as the hypercharge.
This is in accordance with Noether’s theorem [|9] which states that for every continuous
symmetry, a conserved quantity exists. Similarly, the conserved charge associated with the
SU(2) symmetry is the third component of weak isospin Is. These charges are related to the

3 In the limit of massless fermions, fermions possess intrinsic handedness or helicity. Left-handed fermions
have their spin opposite to their momentum, while right-handed fermions have their spin aligned with their
momentum.
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more familiar electric charge @ via the Gell-Mann-Nishijima formula [10] given by
Y
Q=13+ 5

Now, local U(1)y gauge invariance leads to the appearance of another new gauge field B,
along with a gauge coupling parameter ¢g’. The experimentally observed Z, boson [11] [12]
field and photon field A, can then be obtained by mixing the Wg’ and B,, gauge fields as

follows
Ap\ [ cosby  sinfy B, (2.8)
Z, —sinfy  cos Oy Wi’ '

where Oy is the weak mizing angle for B, and Wg’ fields.

Hence, in short, the photon, Z and W* bosons arise from a gauge theory based on SU(2)r, x
U(1)y symmetry. This unified description of EM and electroweak gauge bosons is the
electroweak (EW) theory.

The corresponding gauge invariant Lagrangian of the EW theory [1]| [2] can then be broken
down as £ = Liatter + Lgauge- Here,

ﬁmatter = TZLZ"YHDqu + &RiquuwR

where D), is now the covariant derivative corresponding to the SU(2)r x U(1)y group. Here,
1z, is a doublet and 1) is a singlet 4. Following the syntax of Equation 2.3, it can be written
as

/
Dy = 8, +igT, W + z’%YBu

where a = 1,2, 3. Lastly,

1

1
Egauge = _ZWALVW;}V - 4

B"B,, (2.9)

where W, and B, are the field strength tensors associated with W and B, respectively.
They are defined as

B, = 0,B, — 0,B,
We, = 0, W — 9, W — ge"™ Whwg (2.10)

The last term in Equation 2.10 is necessary to conserve the local gauge invariance. Specifically,

the SU(2)y, generators T® do not commute®. From equations 2.6 and 2.7, this commutator is

given by

1,1 1 1
O’b b]

qa b —iga Lov Lo b _Labe _ . abeq 2.11
[T, 77 [20,2 ] 4[0,0 S ie 0 = ie™T (2.11)

4 In the Standard Model, neutrinos are only right-handed. Thus, right-handed fermion singlets are
€R, LR, TR, UR, dR> CR, SR, tR and bR
® Mathematically, commutator between two matrices A and B is given by [A,B|=AB-BA
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wt wt w+ .2 w+
v, Z

w— W~ w- 1< w-

Figure 2.2.: Self-interactions of electroweak gauge bosons

Then, Equation 2.9 gives rise to self triple (WW Z, WW+) and quartic ( WWWW, WW ZZ,
WW Z~v, WW~~) terms, as seen in Figure 2.2. It should be noted that a pair of charge W
bosons are always present and no neutral quartic gauge couplings® exist in the SM.

2.1.3. The Higgs Mechanism

It should be noted that, in order to maintain the local SU(2);, x U(1)y gauge symmetry, the
EW Lagrangian constructed so far does not include any mass terms. However, this implies that
all fermions and gauge bosons are massless, which contradicts our observations in nature, as
evidenced by the non-zero mass values depicted in Figure 2.1. The solution to this conundrum
is provided by the Higgs mechanism [1] [13].

This mechanism introduces a SU(2), doublet ¢ to the EW theory. It is called the Higgs
doublet and is given by
¢+
¢ =
¢O

where ¢7 is a complex scalar field with electric charge +1e, and ¢° is a complex scalar field
with no electric charge.

The corresponding Lagrangian is then written as

Litiggs = (Dud) (Dpop) — V() (2.12)

where, the first term represents the kinetic energy of the Higgs doublet, and the second term
represents its potential. This potential V(¢) is further defined as

V(9) = 1’1o + A(¢19)? = 1*|of* + Agl*
where A and p? are parameters that define the shape of the Higgs potential.

It should be kept in mind that L4, is invariant under SU(2)r, x U(1)y transformations.
Hence, it can be included in the EW Lagrangian. Consequently, introducing ¢ to the EW
theory is also justified.

Now, in order to keep the theory stable, the potential must have a finite and stable minimum.
Hence, A is kept positive to ensure that the potential is bounded from below. The minimum

6 Neutral quartic gauge couplings involve Z or v only
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(a)

Vig) V¢)

Figure 2.3.: A representation of the 1-dimensional potential V(¢) for a) u? > 0 and b) u? < 0 when
A>0

of the Higgs potential, or in other words, the state with minimal energy is known as vacuum
state ¢g. It depends on the sign of p?, as follows

o If 442 is positive, there is only one vacuum state given by

(2

A representation of the corresponding 1-dimensional potential is shown in Figure 2.3(a).
It should be noted that the potential is invariant under the transformation ¢ — —¢.
Consequently, Lr;44s is also invariant or symmetric under ¢ — —¢.

e If 142 is negative, there are an infinite number of stable vacuum states. Two of them are

given by
0
$o = ( Y >

Here, the parameter v is known as the vacuum expectation value. It is given by

A representation of the corresponding 1-dimensional potential is shown in Figure 2.3(b).

Among these two stable vacuum states, a choice has to be made between +v and
—v. Consequently, the Higgs potential is no longer invariant under the transformation
¢ — —¢. This leads to the symmetry of Lp;44s being broken, and the corresponding
phenomenon is known as electroweak symmetry breaking (ESMB).

In the Higgs mechanism, p? < 0 and the arbitrarily chosen vacuum state is
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It is always possible to find a SU(2)r, x U(1)y gauge transformation such that the vacuum
state transforms as

This field A is the spin-0 Higgs field.

In summary, the basic idea of the Higgs mechanism is to introduce a scalar Higgs doublet ¢
whose potential V' (¢) has several stable vacuum states. When one of these vacuum states with
a non-zero vacuum expectation value is chosen to be the minimum of V(¢), the symmetry of
Ligqs breaks and the Higgs field arises.

All particles acquire their masses through interactions with this Higgs field. When considering
the electroweak gauge bosons, these interactions can be determined by evaluating the kinetic
term of Lriggs for ¢ = ¢p. This kinetic term is written as

2
. g 0

0, +1 TaW“—l—zYB>

(u g a 2 g <v+h>|

1 1 . 1
— 5(aﬂh)2 + ggZ(v + R W, + W2 + g(

1

(DuﬁbO)T(DuﬁbO) = 5

v+ h)2|gW3 — g'Bu|2

Recalling that the mass term for bosons is of the form —mT?X HX,, only the terms that are
quadratic in the gauge fields needs to be examined. These terms are

1 1
UG (WaW L WEW2E) 4 2o (gWi — g'By) (9™ — g'BY)
Using Equation 2.8, these terms can be re-written in terms of physical gauge fields. Then, the
terms that are quadratic in W+, Z and A are

1

1
(§vg)2W;W_’“ + gUQ(g2 + g’Q)ZMZ“ +0-A4,A"

Accordingly, the masses of the EW gauge bosons are given by

1 1 7
Myw = Svg; Mz = ivm; My=0 (2.13)

2.2. Vector Boson Scattering

Despite its remarkable success, the Standard Model has several shortcomings, such as:

e [t does not incorporate the force of gravity into its framework. This is one of the
fundamental forces in nature, but its description requires a separate theory such as
general relativity.

e It only accounts for about 5% of the total energy content of the universe, and does not
provide an explanation for dark matter, which is inferred from its gravitational effects,
nor dark energy, which is believed to be responsible for the accelerating expansion of
the universe.
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e It does not explain why the universe contains significantly more matter than antimatter.
This matter-antimatter asymmetry is one of the fundamental puzzles in cosmology.

e It has a number of parameters that are not predicted or explained by the theory itself.
The values of these parameters must be determined experimentally, and some of them
appear to be finely-tuned to match observed data. This fine-tuning is considered
unsatisfactory and suggests that there may be a more fundamental theory that provides
natural explanations for these parameters.

These limitations indicate that the SM is an incomplete theory and that there may be new
physics beyond the SM that can address these issues. One of the ways to probe the existence
of new physics is by investigating vector boson scattering (VBS) processes, which refers to any
process of the form V'V — V'V where the electroweak vector boson V can be W, Z, or ~.

2.2.1. Motivation

In QFT, particles are considered polarised when their spin vector S exhibits a preferred
direction relative to their momentum p. This polarisation is quantified by the helicity, given

—

by h = S. %. For spin-1 particles with a non-zero mass, like the W and Z bosons, the helicity
can assume three values: +1 and 0. In the case of massless spin-1 particles, like the photon,
the helicity is limited to +1. A helicity value of 0 corresponds to longitudinal polarisation,

while transverse polarisation is associated with A = £1.

The two transverse polarisation states’ of a massless vector boson travelling along the z axis
can be written as [1]

1

while massive vector bosons can also exist in a longitudinal polarisation state given by

1

¢ = —(p:,0,0,E) (2.15)

where E and m are energy and mass of the vector boson, respectively.

From equations 2.14 and 2.15, it follows that the VBS cross-section® for longitudinally
polarised bosons scales as F/m, while the cross-section for transversely polarised bosons
remains constant. Figure 2.4 (a)+(b) displays the cross-section of longitudinally polarised
VBS, considering its triple and quartic couplings. The corresponding Feynman diagrams are
depicted in the upper row of Figure 2.5. Initially, the cross-section scales with the center-of-
mass energy /s. However, at around 1.2 TeV, unitarity is violated”?. Figure 2.4 (a)+(b)+(c)
demonstrates that including the coupling between vector bosons and a light SM Higgs boson
with a mass around 100 GeV restores unitarity. The corresponding Feynman diagrams are
shown in the lower row of Figure 2.5.

7 Boson wave functions are written in terms of the polarisation four vector e": B* = ete™ "% = ehe HPF-E)
where p'and E are momentum and energy of the boson respectively

8 In particle physics, a cross section of a given process expresses the probability that the process occurs.

9 Unitarity is a fundamental principle in quantum field theory that ensures the conservation of total probability
in scattering processes. This means that the cross section, which represents the probability of a scattering
event, o cannot grow to arbitrarily high values.
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Figure 2.4.: The cross-sections for the scattering of longitudinally polarised vector bosons including
(a) three-boson interaction, (b) four-boson interaction, and (c¢) Higgs to vector boson
coupling][ 1]

h - -

Figure 2.5.: The interactions of the vector bosons in VBS processes, mediated by the triple (upper
left two) and quartic (upper right) gauge boson self-couplings, and by a Higgs boson
(lower row).
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In 2012, the ATLAS and CMS collaborations discovered the Higgs boson at a mass of ~125
GeV [15] [16]. However, if its properties deviate from SM predictions, the VBS cross-section
will increase at a specific high energy scale, indicating the necessity of introducing new physics
to restore unitarity. Similar arguments apply to the self-interactions between gauge bosons,
where deviations in the triple and quartic gauge couplings from the SM predictions will lead to
a larger cross-section. Furthermore, the inclusion of neutral quartic gauge couplings, which are
prohibited in the SM (as seen in Figure 2.2), will also enhance the cross-section. Consequently,
precise measurements of VBS cross-sections can potentially unveil new physics beyond the

Standard Model.

2.2.2. Effective Field Theory

In the absence of a specific theory for new physics, the framework of effective field theory
(EFT) [2] provides a model-independent approach to interpret potential anomalous gauge
couplings. It assumes that new physics exists at a higher energy scale than currently accessible,
with the SM serving as a low-energy approximation.

The effective Lagrangian, as shown in Equation 2.16, extends the SM Lagrangian by in-
cluding additional terms representing new interactions between SM particles through higher-
dimensional d operators Of. The Wilson coefficients ¢; parameterise the strength of these
new interactions, and the energy scale of new physics is denoted by A.

Ci = C; —
LerT = Lsm + Z pogd Y4 Z Fogd ¥t (2.16)

The higher-order terms in the EFT expansion are suppressed by a factor of 1/A%~%. Conse-
quently, the lower-dimension operators (dimension-6 and dimension-8) have the most significant
impact on deviations from SM predictions. Among them, dimension-6 operators can impact
both triple and quartic gauge couplings, while dimension-8 operators exclusively modify
quartic gauge couplings.

To summarise, VBS processes play a crucial role in probing anomalous gauge couplings. By
examining VBS interactions, we can investigate the influence of dimension-6 and dimension-8
EFT operators and determine limits on the associated Wilson coefficients. Such investigations
enhance our understanding of potential new physics phenomena that extend beyond the
Standard Model.



Chapter 3.
Experimental Apparatus

In particle physics, high energies are essential for creating new particles and investigating the
fundamental structure of matter. Up to the early 1950s, cosmic rays were the only source of
such high-energy particles, and their study yielded important discoveries such as positrons
and pions. However, cosmic ray experiments are now limited to specific scenarios, and the
predominant method for conducting experiments involves the use of particle accelerators,
which are machines designed specifically to generate high-energy particle beams. This method
offers a notable advantage: the ability to control the particle type and energy precisely, as
desired by the experimenter.

Once the particle beam is established, it is directed towards a target to induce interactions.
There are two types of such accelerator-based experiments: fized-target experiments, where
the target remains stationary in the laboratory, and collider experiments, where two particle
beams travelling in nearly opposite directions are brought together to collide at a small or
zero crossing angle. In both cases, after the collision occurs, information about the resulting
particles (eg energy, trajectory) is deduced by observing their interactions with material of
detectors placed near the interaction region. The data collected is subsequently analysed by
physicists to explore various aspects of particle physics.

The world’s largest and most powerful particle accelerator is the Large Hadron Collider (LHC)
[17]. Tt is a circular colliding experiment located at the European Organisation for Nuclear
Research (CERN) on the Switzerland-France border near Geneva. Since its initiation in 2009,
the LHC has been at the forefront of major scientific achievements. One such milestone was
the discovery of the Higgs boson in 2012 by the ATLAS [18] and CMS [19] experiments, which
are two of the main detectors at the LHC. With its continued operations, the LHC continues
to play a key role in expanding the frontiers of particle physics.

This thesis carries out work conducted with ATLAS detector of the LHC. In Section 3.1, a
comprehensive overview of the LHC is presented, encompassing its design and operational
aspects; and section 3.2 offers a description of the ATLAS detector and its subsystems.

3.1. The Large Hadron Collider

Situated 100 meters below ground level, the Large Hadron Collider (LHC) occupies a tunnel
with a circumference of 27 kilometres and a width of 3.8 meters. Its primary function is to
accelerate two beams of proton or lead ions in opposing directions, achieving speeds close to
the speed of light. This thesis will specifically focus on the proton beams.

20
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Figure 3.1.: The accelerator complex at CERN [20]

The journey of the high-energy proton beams within the LHC commences in a series of
smaller accelerators found within the CERN complex, as depicted in Figure 3.1. Initially,
protons are extracted from ionised hydrogen gas and accelerated to 50 MeV using the Linear
Accelerator-2 (LINAC-2)!. Subsequently, an additional boost of energy is provided by the
Proton Synchrotron Booster (BOOSTER), elevating the energy level to 1.4 GeV. The protons
then undergo further acceleration in the Proton Synchrotron (PS) until they reach an energy
of 25 GeV. Upon exiting the PS, the protons are directed to the Super Proton Synchrotron
(SPS), where their energy level reaches 450 GeV. Finally, the SPS injects the protons into the
LHC ring at two injection sites, resulting in the generation of counter-circulating beams.

These proton beams continue their circulation within the LHC, progressively accelerating
to a current maximum energy of 6.8 TeV. To maintain this circulation, the LHC relies on
various components. In particular, radio-frequency? cavities are utilised to accelerate the
protons, while dipole magnets are responsible for bending the protons along their circular path.
Additionally, quadrupole magnets are used to focus the beams near the points of collision.

Collisions between the proton beams occur at four specific interaction points (IP) situated
around the LHC tunnel, where the main experiments are housed (as depicted in Figure
3.1): A Large Ion Collider Experiment (ALICE) [21], A Toroidal LHC ApparatuS (ATLAS),
Compact Muon Solenoid (CMS), and Large Hadron Collider Beauty (LHCb [22]). The

! Replaced by LINAC-4 after 2018

2 An RF cavity, or radio frequency cavity, is a device used in particle accelerators to provide the necessary
energy to accelerate charged particles. It operates by generating electromagnetic fields that oscillate at a
specific radio frequency, imparting energy to the particles as they pass through the cavity.
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Figure 3.2.: Colliding beam structure at the LHC. Nominal values of N; and Ny are 1.5 x10!!
protons and ¢ is 25 ns.

ATLAS and CMS experiments are versatile detectors designed to cover a wide range of physics
programs, including precise measurements of Standard Model processes and the exploration
of new physics phenomena. The LHCb experiment specialises in conducting high-precision
measurements of b-quark physics and investigating CP violation. On the other hand, the
ALICE experiment is specifically dedicated to the study of quark-gluon plasma formed during
heavy-ion collisions.

An important aspect of the LHC design is that the proton beams are not a continuous stream
of protons but rather a bunched structure, as seen in Figure 3.2. Each bunched beam is
designed to contain 2808 proton bunches, with approximately 1.5 x 10'! protons in each
bunch and a spacing of 25 ns between them. As a result, when proton beams collide, multiple
interactions occur per bunch crossing. These additional interactions, that are not the primary
proton-proton collision of interest, are collectively known as pileup.

3.1.1. Operation Parameters

In accelerator physics, two of the important parameters that characterise the performance
and capabilities of a particle collider are centre-of-mass energy and luminosity.

Centre-of-mass energy /s represents the total energy available for particle collisions. It
determines the maximum energy at which new particles can be produced and allows for the
exploration of new physics phenomena. For proton collisions at the LHC, the design objective
was to achieve /s = 14 TeV, with each proton beam having an energy of 7 TeV?3.

The other significant parameter in accelerator physics is the instantaneous luminosity L/,
which quantifies the number of collisions of unit time and of unit cross-sectional area. It is
calculated using the following formula [23]:

_ JN1Ng

drooy

L (3.1)
where N1 and N represent the number of protons per bunch, f corresponds to the bunch
crossing frequency, and o, and o, denote the horizontal and vertical dimensions of the colliding
bunch, respectively.

To quantify the amount of data collected by the detector over its operational period, it is
convenient to define the integrated luminosity L as L = [ L'dt. The unit of measurement for
L is commonly expressed as inverse of a barn (b™!), where 1 barn (b) is equal to 10728 m?2.

3 In collider physics, centre-of mass energy /s = E1 4+ E2 where E; and E» are the energy of the two colliding
beams
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In conclusion, the number of events Neyents produced in a specific physics process can be
mathematically expressed as:

Nevents = L x 0'(\/5) (32)

where, the cross section o serves as a metric in particle physics to quantify the likelihood
of an interaction occurring. It is conventionally measured in barns and depends on the
centre-of-mass energy. Equation 3.2 thus highlights the importance of achieving both a high
luminosity and centre-of-mass energy to allow for a greater production of rare events and
facilitates the generation of a large quantity of particles for detailed analysis.

3.1.2. Operation Timeline

The operational timeline of the LHC, depicted in Figure 3.3, can be divided into three distinct
periods, each marked by extended shutdowns dedicated to maintenance and upgrades. The
initial period, known as Run-1, lasted from 2009 to 2013, during which the LHC operated at
V/s=T7 TeV and 8 TeV. The subsequent period, referred to as Run-2, spanned from 2015 to
2018 and witnessed the production of proton-proton collision data at \/s=13 TeV. Notably,
it achieved an instantaneous luminosity of 2.1 x103*cm™2s™!, which was twice the design
instantaneous luminosity. Run-3, a new phase of data-taking, commenced in 2022 and is
projected to continue until 2026. During this run, the LHC is delivering proton-proton
collisions at a remarkable world record of /s=13.6 TeV.

Looking ahead, the next milestone is the High-Luminosity Large Hadron Collider (HL-LHC)
project [24], which involves upgrading the LHC to achieve an instantaneous luminosity 5
to 7.5 times higher than the design value. It is expected to commence operations in 2029.
This ambitious upgrade will significantly enhance the physics reach of the LHC, enabling the
collection of large amounts of data.

One approach to increase luminosity at the LHC is by maximising the number of protons
in each bunch. However, this strategy has the drawback of leading to increased pileup,
which introduces low-energy deposits and negatively impacts event reconstruction. Moreover,
the high luminosity levels result in the degradation of detector components due to elevated
radiation levels. To address these effects, it is crucial to implement detector upgrades that
can handle the growing luminosity.

In this thesis, the analysis section focuses on the data collected by the ATLAS detector during
Run-2, which corresponds to a total integrated luminosity of 140 fb~!. Additionally, a portion
of this thesis also focuses on the upgrade work carried out for the HL-LHC.

3.2. The ATLAS Detector

The ATLAS detector has a massive cylindrical structure, measuring 44 meters in length and
25 meters in diameter, weighing 7000 tonnes. At its core is the LHC beam pipe, where proton-
proton collisions occur near the geometric centre. The detector is composed of concentric
layers of sub-detector systems arranged around the beam line, each designed to record specific
particle types. It is divided into a barrel and two endcap regions, providing comprehensive
coverage of the entire 47 solid angle. Figure 3.4 illustrates the detector and its subsystems,
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Figure 3.4.: The ATLAS detector and its sub-systems|[20]
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which will be further explained in the following sections. Lastly, it should be noted that the
described detector setup corresponds to Run-2 configuration.

3.2.1. Coordinate System

The ATLAS detector exhibits a cylindrical symmetry around the beam axis and a forward-
backward symmetry with respect to the collision point. Thus, it uses a right-handed coordinate
system, depicted in Figure 3.5, where the origin is positioned at the nominal interaction point
(IP) and the z-axis is aligned along the beam pipe. The x — y plane is defined perpendicular
to the beam, with the positive z-direction pointing towards the centre of the LHC and the
y-axis oriented upwards. Furthermore, to account for the cylindrical symmetry, the ATLAS
detector also employs a spherical coordinate system (r, ¢, 6), illustrated again in Figure 3.5.
The radial coordinate, r, quantifies the distance from the z-axis. The azimuthal angle, ¢,
encompasses the rotation around the z-axis, while the polar angle, 8, represents the angle
from the positive z-axis.

At the LHC, it is advantageous to work with variables that maintain Lorentz invariance for
boosts along the beam axis.* One such variable is the transverse momentum pr given by

pr = \/P2 + D (3.3)

where p, and p, represent the projection of the momentum of the particle along the x and y
axes, respectively. In contrast, the longitudinal momentum p, is not Lorentz invariant, and
thus, it is replaced by rapidity y defined as

_}nE+m
_2 E_pz

y (3.4)

4 Lorentz invariance is a fundamental principle stating that the laws of physics remain unchanged under
Lorentz transformations, which are mathematical equations that relate measurements in different reference
frames. A Lorentz boost is a specific transformation that links changes in velocity or momentum across different
reference frames. Specifically, at the LHC, boosts occur when particles in the beam undergo acceleration,
deceleration, or collision. Consequently, Lorentz invariance along the beam axis facilitates the analysis of
experimental data irrespective of the motion between the observer and the studied particle.
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where F is the energy of the particle. Although rapidity itself is not a Lorentz invariant
variable, differences in rapidity remain invariant under boosts in the beam direction.

For highly energetic particles with F > m, rapidity simplifies to pseudorapidity n given by
0
n= —ln(tan§) (3.5)

Based on the definition, 7 covers the range [—o0o, oc], where |n| — 0 corresponds to particles
in the central region of the detector, while || — oo corresponds to particles in the forward
or backward regions, as depicted in Figure 3.5. In the case of the ATLAS detector, the |7
coverage extends from 0 to 4.9. Furthermore, since the polar angle is not Lorentz invariant,
pseudorapidity is the preferred variable. Consequently, positions within the detector can be
described in the (7, ¢) plane. This allows distances between particles to be expressed as:

AR = v/(A¢)* + (An)? (3.6)

3.2.2. Inner Detector

The Inner Detector (ID) [15] is the sub-detector situated closest to the interaction point.
It operates within a 2T magnetic field that aligns parallel to the beam axis, generated by
a superconducting solenoid surrounding it. This magnetic field causes charged particles
to follow curved paths, where the radius of curvature is inversely proportional to their
transverse momentum pp. The main objectives of the ID are to reconstruct charged particle
trajectories (known as tracks), identify vertices®, and determine the curvature radius for
precise measurements of pr.

5 In particle physics, a vertex is where particles interact or are produced
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ID Sub-system Element size [pm| Intrinsic resolution [pm]

IBL 50250 8x40
Pixel 50x400 10x115
SCT 80 17x580
TRT 4000 130

Table 3.1.: The size and resolution of components in each ID sub-system. The intrinsic resolution of
the IBL, the Pixel and the SCT is reported along r — ¢ and z, while for TRT is only
along r — ¢ plane.

The ID is designed as a cylindrical structure approximately 6m long and with a radius of
about 1m. It consists of three sub-detectors arranged in layers from the beam pipe outward, as
seen in Figure 3.6: the Pixel detector with the Insertable B-Layer (IBL), the Semi-Conductor
Tracker (SCT), and the Transition Radiation Tracker (TRT). The sub-detectors positioned
nearer to the beam exhibit higher resolution and have smaller components (see in Table 3.1).

e The Pixel and SCT detectors, composed of silicon, utilise semiconductor technology. As
a charged particle traverses these silicon detectors, it creates electron-hole pairs. These
mobile carriers subsequently drift to the electrodes, in presence of an electric field, to
produce an electrical signal. By analysing the signals or hits collected from multiple
layers of silicon detectors, the trajectory of the particle can be determined.

— The Pixel detector utilises high-resolution silicon pixel sensors. It consists of three
concentric cylinders in the central barrel and three disks on each side as end-caps,
providing coverage within |n|<2.5. During Long Shutdown 1, an additional layer,
known as the IBL, was incorporated closer to the beam line in order to enhance
the identification of b-quarks. The IBL covers |n|<3 and does not have separate
barrel and end-cap regions due to its proximity to the interaction point. The Pixel
detector, along with the IBL, achieves precise vertex reconstruction owing to its
high resolution and close proximity to the interaction point.

— The SCT detector features four cylindrical layers in the barrel and nine disks
in the end-caps. It covers a range of |n|<2.5 around the interaction point. The
SCT employs silicon strips that simplifies manufacturing but reduces resolution.
Nevertheless, the SCT provides additional tracking and plays a significant role in
measuring particle momentum.

e The TRT utilises gas-filled drift tubes, called straws. In a principle similar to the silicon
trackers, when a charged particle traverses these straws, the gas within them becomes
ionised, and the resulting charges are collected by electrodes in the tube, thus generating
a hit. Although the resolution of the TRT is lower than silicon trackers, it compensates
by processing a larger number of hits. Additionally, longer track lengths within the
TRT contribute to improved momentum measurements. Furthermore, the TRT aids
in particle identification by detecting transition radiation, which occurs when charged
particles traverse different media. To induce this radiation, polypropylene-polyethylene
foils are placed between each straw in the TRT. The intensity of this radiation is
particularly significant for high-energy particles with low mass, thus enhancing the
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Figure 3.7.: Left: Stack of absorbers, readout electrodes and LAr gaps as realised in a ATLAS LAr
calorimeter [28], Right: Ionisation signal produced in a LAr gap.

ability to distinguish between electrons and light charged hadrons such as pions. Lastly,
the TRT provides coverage within |n|<2.

3.2.3. Calorimeters

The calorimeters of the ATLAS detector are positioned outside the solenoid magnet that
encloses the inner detector. Their primary function is to absorb photons, electrons and
hadrons® and transfer their energies into measurable signals.

These calorimeters are constructed using alternating layers of absorber material and active
regions. The absorber, made of a dense material, stops incoming particles and helps them
deposit their energy. More precisely, when incoming particles interact with the absorber, they
create a cascade of lower energy secondary particles called a shower. Meanwhile, the active
region consists of scintillators or ionisation chambers that generate measurable signals when
shower particles interact with them. These signals are then measured to determine the energy
of the original particle.

The calorimeters of the ATLAS detector can be categorised into two types based on the
technology employed:

e LAr Calorimeters [25]: These calorimeters utilise liquid argon as active medium. Liquid
argon is chosen for its resistance to radiation and its efficient ionisation capabilities. In
the active region, a high voltage is applied between the absorber and readout electrode.
As a charged particle passes through the active medium, it generates an ionisation signal,
which is detected by the electrodes. Figure 3.7 illustrates this principle.

e Tile Calorimeters [29]: These calorimeters employ plastic scintillating tiles as active
medium. When a charged particle traverses the active region, it produces scintillation,
which is the emission of light by the scintillator material due to energy deposition. This

6 Muons and neutrinos are able to traverse through the calorimeters without being absorbed
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Figure 3.8.: The ATLAS calorimeter[30]

light is then transmitted through fibers and photomultiplier tubes, resulting in the
generation of an electronic signal.

Furthermore, the calorimeters can be classified according to the type of particle showers
they detect: electromagnetic showers induced by photons and electrons, or hadronic showers
induced by hadrons such as neutrons and pions. Consequently, the ATLAS calorimeters are
broadly divided into distinct sub-systems, taking into account both the type of particle shower
as well as their placement within the detector:

e Electromagnetic (EM) Calorimeters: These are LAr calorimeters with lead as the
absorber material. They are designed with an accordion geometry to ensure uniform
acceptance without any gaps. Figure 3.8 provides a visual representation of the EM
calorimeter and its sub-detectors:

— EM Barrel (EMB) calorimeter: It covers the region |<1.475 and comprises three
layers with varying granularity and depths. The first layer is finely segmented in
the i direction, which helps in distinguishing between photons and neutral pions
that decay into two nearby photons.

— EM EndCap (EMEC) calorimeter: It covers the range 1.375<|n|<3.2 and consists
of two coaxial wheels on each side of the EMB. Its structure is similar to that of
the EMB, but aligned radially.

In addition, a pre-sampler detector is integrated between the inner detector and the
EM calorimeter, specifically in the region of |n|<1.8. This pre-sampler measures the
energy loss experienced by electrons and photons before they enter the calorimeters.

e Hadronic Calorimeters: These calorimeters employ both LAr ionisation technology
and tile scintillation technology. Figure 3.8 provides a visual representation of the
sub-detectors of the hadronic calorimeters:
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— Tile Barrel and Tile Extended Barrel calorimeter - These segments utilise plastic
scintillating tiles as the active medium, with the former covering |n| < 0.9 and the
latter covering 0.8<|n|<1.7.

— Hadronic endcap (HEC) calorimeter - Similar to the EMEC, it utilises LAr as active
component, but copper serves as passive absorption material. This component
consists of two wheels with a coverage of 1.5<|n|<3.2.

e Forward Calorimeters (FCal): These calorimeters are positioned 4.7 meters away from
the interaction point and is in close proximity to the endcap calorimeters, as depicted in
Figure 3.8. It consists of three sub-components, namely one electromagnetic calorimeter
and two hadronic calorimeters. It covers a range of 3.1<|n|<4.9. In terms of construction,
all three layers of the FCal utilise liquid argon as the active medium. However, the
electromagnetic calorimeter incorporates copper as the passive medium, while the two
hadronic calorimeters utilise tungsten. The primary objective of the FCal is to measure
and record the energy of highly energetic particles that traverse close to the beam.

3.2.4. Muon Spectrometer

In order to traverse the entire calorimeter system without energy loss, a particle must be
non-interacting or minimally ionising. Neutrinos belong to the former category, making their
detection challenging for any detector component. However, muons exhibit minimal ionisation,
leading to the need of a specialised set of detectors known as the muon spectrometer (MS)
[32] for their measurement. Consequently, muons often exhibit clean signatures as their
reconstruction primarily relies on interactions within the MS.

The ATLAS muon spectrometer (MS), shown in Figure 3.9, operates within a strong magnetic
field generated by superconducting toroids. This magnetic field plays a crucial role in measuring
the momenta of muons based on their track curvature. The MS consists of four different
sub-detectors, each equipped with gaseous chambers that undergo ionisation when charged
particles pass through them, resulting in the generation of a signal. Two of the sub-detectors
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are located in the barrel region with a peak 3.9 T magnetic field, while the other two sub-
detectors are situated in the endcap region with a peak 4.1 T magnetic field. Within each of
these regions, one sub-detector is responsible for providing an approximate measurement of
the muon momentum, enabling quick identification of muons for event triggering, while the
other sub-detector is specifically designed to precisely determine the muon momentum. In
particular,

e The precision tracking chambers primarily utilise monitored drift tubes (MDTS) in the
barrel and endcap regions, covering a wide range of |n|<2.7. MDTs are gas-filled tubes
equipped with a central wire to collect ionisation signals when a particle passes through.
In the innermost layer of the endcaps, where muon rates are higher at low angles,
cathode strip chambers (CSCs) are used instead owing to their ability to withstand
higher particle flux. These detectors feature thin metal cathode strips with gas-filled
gaps. Additionally, they are surrounded by anode wires to collect the ionisation signals.

e The fast muon triggering system, covering |n|<2.4, incorporates Resistive Plate Chambers
(RPCs) in the barrel region and Thin Gap Chambers (TGCs) in the endcap region.
RPCs consist of gas-filled parallel electrode plates subjected to a strong electric field.
This configuration leads to the generation of ionisation avalanches when a particle passes
through the chamber, resulting in fast signals. TGCs operate similar to CSCs, but utilise
smaller wire distances and a stronger electric field, enabling faster signal generation.
Both RPCs and TGOCs offer timing resolutions below 5 ns, which is shorter than the
LHC bunch crossing time of 25 ns, thereby ensuring efficient triggering.

3.2.5. Trigger and Data Acquisition

The LHC collides proton bunches at a high rate of 40 MHz, resulting in a significant amount
of data. Storing and processing all of these data is not feasible. Hence, the trigger system
selectively records a subset of events that have potential importance for physics analyses.

The ATLAS trigger system consists of two levels: the Level 1 (L1) trigger and the High-Level
Trigger (HLT) [18]. The L1 trigger operates at the hardware level and reduces the event rate
from 40 MHz to 100 kHz. It quickly analyses inputs from low granularity calorimeters and
muon chambers to make prompt decisions. Within a 2.5us time window after each bunch
crossing, the L1 trigger identifies interesting events. The HLT operates at the software level
and applies advanced tracking and reconstruction algorithms to the events selected by L1. It
further reduces the event rate to 1 kHz. The data from the HLT is then transmitted to the
LHC Computing Grid, a distributed computing infrastructure with servers located globally.
The primary role of the LHC Computing Grid is to process the collision data and provide
computational resources for analyses to ATLAS collaboration members.
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Chapter 4.

Electronic Calibration for Liquid Argon
Calorimeter

The nominal resolution for a particle with energy FE is given by [33]

o a b

F-VE @ I e (4.1)
where a accounts for statistical fluctuations in the energy measurement, b accounts for
electronic noise and pileup and ¢ accounts for fluctuations in the detector response and
imperfections in the detector construction. The first two terms are inversely proportional to
the energy of the particle or the square root of it, whereas the constant term ¢ depends solely
on the characteristics of the detector and not on the energy of the particle. As a result, the
constant term becomes the dominant factor in determining the resolution at high energies.

Electronic calibration aims to minimise fluctuations that could contribute to the constant
term by equalising the response of the detector across all readout channels. It is performed
using calibration pulses of known amplitude that are injected into the detector cell to probe
its electronic response. Additionally, any non-uniformity in the calibration system itself can
contribute to the constant resolution term too. Consequently, a highly-precise calibration
system is crucial to achieve excellent measurements of particle energies over the entire range.

By design, the constant term in the energy resolution of the LAr electromagnetic calorimeter
is ~0.7%. In order to achieve this, the readout electronics response should be equalised to
better than 0.25% over the entire energy range. The same calibration system is also used for
the liquid argon hadronic and forward calorimeters. [34]

In the following sections, the calibration system for the liquid argon calorimeter and its
proposed upgrade is described. In particular, Section 4.1 outlines the LAr readout electronics,
Section 4.2 describes the LAr calibration system, Section 4.3 focuses on the energy computation
process in LAr calorimeters, and lastly Sec 4.4 highlights the need to upgrade the calibration
system for the High-Luminosity LHC.

4.1. Readout Electronics

The LAr readout electronics system [25] is designed to record energies spanning from 50 MeV
to approximately 3 TeV for 182,468 detector cells. The architecture, shown in Figure 4.1,
consists of two primary components: the radiation-hard Front-End (FE) electronics which
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Figure 4.1.: The schematic block diagram of the current LAr readout electronics architecture. In
this representation, the LAr ionisation signal proceeds upwards, through the front-end
crates mounted on the detector to the off-detector electronics. This diagram is valid for
the electromagnetic calorimeters; the HEC and FCal have additional electronics inside
the endcap cryostats. [25]

are positioned on the detector, and the Back-End (BE) electronics situated in the USA15
counting room away from the detector.

The FE system consists of Front End Boards (FEB) that are responsible for the readout and
digitisation of the calorimeter signals, calibration boards that inject precise pulses in order to
calibrate the readout-electronics, boards dedicated to generating analog sums for the Level 1
trigger, as well as additional control and monitoring boards. The BE system mainly consists
of Readout Driver (ROD) boards that reconstructs the energy and timing of the calorimeter
signal.

4.1.1. Principle of Signal Readout

Charged particles that are incident on a detector cell form particle showers and ionise the
liquid argon within the active gaps. The resulting ionisation electrons move through the gap
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Figure 4.2.: Shapes of the LAr calorimeter current pulse in the detector and of the signal output
after bipolar shaping. The dots indicate an ideal position of samples separated at LHC
bunch crossing frequency.[283]

under the influence of a high voltage, creating a triangular signal pulse (shown in Figure 4.2)
whose magnitude is directly proportional to the energy released by the incident particle.

The signal is then processed by front-end boards (see Figure 4.1), where it is transmitted
through two paths ': the analog path for the Level 1 calorimeter trigger system, and the digital
path for physics reconstruction. In both paths, the signal is amplified using a pre-amplifier and
shaped using a bipolar CR-RC? filter to optimise the signal-to-noise ratio. Within the digital
path, the signal is divided into three overlapping linear gain scales to accommodate the wide
dynamic range required for the expected physics signals (see next paragraph). At this stage,
the signal is sampled at the LHC bunch-crossing frequency (40 MHz) and temporarily stored
in an analog pipeline called Switched Capacitor Array (SCA). This shaped and sampled signal
is shown in Figure 4.2. Upon acceptance by the Level 1 trigger, the analog value retrieved
from the SCA is digitised using a 12-bit analog-to-digital converter (ADC) and transmitted
with the proper gain to the Back-End electronics.

Electronic Gain

The three FEB gain scales, namely high, medium, and low, pertain to distinct configurations
of the front-end electronics amplification employed for reading signals from the detector
elements.

e High gain: This setting provides a higher amplification factor for the signals. It
is typically used for detecting and measuring low-energy particles or signals with
low amplitudes. The high gain setting allows for increased sensitivity and precise
measurements in situations where the signal amplitudes are small.

e Medium gain: This setting offers a moderate amplification factor. It is often used for
detecting and measuring signals of intermediate amplitudes. The medium gain setting

! Note: this refers to the Run-2 configuration
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provides a balanced amplification level suitable for a wide range of particle energies or
signal strengths.

e Low gain: This setting provides a lower amplification factor. It is used for detecting and
measuring high-energy particles or signals with large amplitudes. The low gain setting
is employed to prevent signal saturation in situations where the incoming signals have
higher amplitudes, ensuring that the readout electronics can accurately measure and
process the signals.

By having multiple gain settings, the ATLAS detector can adapt to different particle energies
and signal strengths, optimising the readout process for various physics scenarios.

4.2. Electronic Calibration System

The electronic calibration of the LAr calorimeter |25] [28] is performed using calibration
boards installed in front end crates (as shown in Figure 4.1). Its goal is to inject current
pulses, that mimic the liquid argon ionisation ("physics") pulse, of precisely known amplitude
on a detector cell in order to probe its electronic response.

4.2.1. Principle of Calibration

As mentioned before, an ionisation pulse takes the form of a triangular pulse, characterised by
the typical drift time in the LAr gap. However, reproducing a similar pulse using electronic
circuits poses difficulties. As a solution, an exponential calibration pulse is chosen, with the
decay time adjusted to closely approximate the desired triangular shape, particularly in the
initial phase of the pulse. Despite this optimisation, there remains a residual disparity in
shape between the physics pulse and the calibration pulse. To address this, the properties of
the calibration pulse are directly measured and incorporated into the electronic calibration
process.

The use of fast shaping for the LAr calorimeter makes the detector response sensitive to the
time dependence of the ionisation signal. Thus, the calibration signal needs to be distributed
directly at the input of the detector cell>. Meanwhile, to avoid exposure to high radiation
flux, all active components of the calibration system need to be kept outside the cryostat.
Consequently, a voltage-driven calibration system was chosen for the present calibration board
with only the injection resistors in the liquid argon cryostat. These injection resistors are
precise at the 0.1% level, show little sensitivity to stray capacitances and are radiation-hard.

The schematic of the current calibration system is shown in Figure 4.3. In this system,
an exponential signal is generated from a precise current Ipac using an inductor L. By
default, the transistor Q) is allowing current to flow through the inductor. When the command
transistor (0 is closed, the current is redirected to the ground cutting Q1 off. At this point, the
magnetic energy stored in the inductor is transferred to the resistance Ry and an exponentially
decaying voltage pulse is produced: [27]

__t
—Rolpace Tea (4.2)

2 In the FCal, the calibration signal is injected into the FEB and not the detector cell to avoid the high
radiation levels
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Figure 4.3.: Voltage driven calibration schema for the ATLAS LAr calorimeter. Left part of the
diagram is located on the electronics calibration board, while the right part corresponds
to the distribution of the signal to the calorimeter cells done with precision injection
resistors in the liquid argon.|[28]

where 7., = 2L/Ry. Typically, the component responsible for providing the inductance L
also has a minor resistive component r that impacts the exponential waveform. Considering
this effect, the calibration pulse adopts the form:

t

_ROIDAC[(1 - fstep)e_a] (43)
where fgtep = ﬁ, fstep € [0,1] and now 7ea = r+Lﬂ )
2 2

This signal is then propagated inside the cryostat with a cable of impedance Zy = Ry, that
is terminated on both ends with a precision resistance network equivalent to Ry in order to
minimise any reflection of the signal.

4.2.2. Calibration Board

An image of the current calibration board [34]|, comprising 128 calibration channels, is shown
in Figure 4.4. Each channel injects exponential pulses, characterised by a fast rise time (below
1 ns) and a long decay time (~ 450 ns), simultaneously onto a fixed number of detector cells.
This number ranges from 1 to 32 depending on the layer and detector.

The board is equipped with a 16-bit digital-to-analog converter (DAC) that sets the amplitude
of the calibration pulses. This DAC voltage is distributed across the board via low offset
operational amplifiers (op-amps), and converted to a precise current (Ipac) using an external
0.1% resistor. The calibration pulse is then generated, according to the principle described in
section 4.2.1, using a high-frequency switch (i.e. pair of PMOS/NPN transistors @1 and Q2),
an inductor L and a resistance Ry for each calibration channel of the board.
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Figure 4.4.: Existing ATLAS LAr calibration board. Left side of the board corresponds to the
analog architecture, and right side to the digital part. The size of the board, determined
by the front end crate where it is placed, is 410x490 mm?2.

The digital part of the board manages the communication with the external world, the loading
of parameters, and the control of the board. Its main components (seen in Figure 4.4) are:

o CALOGIC These six chips have been specifically designed to manage the board control
logic: four of them control the 128 channels of the board, one of them configures the
DAC and the last one generates calibration/reset commands.

e TTCRz As the calibration board must generate commands synchronous to the LHC
machine, this chip receives commands from the ATLAS TTC (Timing Trigger Control)
system and distributes the 40 MHz clock to the different digital chips.

e SPAC slave® It handles the connection to the external world and drives the other chips
of the board using I2C protocol.

Since the board is placed in the front end crate, all its components are radiation hard.
Moreover, the calibration system is highly accurate (integral non-linearity better than 0.1%),
extremely stable (stability better than 0.1% with respect to time and temperature) and has
excellent precision (uniformity among channels below 0.25%).

3 The SPAC (Serial Protocol for ATLAS Calorimeter) has been specially designed for the ATLAS calorimeters
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4.3. Energy Reconstruction

In order to determine the raw energy deposited in a specific cell E.qp, the amplitude of the
pulse A is converted from ADC units to energy in MeV using the following formula: [35]

Mphys
Ecen = F,uA—>MeV X FDAC—},LLA X (%) ' GxA (44)
cali
e ( is the cell electronic gain determined from calibration runs and is used to convert the
pulse amplitude from ADC units to current in DAC units as set on the calibration board

° 1\16[‘“7}‘?* corrects for the difference in maxima between the calibration pulse and the physics

cali

pulse

® Fpac—ua converts current measured in calibration board DAC units to A and accounts
for the values of the injection resistors

e F,a—Mev converts reconstructed pulse current from 1A to energy in MeV

All calibration constants used in the cell energy reconstruction, except for Fpac—,a and
Fua—mev, are determined through calibration runs (see below). These constants undergo
continuous monitoring and validation to ensure the best electronic calibration of the LAr
detectors at any given time. The Fpac—ua and Fja_mev conversion factors are obtained
from first-principle calculations, and then refined by comparing the detector response to real
data from beam tests and corresponding Monte Carlo simulations.

Calibration runs: During periods without beam, such as the time between LHC fills, a
series of dedicated calibration runs are conducted: Pedestals, Delays, and Ramps. Pedestal
runs measure the baseline level and noise properties of a cell’s readout electronics, ramp runs
measure the readout gains, and delay runs measure the pulse shape for each readout cell.
Additionally, an independent set of calibration runs is performed for each of the three LAr
electronic readout gains. [27]

4.4. Electronic Calibration Upgrade for HL-LHC

The High-Luminosity Large Hadron Collider (HL-LHC) project is an upgrade of the LHC
that aims to reach an instantaneous luminosity of 5 to 7.5 times higher than the nominal
LHC value. In order to achieve this accelerator performance, major upgrades will be carried
out during Long Shutdown 3 (2026-2028), as shown in the timeline in Figure 3.3.

In particular, the existing ATLAS LAr readout electronics need to be completely replaced
mainly due to i) increased radiation exposure on the LAr front-end components, and ii)
incompatibility with the proposed ATLAS trigger updates in order to combat greater pileup
at the HL-LHC. Consequently, new calibration boards will be installed on the detector as well.
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4.4.1. Motivations for Calibration Upgrade

Since no changes are foreseen in the LAr cryostat, the existing voltage driven calibration
scheme (described in Section 4.2.1) will be used in the HL-LHC as well. However, the current
calibration boards must be replaced for the following main reasons: [25]

e The existing calibration boards were developed using DMILL [36] technology. However,
the limited availability of spare components and boards, coupled with the unavailability
of DMILL technology for manufacturing additional components in case of malfunction,
necessitates the development of new radiation-hard calibration boards for the HL-LHC.

e In some regions of the calorimeter, the pre-amplifiers will be replaced to avoid saturation.
This renders the standard CMOS technology?, used in high-frequency switches of
the current calibration boards, unsuitable for calibration over the necessary dynamic
range. Thus, new calibration boards need to be developed with alternative high voltage
technologies.

e The current boards are controlled via the SPAC protocol that will be not be supported in
the HL-LHC. Thus, new calibration boards need to be developed that will be compatible
with the alternate IpGBT (Low Power GigaBit Tranceiver) [37] data transmission scheme
instead.

e The existing boards rely on dedicated voltage lines that will not be compatible with the
upcoming HL-LHC FEB voltage power distribution scheme. This further emphasises
the need to design new calibration boards.

4 CMOS (Complementary Metal-Oxide-Semiconductor) technology is a widely used semiconductor fabrication
process known for its low power consumption, high noise immunity, and high integration density. It utilises
complementary pairs of p-type and n-type transistors to create integrated circuits.
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Liquid Argon Calibration ASIC Prototype for
HL-LHC

The main element of the calibration board is the calibration ASIC! that consists of:
e Analog Section: HF switch, or "pulser", that generates the pulse
e Digital Section:
— DAC that sets the amplitude of the calibration pulse

— The link between the analog section of the calibration ASIC and the IpGBT chip.
Its main functions include selecting the desired calibration channel(s), setting the
DAC value, and delivering command pulse?.

The subsequent sections provide a comprehensive overview of the calibration ASIC prototype
for the High-Luminosity LHC. Specifically, section 5.1 describes the requirements and specifi-
cations of the ASIC, while section 5.2 delves into the various prototypes developed for the
LHC. Lastly, section 5.3 presents the findings from the prototype that I investigated, with a
particular focus on my involvement in the irradiation tests, and section 5.4 summarises the
current status of the project.

5.1. Specifications of Calibration ASIC

The main specifications of the calibration ASIC are as follows [25] [38]:
e Uniformity and Linearity

(i) Integral non-linearity (INL) of the DAC output, i.e. a measure of the deviation in
linearity between injected DAC value and measured DAC value, should be better
than 0.1% in the high gain range, better than 0.2% in the intermediate range and
better than 1% in the low range of the FEB. Mathematically, INL is given by

INL (%) = measured value-best fit value « 100 (5.1)

maximum measured value

A highly linear DAC is needed to interpolate calibration DAC values.

L Application Specific Integrated Circuit
2 The command pulse is applied to the command transistor Q2 within the HF switch, allowing it to be
toggled on or off.
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Figure 5.1.: Left: Pulse amplitude as a function of time for injected DAC ranging from 5 pA to 3
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mA; Right: Extracted maximum amplitude as a function of the injected DAC. The
data, represented in black, shows an output signal when DAC=0. This is the injected
current. The red line corresponds to the best fit to compute the INL. [39]

Integral non-linearity of the pulser output after shaping, i.e. a measure of the
deviation in linearity between maximum pulse amplitude and DAC value, should
be better than 0.1% in the high gain range, better than 0.2% in the intermediate
range and better than 1% in the low range. This is needed to correct the FEB
response accurately.

Calibration pulse rise time, which refers to the duration it takes for the pulse to
increase from 20% to 80% of its maximum amplitude, should be within 0.5 and 1.5
ns

The primary factor influencing the rise time is the characteristics of the HF switch
transistors. Thus, the HF switch be carefully designed to fulfil this requirement.

Pulse distortion introduced by parasitic inductive paths must be kept at a minimum,
i.e. injected current should be at most 50 pA

The experience with the current calibration board has shown that an output signal
is detected even when the input DAC is set to zero (see Figure 5.1). This signal,
referred to as injected current, arises due to unavoidable parasitic couplings on the
transistors employed in the HF switch. Fortunately, it does not pose a significant
problem for the calibration procedure as it primarily represents an offset that can
be corrected.

To account for it, two methods can be employed. The first method involves
subtracting the parasitic pulse from all pulses at larger currents. The second
method entails measuring all pulse amplitudes at a fixed time, specifically the peak
time for pulses with larger amplitudes. This approach works because the injected
charge acts as the derivative of the signal, such that when a fixed time is taken, the
parasitic signal should be cancelled out. Both approaches facilitate the recovery of
pulse linearity at low currents.

Nonetheless, it is crucial to keep the injected current minimal to ensure accurate
measurement of the readout response within the relevant dynamic range. An
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estimated tolerable level of approximately 50 pA for the injected current has been
determined. This value corresponds to around 500 MeV in an EMB front cell (from
Equation 4.4, which is equivalent to approximately 2% or less of the FEB high
gain range. It is imperative to design the HF switch accordingly to address this
consideration.

e Dynamic Range

(i)

(i)

(iii)

Dynamic range of 16-bits

The LAr calorimeter is designed to record energies spanning from ~50 MeV up to
3 TeV. In order to generate calibration pulses over this energy range, given a LSB
(Least Significant Bit) of 50 MeV, the dynamic range should be 16-bits®.

DAC amplitude should range from 5 pA to 300 mA

In some regions of the calorimeter, the 5 mA pre-amplifiers will be replaced by 10
mA ones in order to avoid saturation. Through simulation studies, it has been
determined that the maximum input current expected for these new pre-amplifiers
is ~7.5 mA. This implies that Ip4¢c should also cover at least 75% of the dynamic
range provided by the new pre-amplifiers?. Consequently, the maximum value of
Ipac should be at least 300 mA.

Ipac=5 pA corresponds to energy deposits of MIPs (Minimum Ionising Particles)
in the calorimeter, i.e. approximately 50 MeV and 250 MeV in the EMB front
and middle cells respectively. Since the detector’s response to MIPs is crucial for
interlayer calibration, the minimum DAC amplitude should be 5 pA.

Pulse voltage should range up to 7.5 V, i.e. the pulser should be implemented in
HV-CMOS technology

In order to reach Ipac of 300 mA, the pulser should deliver voltage pulses up to
7.5 V. The standard CMOS technology (used in the existing pulsers) cannot be
used since they are limited to 3.3 V. Thus, the new pulser has to be implemented
in the HV-CMOS technology.

3 Number of bits= log,(Max. energy/LSB) ~ 16

4 In FEB, the injection resistor is 1 kQ, while in the calibration board, it is 25 Q. Using the formula
for current (I = V/R), we can determine that 1 mA for the pre-amplifier corresponds to 1V in the FEB
(ImA x 1kQ2 = 1V), which is equivalent to 40 mA for the calibration DAC (1V / 25 © = 40 mA).
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Energy resolution versus energy of a representative EMB second layer channel, as
measured during Ramp runs. The points represent the data, while the solid curve shows
a parametrization of the total calorimeter energy resolution, given by equation 4.1. [40]
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Figure 5.3.:

Relative energy resolution of a calibration DAC with a true 13-bits resolution in the
range up to 40 mA, and implementing the additional 3-bits to cover the 16-bits range
with additional gain factors, compared to the expected FEB pre-amplifier and shaper
noise performance and the intrinsic calorimeter resolution. [38]
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Table 5.1.:

Position TID [Gy] NIEL [neg/cm?|] SEE [h/cm?|

FEC (barrel) 1400 (1.5) 4.1 x 10" (2) 1.0 x 10'3 (3)
FEC (endcap) 210 (1.5) 6.0 x 10*2 (2) 1.2 x 10'2 (3)

Radiation tolerance requirements for the operation at the HL-LHC for a total luminosity
of 4000fb~!, including safety factors given in brackets. This table supersedes Table 3.1
from the LAr Phase-II Electronics Upgrade TDR [25] and is based on the most recent
simulations.

e Resolution

(i)

The system should have a LSB of at least 5 pA

This specification arises from the previously mentioned requirements of a 16-bit
dynamic range with Ipc ranging from 5 pA to ~300 mA®.

DAC should have a resolution of 13-bits

As stated before, the calibration system needs a dynamic range of 16-bits. However,
achieving this range does not necessitate a 16-bit DAC. This is due to the fact that
the energy resolution at intermediate and high energy ranges is dominated by the
intrinsic calorimeter resolution itself.

The matter can be further understood via Figure 5.2 that shows the relative energy
resolution for a second layer channel in the EMB. In this channel, the local constant
term c of the resolution function (Equation 4.1) is 0.25%°. And from the plot, it
can be seen that the energy resolution for medium and low gain (i.e. particles with
intermediate and high energies) remains roughly below ¢ most of the time.

Consequently, the calibration DAC could have a resolution of around 10-11 bits,
with additional gain factors implemented to achieve the required 16-bit dynamic
range. As an example, figure 5.3 shows the relative energy resolution achieved
using a 13-bit calibration DAC (that is equivalent to 40 mA, given LSB of 5 uA)
combined with 8 current mirrors to implement the additional 3 bits. It can be seen
that the resolution for Ip4c > 40 mA is always better than the expected readout
noise and calorimeter resolution.

e Stability

(1)

Tolerance to radiation levels expected at the HL-LHC

The radiation tolerance specifications for the Front End Crates (FEC) are shown
in Table 5.1. In this table, TID (Total Ionising Dose) quantifies the cumulative
long-term degradation caused by ionising radiation. NIEL (Non-Ionising Energy
Loss) describes the atomic displacements resulting from radiation, where the energy
is dissipated as lattice vibrations. Lastly, SEE (Single Event Effects) refer to
any detectable alteration in the condition or operation of a system caused by the

5 LSB = Ipac range/Z16
6 The global constant term across the entire electromagnetic calorimeter remains 0.7%, but the local constant

term depend

s on the calorimeter region
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impact of a solitary energetic particle. These effects can be categorised into two
types: "soft" or temporary errors that can be reversed, and "hard" or permanent
consequences that lead to lasting deterioration. Since the calibration boards are
located in the FECs, the calibration ASIC needs to sustain these radiation levels.

The ASIC should be stable to variations in time and temperature. In particular,
it should maintain a stability level of better than 0.1% over the course of a full
year of data-taking. Furthermore, it should demonstrate stability with respect to
temperature in the FECs that is better than 0.1% per degree.

e Design of Calibration ASIC

(i)

(i)

Calibration DAC
The calibration board needs to fulfil two specific requirements:

(a) it should simultaneously operate 16 out of 128 calibration lines at maximum
DAC current (i.e. Ipac=300 mA) while adhering to the linearity and unifor-
mity specifications discussed above. This functionality is crucial for efficiently
conducting calibration runs.

(b) it should simultaneously operate all 128 calibration lines, but at a reduced
DAC current, while allowing for a relaxed uniformity requirement of ~1%
between the channels of the EM calorimeter. For instance, an input Ipac
of 10 mA corresponds to approximately 100 GeV in the middle EMB cells.
This setup enables the detection of a signal in all gains of the FEB2, which is
beneficial for debugging purposes.

These requirements have implications for the design of the calibration ASICs.
In contrast to the current calibration board, where a single DAC serves all 128
calibration lines, the new calibration board will have multiple DACs, with each
DAC serving a smaller subset of calibration lines.

The optimal ratio between the number of DACs and calibration lines depends on
various factors. On one hand, having a small number of calibration lines per DAC
would provide greater flexibility in using the calibration board, as it would allow a
large number of calibration lines to be simultaneously enabled at different current
values. However, this approach may introduce challenges when it comes to the
design of the board layout.

For efficient routing on the calibration board, an optimal configuration would
involve incorporating 32 DACs. This implies that each calibration ASIC should
comprise 1 DAC, 4 HF switches and the digital link.

Calibration HF Switch

As previously stated, the HF switch for the new calibration ASIC requires HV-
CMOS technology to deliver voltage pulses up to 7.5V. The ATLAS collaboration
has chosen XT018 (180 nm) technology from the XFAB foundry for this purpose.
However, the radiation hardness of this technology has not been tested in the context
of HL-LHC doses. Therefore, during the development phases of the calibration
ASIC, it is essential to verify the performance of the chosen design under XFAB
technology with respect to irradiation.
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Figure 5.4.: Schematic denoting the developments of calibration ASIC prototype for HL-LHC

5.2. Developments of Calibration ASIC Prototypes

Several rounds of calibration ASIC prototypes for the HL-LHC have been developed so far. A
schematic of the progress has been illustrated in Figure 5.4. These prototypes are:

e Prototype I (2018)

The first calibration ASIC prototype, named CLAROC [11] (Calibration of Liquid Argon
Output Chip), had a primary focus on evaluating the performance of the HF switch
using the new XFAB technology [12]. Consequently, the prototype incorporated only the
XFAB HF switch, while the DAC was obtained externally from a commercial component.
Furthermore, the prototype featured six distinct configurations of the HF switch, varying
in transistor size and placement. These configurations were implemented to assess and
identify the optimal configuration for integration into the final calibration ASIC.

This prototype exhibited excellent performance: in particular, irradiation up to 50 kGy
did not result in any degradation of the HF switch performance. This surpasses the
required TID threshold of 1.4 kGy (Table 5.1). Additionally, the parasitic injected
current was well under control too.

e Prototype II (2020)

Due to the highly promising results obtained from the first prototype, the objective of
the second prototype was to integrate the DAC using the same XFAB technology. This
complete prototype, known as CLAROCv2 [39], consisted of the following components:

— 4 HF switches

Once again, the prototype included four distinct HF switches to identify the most
suitable design for the final calibration ASIC.
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— 16-bit DAC

(i) A custom-made, common 13-bit DAC comprising a 10-bit DAC (of LSB 5 pA)
along with 7 current mirror’” thermometers to make the 3-bit tunable gain.
Each thermometer replicates the 10-bit DAC structure itself.

(ii) 8 current mirrors to implement the additional 3 bits in the DAC.

Therefore, the equation for calculating DAC current is given by
Ipac =m - (n-LSB10bits + ¢ - I}) (5.2)

where m is the number of mirrors, n denotes the 10-bit DAC code and t signifies
the number of thermometers. The LSB is 5 pA, and the thermometer current
I; is approximately 5 mA®. As an example, to achieve an Ipsc of 40 mA, the
configuration would be m = 4,n = 1000 and t = 2.

— Digital "slow-control" setup to configure the ASIC

It should be noted that the design of the prototype fulfils many calibration ASIC
specifications outlined previously. However, it encountered two significant issues:

(i) The non-linearity of the DAC was greater than anticipated, primarily due to the
distinct steps between thermometers and mirrors.

(i) When exposed to irradiation, there was substantial drift in the threshold voltage
Vi, rendering the slow-control function inoperative.

e Prototype III (2021)

Based on the insights gained from the second prototype, the approach for the third
prototype was to fabricate the DAC using TSMC (130 nm) technology [13]. This
technology is well-established for radiation hardness and has been successfully utilised in
other ASICs within the HL-LHC project. The DAC was then interfaced to the HF switch
developed in XFAB technology. This prototype has been named CASA (Calibration
ASIC for ATLAS), consists of two main components:

— CLAROCYv3: this chip incorporates the HF switch and 3-bit DAC (mirror gain) in
the XFAB technology. In this prototype, all HF switches were identical, representing
the switch design with the most favourable INL performance in CLAROCv2.

— LADOC (Link and DAC of CLAROC): this chip implements the 13-bit DAC as
well as digital commands for both CLAROCv3 and LADOC itself.

It is worth mentioning that two versions of LADOC were developed: LADOCI,
which features long transistors, and LADOCIA, designed with a more tradi-
tional and resilient architecture. Simulation results indicate superior linearity for
LADOCI, but limited practical experience exists with this variant. Consequently,
tests must be conducted on both versions to determine the optimal choice.

7 A current mirror is a circuit arrangement used in electronics to copy or mirror the current flowing in one
circuit to another.

8 The current value of the thermometer, that is a replica of the 10-bit DAC, corresponds to the maximum
current value of the 10-bit DAC.

9 Threshold voltage V;p, is the voltage across the transistor (i.e. @1 or Q2) when no current flows through it
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Figure 5.5.: Image of CASA test board, denoting its two main components: CLAROCv3 and
LADOC

Moreover, the prototype implemented improved inter-digitization of thermometers and
mirrors to enhance the DAC linearity. The results of this prototype have been discussed
in the next section.

5.3. Test of CASA Prototype

The CASA test board, shown in Figure 5.5, was subject to various tests resulting in the
following novel conclusions:

e LADOC demonstrated excellent linearity performance on its own. LADOC1 exhibited
a linearity within 0.02%, while LADOCI1A had a linearity of 0.06%, indicating that
LADOCI was more effective. However, when LADOC was combined with CLAROCv3,
the linearity experienced a significant degradation. The degradation reached 0.7% for
CLAROCv3+LADOC1 and 0.3% for CLAROCv3+LADOCI1A, surpassing the specified
limit of 0.1%.

e Over a duration of approximately 1 hour and 500 acquisitions, both LADOC and
CLAROCv3 exhibited stable outputs with respect to time.

e When subjected to varying temperatures in a climatic chamber, the output current
of LADOC was observed to decrease as the temperature increased. Furthermore, this
decrease was more pronounced in LADOCI due to its higher sensitivity to fluctuations
in transistor voltage.

The CASA prototype also underwent two types of irradiation tests: i) proton irradiation at
Paul Scherrer Institut (PSI), Switzerland to test SEE and NIEL effect and ii) X-ray irradiation
at CERN to test TID effect. These tests were essential to understand how the chip prototype
behaves under different radiation conditions expected at the LHC. The experimental setups
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Figure 5.6.: Left: Proton irradiation setup at PSI; Right: X-ray irradiation setup at CERN

for these tests are depicted in Figure 5.6. The results of these tests are described in the
subsequent sections.

5.3.1. Proton Irradiation

The PIF (Proton Irradiation Facility) machine at PSI was utilised to conduct proton irradiation
tests on the nights of September 18th and 19th, 2021'°. The nominal proton beam used in
these tests had a flux of 1.8x10° protons/cm?/s and an energy of approximately 200 MeV.

During the irradiation tests, the CASA prototype, with a LADOC1 ASIC, was exposed to a
maximum dose of 50 kGy, surpassing the required TID of 1400 Gy. Additionally, it achieved
a net NIEL dose of 9.3x10'3 protons/cm?, exceeding the specified requirement of 4.1x10%3
protons/cm? as mentioned in Table 5.1.%L.

The following tests were conducted:

e Linearity of LADOC1 DAC

Figure 5.7 shows the correlation between the measured and injected DAC values in
LADOCI1 ASIC at different hours of irradiation on September 19th. The DAC used in
LADOC is a 13-bit device with a LSB of 5 pA, allowing for a range of up to 40 mA. It
is worth noting that each hour of irradiation corresponds to an approximate dose of 3.5
kGy. As a result, the plot provides valuable insights into the linearity of the 13-bit DAC
up to a TID of approximately 30 kGy, surpassing the required threshold of 1.4 kGy.

Figure 5.8 illustrates the corresponding integral non-linearity (INL) defined in Equation
5.1. Remarkably, the INL of the DAC remains below the specified level of 0.1%, even
after full irradiation.

Similar results were also obtained for the irradiation conducted on September 18th.
Thus, it can be concluded that the 13-bit DAC is highly linear under irradiation.

e Performance of CLAROCv3

10 Due to the use of the proton beam for medical treatment during the day, the tests had to be conducted on
two different nights.
' Exceeding the specified doses was necessary to fulfill all requirements for TID, NIEL and SEE.
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Figure 5.9.: Schematic setup to assess the performance of CLAROCv3 under irradiation.

To evaluate the performance of CLAROCv3 under irradiation, a predetermined input
current I;;,, was applied to one of the mirrors, and the corresponding output current
Iineas from that mirror was measured. Ideally, these two values should be identical. A
schematic of the setup is shown in Figure 5.9.

Figure 5.10 illustrates the variation of input current through the second mirror in
CLAROCv3 with respect to the duration of irradiation. The plot shows that the board
underwent irradiation for approximately 900 minutes across the two nights, with ~ 350
minutes on the first night (18th Sept). It also highlights the specific time periods when
the proton flux deviated from the nominal value of 1.8x10° protons/cm?/s.

It can be seen that the input current does not remain stable under irradiation. More
particularly,

(i) Previous studies on CLAROCv2 have established that exposure to irradiation
induces a shift in the threshold voltage V;j, of the transistors in the HF switch. As
a result, at the onset of irradiation, there is a decrease in the input current.

(ii) As time progresses, an annealing effect'? takes place, leading to an increase in the
input current. This effect is particularly prominent at the beginning of a new night
run when the material can revoer from radiation effects or when there are changes
in the flux.

Figure 5.11 presents the correlation between the ratio of the output and input current
through the second mirror in CLAROCv3 and the duration of irradiation. In other
words, the plot depicts the change in mirror gain as a function of irradiation.

12" Annealing is a heat treatment process that modifies material properties by heating it to a specific temperature
and then slowly cooling it. It relieves stress, enhances crystalline structure, and improves mechanical properties.
It is widely used in metallurgy and manufacturing to increase ductility
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Figure 5.10.: Variation of input current through the second mirror of CLAROCv3 during proton

irradiation. The plot highlights time periods of proton flux deviation from the nominal
value of 1.8x10% protons/cm? /s and shows the duration needed to reach the specified
TID of 1.4 kGy. It also marks the start of the second night of irradiation on September
19th.

It can be seen that the mirror gain initially decreases with time. This decline can be
attributed to the decrease in input current at the beginning of irradiation, as depicted in
Figure 5.10. And after approximately 100 minutes of irradiation, equivalent to ~5.5 kGy
of radiation, the mirror gain starts to increase. This phenomenon could be attributed
to the degradation of mirrors under irradiation.

Nevertheless, it is important to note that within the specified TID dose limit of 1.4
kGy, there is only a slight gain change observed in the mirror. This suggests that the
mirror operates reasonably well within the specified dose range, but higher doses can
potentially compromise its stability.

Finally, the output current was sequentially measured for all 8 mirrors, enabling the
calculation of the spread in the output current. This spread is determined by normalising
the difference between the maximum and minimum current values with respect to the
average current. Similarly, the input current was recorded for each of the 8 consecutive
measurements, allowing for the calculation of the spread in input current. Ideally, the
spread in currents should remain constant under irradiation. Furthermore, analysing the
spread helps to uncorrelate specific mirror effects, contributing to a better understanding
of the system.

Figure 5.12 illustrates the spread in input current and spread in output current as a
function of irradiation duration. Initially, the spread in input current increases due to
the shift in threshold voltage V;j, and then stabilises over time. However, the output
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during proton irradiation. The plot highlights time periods of proton flux deviation
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reach the specified TID of 1.4 kGy. It also marks the start of the second night of
irradiation on September 19th.
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Figure 5.13.: Auto-correct mode for SEU studies

current continues to increase after approximately 100 minutes of irradiation. Again, this
can be attributed to the degradation of mirrors under irradiation.

It is worth noting that upto the required dose of 1.4 kGy, there is no significant dispersion
in mirrors, indicating that the mirrors maintain their performance within the required
dose range.

e Single Event Effects on LADOCI1

In this test, two kinds of single event errors were examined:

(i)

Single Event Upset (SEU): categorised as a soft error, SEU entails a temporary
modification that can be undone by executing a reset or rewriting procedure,
effectively returning the system to its normal functioning state.

To investigate the impact of SEU on LADOCI, I2C errors were observed over
the course of two radiation-exposed nights, with a cumulative dose reaching twice
the required NIEL dose. By utilizing an auto-correcting mode (as seen in Figure
5.13) and comparing the transmitted and received values, no errors were detected.
However, upon deactivating the auto-correction mode, errors were observed, albeit
with difficulty in estimating their occurrence rate.

Since the auto-correct mode will be the default mode for HL-LHC, SEU effects
will be handled effetively.

Single Event Latchup (SEL): Categorised as a hard error, SEL encompasses a
potentially damaging situation caused by parasitic circuit elements. In a typical
SEL event, the device’s current may surpass the maximum current specification,
posing a risk of device destruction if not adequately limited.

To assess the influence of SEL on LADOCT, the current consumption was monitored
during two nights of irradiation. It was determined that there was no excessive
current consumption, even when exposed to radiation twice the required dose.

5.3.2. X-ray Irradiation

Between September 20th and September 24th, 2021, the CASA prototype, with LADOC1A
ASIC, underwent X-ray irradiation at CERN. The tests employed a X-ray beam with an
energy of around 160 keV and a dose rate of 19 kGy/hour. During the irradiation tests, the
CASA prototype was exposed to a maximum dose of 5.25 kGy, exceeding the required TID of

1400 Gy.

In this irradiation campaign, the linearity of LADOC1A DAC was examined.
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Figure 5.14 depicts the relationship between the measured and injected DAC values in the
LADOC1A ASIC during X-ray irradiation. This graph provides valuable insights into the
linearity of the 13-bit DAC, demonstrating its stable performance up to a TID of 5.25 kGy.

Figure 5.15 displays the corresponding integral non-linearity (INL) of the DAC. The observed
steps occurring at every bmA signify the addition of a thermometer in the 13-bit DAC.
Remarkably, even after complete irradiation, the INL of the DAC remains below the specified
level of 0.1%. This reaffirms that the 13-bit DAC exhibits highly linear behaviour when

exposed to radiation.
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5.4. Current Status of Calibration ASIC Prototype

The CASA prototype successfully fulfilled most of the calibration ASIC specification require-
ments. However, it faced some notable issues:

(i) Although the linearity of LADOC itself demonstrated excellent performance, a significant
degradation in linearity was observed when it was combined with CLAROCv3.

(i) The LADOC DAC was not stable with respect to variations in temperature.

(iii) When exposed to irradiation, a substantial drift in the threshold voltage (V) was
observed. This rendered the CLAROC ineffective and impacted the mirror gain.

Consequently, a new calibration ASIC prototype, named CASAv2, was developed with two
primary components:

- CLAROCv4 in XFAB 180 nm technology: This chip incorporates the HF switch and
includes only one mirror with a constant gain of 8 in order to overcome the mirror
spread issue. Additionally, an amplifier has been added to compensate for the Vy;, shift
and improve the mirror gain.

- LADOCv2 in TSMC 130 nm technology: This chip extends the precision of the LADOC1
DAC (selected for its superior performance in CASA studies) from 13 bits to 16 bits. As
a result, LADOCv2 generates a range of Ipac up to 40 mA with a LSB of 0.625 pA. It
also provides 2.5V digital commands to CLAROCv4 (compared to the 1.2V commands
in LADOCI) for better functionality in a radiative environment.

Tests conducted on LADOCv2 demonstrated that it met all the specifications, except for
stability in temperature. Consequently, new LADOC prototype is under development to
address the small temperature dependence of 0.12% for 41 degree variation.

In the case of CASAv2, which comprises LADOCv2 and CLAROCv4, the linearity tests
demonstrated compliance with the specifications up to approximately 200 mA. However,
saturation occurred when the current exceeded 200 mA. Fortunately, this issue can be readily
resolved by increasing the power supply voltage from 5 to 5.5V.

Irradiation tests are currently scheduled to evaluate the performance of CASAv2 in a radiation
environment.



Chapter 6.

Liquid Argon Calibration Board Prototype for
HL-LHC

The objective of the calibration board is to inject exponential current pulses of known
amplitude on the detector cell in order to probe its electronic response. In line with the
voltage-driven scheme explained in Section 4.2.1, the calibration board comprises the following
main components:

e Analog Section:

— Calibration ASIC: This component is responsible for configuring the pulse amplitude
and generating the pulses.

— Resistor Ry and Inductance L: These elements play a crucial role in defining the
shape of the pulse.

e Digital Section: This section is responsible for facilitating the transfer of clock signals,
control signals and data.

A overview of the prototype for the HL-LHC calibration board is provided in the following
sections. Section 6.1 outlines the specifications and requirements for the board, while Section
6.2 delves into the design considerations and component prerequisites. In Sections 6.3 and 6.4,
the focus is directed towards my study of the first calibration board prototype, including the
design and execution of tests, as well as the subsequent analysis. Lastly, Section 6.5 provides
an update on the current status of the calibration board.

6.1. Specifications of Calibration Board

The main requirements of the calibration board for the HL-LHC are as follows: [25] [14]

e Uniformity

Uniformity among channels should be better than 0.2% in EMB and EMEC, better
than 1% in HEC and better than 2% in FCal

As discussed in Chapter 4, achieving a constant term ¢ of approximately 0.7% in the
energy resolution of the LAr EM calorimeter requires calibrating the readout electronics
with a precision better than 0.25% across the entire energy range. Studies conducted
on the existing calibration board in the LAr EM calorimeter have revealed an overall
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calibration precision of approximately 0.23%, which satisfies the 0.25% requirement.
Furthermore, the main sources of non-uniformity identified are as follows: [33]

— Direct measurements of each line on the calibration board have shown a relative
dispersion of 0.19%.

— Measurements on the calibration resistors Ry have shown a relative dispersion of
0.08% for barrel modules and 0.05% for endcaps.

— Although the average attenuation caused by skin effect!, which is proportional to
the cable length, has been corrected, a slight relative dispersion of up to 0.1% still
remains.

Considering the similarities between the calibration board for the HL-LHC and the
existing board, it is reasonable to anticipate similar sources of non-uniformity in the
new calibration board as well. Therefore, after accounting for the non-uniformity arising
from calibration resistors and cables, the calibration channels in EMB and EMEC must

exhibit a uniformity better than 0.2% in order to achieve the overall calibration precision
of 0.25%.

The constant term ¢ in the design energy resolutions of LAr HEC and FCal is higher, at
3% and 10% respectively [35]. Therefore, the requirement for channel uniformity is also
higher: at 1% for HEC and 2% for FCal.

e Stability
(i) Tolerance to radiation levels expected at the HL-LHC

Table 5.1 presents the radiation tolerance specifications for the calibration board.
Since the board is large, it is not feasible to conduct irradiation testing on the
entire unit. Instead, the active components in the board need to be individually
tested for radiation hardness.

(ii) Tolerance to magnetic field of few tenths of Gauss expected at the HL-LHC

A high magnetic field will impact the inductance L on the board, and consequently
the decay time of the calibration pulse (see Equation 4.3). Therefore, it is crucial
to assess the performance of the inductance in a magnetic environment to ensure
accurate calibration measurements.

(iii) The board should maintain a stability level of less than 0.1% over a year of data-
taking and exhibit stability with respect to temperature in the FECs at a rate of
less than 0.1% per degree. This requirement is primarily influenced by the stability
of the individual components on the calibration board, such as the calibration

ASIC and inductance L.

! Skin effect is the concentration of alternating current (AC) near the surface of a conductor, occurring at
higher frequencies. It causes the majority of the current to flow through the outer layer, reducing current flow
in the deeper regions. This increases effective resistance, leading to higher power loss and heating.
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Figure 6.1.: Schematic diagram of the calibration board of the HL-LHC

6.2. Design and Components of Calibration Board

6.2.1. Layout

The architecture of the calibration board for the HL-LHC is depicted in Figure 6.1. It consists
of 32 calibration ASICs, each consisting of 1 DAC and 4 HF switches, as discussed in Section
5.1. Consequently, the board incorporates a network of 128 resistor-inductance (Ry — L) pairs,
establishing the 128 calibration channels per board.

The digital section of the board comprises two main components:

e IpGBT: Fabricated using TSMC 65nm chip technology, the IpGBT chip facilitates the
transfer of clock signals, control signals, and data. The board requires two IpGBT

ASICs.

e VTRx+ [45]: This chip converts the electrical signals from the serial IpGBT output into
optical signals. Two VTRx+ modules are needed on the board, one for each IpGBT
ASIC.



Liquid Argon Calibration Board Prototype for HL-LHC 61

The HL-LHC calibration boards will be installed within the existing LAr Front End Crates,
which means that the mechanical constraints for the boards will remain unchanged from the
current setup. This encompasses the board dimensions as well as the placement and type of
connectors. Furthermore, since the positioning of the Ry — L circuit in the original board (see
Figure 4.4) was optimised to minimise cross-talk and the impact of magnetic fields, a similar
layout will be maintained for the Ry — L circuit in the upcoming board. However, due to the
re-designed calibration ASICs, a complete redefinition of their layout is necessary. Specifically,
while the original board had a single DAC commanding 128 pulsers, the upcoming board will
feature 32 DACs commanding 128 pulsers.

Lastly, as shown in Figure 6.1, the HL-LHC calibration board will receive 48V power on
its upper side. However, the required voltages for the different ASICs (5V, 2.5V, 1.2V) are
significantly lower than this input voltage. Therefore, a dedicated power distribution network
with DC-DC convertors needs to be designed on the calibration board to ensure appropriate
voltage levels. In addition to power supply, the board will also transmit calibration pulses on
the back side (backplane) and exchange optical signals with the Liquid Argon Timing System
(LATS) on the front side. [38]

6.2.2. Specifications

From equation 4.3, the decay time of the pulse 7., and pulse amplitude I., can be written as:

Teal = L/Reﬂ‘ (6.1)

t

Ical 6.8 RO(l - fstep)e_a (62)

where r is the internal resistance of the inductance L, Reg = r + % is the effective resistance,
and fstep - T/Reﬁa fstep € [07 1]

Equation 6.1 shows that the values of Ry, L and r play a critical role in determining the decay
time and consequently the shape of the calibration pulse. Hence, it is of utmost importance
to meticulously choose their values to achieve a close resemblance between the exponential
calibration pulse and the triangular physics ionisation pulse. In case of the EM calorimeter,
the optimal values are Ry = 5092, L = 12uH and r = 2.5Q).

Furthermore, the need for uniformity among all channels of the board (as discussed in Section
6.1) has implications for the design and choice of components in the calibration board, which
are highlighted below [11]:

(i) The calibration board should not degrade the standalone performance of the calibration
ASICs. Thus, the calibration board should be routed and fabricated in a way that the
cross-talk between channels, which refers to undesired signals in channels other than the
one being pulsed, should be below 0.1% of the signal pulse amplitude.

(ii) The pulse generated by each channel should exhibit high uniformity across all channels.
This places the following constraints:

e 0.1% resistor Ry: Equation 6.2 shows that the pulse amplitude is directly propor-
tional to Rg. Thus, a resistor Ry with a precision of 0.1% is required to ensure a
high uniformity of 0.1% in pulse amplitudes.



Liquid Argon Calibration Board Prototype for HL-LHC 62

e 1% internal resistance r: Equations 6.1 and 6.2 show that r affects both the decay
time and amplitude of the calibration pulse. Thus, to ensure minimum dispersion
in pulse properties, r should be uniform at 1% level.

e 5% inductance L: Equation 6.1 shows that inductance L affects the decay time of the
pulse. Thus, to ensure 2% uniformity in pulse decay times, the precision/tolerance
of the inductance should be 2% too.?. However, it is worth noting that the current
electronic calibration procedure compensates for this effect by directly measuring
parameters such as ¢, and fsep. Therefore, in principle, inductances with a
tolerance upto 5% can be used.

e The synchronisation between the physics ionisation pulse and the calibration pulse
should be within 2 ns to ensure high uniformity in the peaking time3 of the pulse.

e As discussed earlier in Section 5.1, the design of the HF switch is a critical factor in
determining the rise time of the calibration pulse. Therefore, achieving uniformity
in the pulse rise times relies on the precise performance of the HF switch.

6.2.3. Calibration Run Patterns

To achieve simultaneous calibration of multiple detector cells and minimise the duration of
calibration runs, it is necessary for the board to be able to pulse multiple channels concurrently.
However, limitations in power consumption prevent the simultaneous pulsing of all 128 channels
of the calibration board at a high current. Additionally, the design of the calibration ASIC
allows only one channel per ASIC to be pulsed at the maximum current. If simultaneous
pulsing of multiple channels within an ASIC is required, it can only be achieved by operating
at a reduced current whose limit is given by:

Ipac = 146/ Nen (6.3)

where 1747 is the maximum current of 300 mA and N, represents the number of channels

to be pulsed in an ASIC, which can range from 1 to 4.

The existing calibration system incorporates an optimised calibration pattern® that places a
strong emphasis on minimizing cross-talk and conserving power. As a result, this well-designed
calibration pattern will be retained in the upcoming calibration system. Within this pattern,
it is not necessary to pulse more than 16 channels simultaneously at maximum current.
Additionally, the pattern does not require the simultaneous pulsing of four channels within the
same ASIC at high current levels. Instead, the pulsing of four channels within the same ASIC
only occurs when operating at low current ranges. This particular characteristic is deemed
manageable for the upcoming system, as demonstrated by Equation 6.3.

However, for specific calibration runs targeting LATOME and L1Calo, a necessity arises to
pulse multiple channels within a single ASIC simultaneously at the maximum current. To
address these challenges, active research is currently being conducted to explore and develop
appropriate solutions within the design of the calibration board.

2 Qiven that Ro is 0.1% precise and 1 is 1% precise, in order to obtain a precision of 2% on Tea1, the precision
of L has to be 2% too.

3 Peaking time is the time of maximum amplitude of the pulse after shaping

4 A calibration pattern denotes which calibration channels are pulsed simultaneously in a calibration run
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6.3. Test of CABANON Prototype

As the development of calibration ASIC prototypes progresses, it is important to focus on
the development of prototypes for the calibration board too. This parallel effort ensures
comprehensive progress in the overall development of the calibration system. In accordance
with this approach, the first calibration board prototype, named CABANON (CAlibration
Board with 32-chANnels for demonstratiON), was designed and implemented in 2020.

The CABANON prototype incorporated 32 channels and included 8 CLAROCv2 ASICs.
However, as mentioned earlier in Section 5.2, the CLAROCv2 ASICs do not meet the
specifications for the HL-LHC. Furthermore, the board prototype employed a Serial Peripheral
Interface (SPI) communication environment instead of the necessary IpGBT protocol for
communicating with the ASICs. Despite these limitations, analysing the CABANON prototype
has yielded valuable insights that will be beneficial in designing the ultimate 128-channel
calibration board.

The following sections present an overview of the design of CABANON, the tests developed
based on its design, and the corresponding test bench setup employed in the CABANON
studies conducted in 2021.

6.3.1. Description

As mentioned in Section 6.2, the upcoming calibration board for the HL-LHC will maintain the
Ro — L circuit from the original board, but a new layout for the calibration ASICs is necessary.
Therefore, a primary objective of the CABANON study was to determine the optimal layout
of calibration ASICs. To achieve this goal, various board prototypes, each sized at 410x490
mm? (representing a full-sized board for the FEC), were designed with distinct ASIC positions.
These prototypes feature 8 ASICs, but the final calibration board will integrate 32 ASICs
spanning the entire board. Hence, the rationale for developing prototype boards with diverse
ASIC placements is to ensure result consistency across the entire calibration board.

Additionally, the focus was on identifying the most suitable components for the board. To
achieve this, the board prototypes incorporated different types of inductance.

A summary of the distinctions among the board prototypes is provided in Table 6.1. Specifi-
cally:

e Inductance: all board prototypes use a shielded 12uH inductance, as specified in Section
6.2. However, there are differences in the specific types of inductance used for each
board. Board 1 and Board 3 incorporate the ISC1210ER120J [16] inductance, denoted
as L1. This inductance is used in existing ATLAS calibration boards and has a tolerance
of 5%. On the other hand, Board 2 utilises the S1812R-123G [17] inductance, referred
to as L2. It is a new type of inductance and has a tolerance of 2%.

e Position of calibration ASICs: each board consists of 8 calibration ASICs, with 4 located
on the top and 4 on the bottom of the board. Boards 1 and 2 share the same layout,
positioning all ASICs in the middle sector. In contrast, Board 3 arranges all ASICs on
the upper half of the board. These layouts can be observed in Figure 6.2.
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Figure 6.2.: Above: CABANON Board 1. A similar layout of calibration ASICs is also in Board 2.
Below: CABANON Board 3. In all boards, 8 ASICs are on the top side of the board,
and the other 8 on the bottom.
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CABANON Inductance Position of ASICs

Board 1 L1 Middle sector of board
Board 2 L2 Middle sector of board
Board 3 L1 Only upper half of board

Table 6.1.: A comparison of the three CABANON prototypes. L1 denotes inductance ISC1210ER120J
and L2 refers to inductance S1812R-~123G.

Each board is equipped with a bPOL12V [18] DC-DC convertor to lower the 48V input voltage
to the specific voltages required by the different ASICs on the board. This custom convertor,
developed by CERN, has successfully fulfilled the radiation requirements for the HL-LHC.
Additionally, Boards 2 and 3 offer the flexibility to incorporate an alternative DC-DC convertor
called LTM4619 [19]. This commercial component has undergone extensive evaluation by
the ATLAS R&D teams and meets the necessary radiation specifications for LHC Run 3.
However, further testing is needed to assess its performance under the expected radiation
conditions at the HL-LHC. Nevertheless, conducting studies on both types of convertors will
facilitate the selection of the most optimal option.

6.3.2. Test Objectives

The main objectives of the tests conducted on the CABANON prototype were: i) to evaluate
the functionality of the board and ensure its proper operation, ii) to identify and examine
any non-uniformity within the board, iii) to ensure consistency in results despite variations
in calibration ASIC placements and, iv) to select the most suitable inductance and DC-DC
convertor components.

To achieve these objectives, the following tests were performed:
e Testing the functionality of calibration ASICs and DC-DC convertors
e Verifying the board’s ability to simultaneously pulse multiple channels.

e Evaluating the additional non-linearity introduced by the board compared to the
standalone calibration ASIC non-linearity.

e Measuring the crosstalk between all channels of the board.

e Evaluating the uniformity of maximum pulse amplitude and peaking time across all
channels of the board.

e Comparing different boards and investigating how the test results are affected by the
placement of ASICs, inductance, and/or convertors

6.3.3. Test Bench Setup

In order to perform the tests mentioned above, a test bench setup (refer to Figure 6.3) was
established at LAPP consisting of the following components:
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Power Supply Multimeter Trigger Oscilloscope

CABANON Multiplexer Pulse Shaper

Figure 6.3.: Test bench setup at LAPP to conduct tests on CABANON

1. CABANON: It refers to the 32-channel calibration board prototype that is currently
under study.

2. Power Supply: It supplies the necessary power to the board.
3. Multimeter: It is utilised for measuring currents and voltages within the circuit.
4. Oscilloscope: It is employed to visualise and analyse signal pulses.

5. Multiplexer: Since there is only one oscilloscope and multimeter available, the multiplexer
is required to selectively route multiple inputs to a single output line. It allows the
examination of one channel of the board at a time and was designed to study the existing
calibration board.

6. Trigger: It generates the command pulse for the calibration ASIC on the board. It also
ensures the stability and synchronisation of the signal pulse on the oscilloscope’s screen.

7. Attenuator: It is employed to reduce the amplitude of the signal pulse, enabling precise
measurements within the dynamic range of the oscilloscope.

8. Pulse Shaper: A 50ns CR-RC? pulse shaper is employed to shape the signal pulse and
minimise the impact of electronic noise. This was also designed to study the existing
calibration board.

9. PC: It hosts the LabVIEW [50] programs responsible for controlling the board, providing
the user interface, and storing data. These programs were written by the author. A
snapshot of one of the programs to control the data provided to the board is shown in
Figure 6.4.
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User Input: Channel and Current
Value for each ASIC
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Output: 232 bits (Data_In for CABANON)

Figure 6.4.: This LabVIEW program enables control of the data sent to the CABANON board.
Users can input the desired current value (in mA) and select the ASIC channel (1-4)
within the red box. The program’s output, displayed in the blue box, consists of 232
bits. Specifically, programming a single CLAROC v2 chip requires 29 bits (25 for
the current value and 4 for channel selection). Consequently, to program the entire
CABANON board, a total of 8x29 = 232 bits is needed. This data is then supplied to
the CABANON board for further testing as necessary.

The arrangement of the test bench is tailored to the specific test being conducted. For
instance, the schematic in Figure 6.5 showcases the configuration of the test bench setup
aimed at investigating the calibration pulse. In this arrangement, the LabVIEW program,
the trigger, and the power supply serve as inputs to the CABANON board to generate the
desired signal pulse. The multiplexer selects the output channel where the signal pulse will
be measured. The generated pulse then passes through an attenuator, followed by the pulse
shaper, and finally, it is captured and observed on an oscilloscope. It is important to note
that the oscilloscope also requires a trigger command for proper operation. Ultimately, the
shaped pulse is routed back to the LabVIEW program for storage and analysis purposes.

6.4. Results of CABANON Prototype

This section presents the results obtained from the tests described in Section 6.3.
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Figure 6.5.: Schematic of test bench configuration to study the calibration pulse

6.4.1. Operation of Components

Thorough examinations were conducted to verify the proper operation of the calibration
ASICs and DC-DC convertors. The outcomes obtained are as outlined below:

e Calibration ASIC

The calibration ASICs revealed defects in certain channels. The defective channels
identified were as follows:

— Board 1: All channels of ASIC 3
— Board 2: ASIC 6 Channel 1
— Board 3: ASIC 8 Channel 3, all channels of ASIC 6

Specifically, Board 1 ASIC 3 and Board 3 ASIC 6 were found to be short-circuited. The
defects in Board 2 ASIC 6 Channel 1 and Board 3 ASIC 8 Channel 3 were investigated
by the cabling team, but a conclusive result could not be obtained. This suggests that
the defect could potentially lie in the ASIC itself and/or its packaging.

These defective channels have not been included in the CABANON studies. However,
for the final calibration board, thorough checks will be conducted on each calibration
ASIC before incorporating it onto the board, which was not performed for CABANON.

e DC-DC Convertor

To evaluate the performance of the two convertors under study, voltage measurements
were conducted at the 1.2V and 5V points on CABANON boards 2 and 3. These
specific boards were chosen for the comparative analysis since they are the ones equipped
with both convertors, as mentioned in Section 6.2. The results, presented in Table
6.2, indicate significant deviations in the measured voltage for the bPOL12V convertor
compared to the input voltage on both boards. Additionally, the performance of the
bPOL12V convertor deteriorates noticeably when subjected to higher injected currents,
such as 300 mA. Furthermore, this deterioration is particularly prominent in Board 3.
On the other hand, the LTM4619 convertor demonstrates stable performance.
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The poor performance of the bPOL12V convertor can be attributed to a failure to adhere
to low noise design rules during the development of the board prototype. Ensuring
compliance with specific layout requirements when integrating the DC-DC convertor is
essential to minimise noise emissions. Consequently, the next version of the calibration
board prototype will receive increased attention in its design phase to effectively address
this issue.

Measured Voltage Measured Voltage
CABANON | Input Current Voltage bPOL12V LTM4619
1.2V 1.2304 V 1.1994 V
5V 4.8721'V 4.9882 V
Board 2
300 mA 1.2V 1.2305 V 1.1994 V
300 mA 5V 4.8719 V 4.9881 V
1.2V 1.1955 V 1.1994 V
5V 4.7974 V 4.9931 V
Board 3
300 mA 1.2V 1.1952 V 1.1994 V
300 mA 5V 4.3626 V 4.9845 V

Table 6.2.: Measured voltages at 1.2V and 5V points using bPOL12V and LTM4619 DC-DC conver-
tors. These measurements were conducted on CABANON boards 2 and 3, considering
low (0 mA) and high (300 mA) input currents.

6.4.2. Simultaneous Pulsing of Multiple Channels

As stated earlier, the simultaneous pulsing of multiple channels is a crucial requirement
for calibration runs, as discussed in Section 6.2. Thus, in this study, the objective was
to simultaneously pulse multiple calibration channels on a board in order to analyse the
characteristics of the output pulse produced.

It is important to note that this study was performed exclusively on Board 2. Furthermore, it
should be noted that this study aimed to gain a general understanding of the trends, and the
measurements obtained were not highly precise. Accordingly, the following tests were carried
out:

e pulsing all channels of a calibration ASIC simultaneously

For this test, a 20 mA current was injected into ASIC 1 channel 2. The maximum
pulse amplitude measured in ASIC 1 channel 2 was 0.4 in arbitrary units (a.u.). When
the same current was injected into all channels of ASIC 1, the maximum amplitude
measured in ASIC 1 channel 2 was 0.11 a.u. This test was repeated with other ASICs,
yielding the same results. Thus, it can be concluded that the injected current is divided
among the four channels within the ASIC, as expected from Equation 6.3.

e pulsing one channel per calibration ASIC simultaneously
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In this task, channel 2 of all ASICs was injected with a 20 mA current individually.
When the output pulse was measured at channel 2 of any ASIC (e.g. ASIC 1 channel 2,
ASIC 4 channel 2, etc.), the maximum amplitude measured was 0.4 a.u. This implies
good compatibility across all ASICs of the board.

On the other hand, when the output pulse was measured at any other channel apart
from channel 2 (e.g. ASIC 2 channel 4, ASIC 8 channel 1, etc.), only noise was observed.
Consequently, as expected, the injected current is not divided within the ASICs when
only one channel per ASIC is pulsed.

e pulsing all 32 channels of a board simultaneously

In this test, a 20 mA current was injected into every channel of every calibration ASIC.
When measuring the output pulse at any channel, the maximum amplitude observed
was (.11 a.u., indicating that the injected current is distributed among all channels of
the ASIC according to Equation 6.3. Once again, uniformity across all channels on the
board was observed.

In conclusion, the calibration board prototype behaves as expected when multiple channels
are pulsed.

6.4.3. DAC Linearity

As mentioned earlier in Section 6.2, it is important to ensure that the calibration board does
not compromise the standalone performance of the calibration ASICs. Thus, in this study,
the DAC Integral Non-Linearity (INL) results of the CABANON boards were compared to
the test results of the standalone CLAROCv2, with the aim of identifying any non-linearity
that cannot be attributed to the calibration ASIC itself.

Before soldering the Ry — L on the CABANON boards, the linearity between the measured and
injected DAC currents was examined. This measurement was conducted using a multimeter
in three different input ranges: 5uA-5 mA (with 0.1 mA steps), 5uA-40 mA (with 0.5 mA
steps), and 5uA-320 mA (with 5 mA steps), corresponding to 10-bit, 13-bit, and 16-bit DAC
configurations, respectively.

As a reminder, CLAROCv2 incorporated four separate HF switches to determine the most
optimal design for the final calibration ASIC. (see Section 5.2). Among these switches, Channel
4 of each ASIC was selected as the baseline architecture due to its favorable INL results.
Therefore, this study specifically presents the results obtained from Channel 4 of each ASIC.
Furthermore, it is important to note that the CABANON setups in this study utilised the
bPOL12V convertor.

The following observations were made for each DAC configuration:

e 10-bit: Figure 6.6 illustrates the DAC INL of all functional ASICs for all three boards.
In the CLAROCvV?2 studies, the INL remained within 0.1%, while the DAC linearity in
the CABANON setup deteriorated to approximately 0.3%.

e 13-bit: Figure 6.7 shows the DAC INL of all functional ASICs for all three boards, as
well as that of the standalone CLAROCv2. In all cases, the INL remained within 0.3%.
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Figure 6.6.: DAC INL in 10-bit range for Channel 4 in Board 1 (top left), Board 2 (top right) and
Board 3 (bottom)

Additionally, it is worth noting that the large steps in the plot every 5 mA correspond
to the addition of a thermometer bit (see 5.2)

e 16-bit: Figure 6.8 displays the DAC INL results of all functional ASICs for all three
boards, along with the standalone CLAROCv2. As observed in previous studies, the
deteriorating behaviours for large injected DAC values can be attributed to the grid
cascode voltage, while the up/down variations in the INL curve are due to a dispersion

of the current mirrors. In all cases, a degradation in DAC linearity compared to the
standalone CLAROCv2 was observed.

To summarise, the comparison between the CABANON setup and standalone CLAROCv2
reveals the presence of additional non-linearity in the CABANON setup, likely attributed to
the unstable performance of the bPOL12V convertor.

It is important to highlight that the DAC INL results show uniformity within a single board.
However, significant differences are observed when comparing the results across different
boards. Specifically, Board 3 exhibits a more pronounced degradation in DAC linearity, as
previously mentioned. Therefore, special attention will be given to the implementation of
the convertor chosen in the development of the next calibration board prototype in order to
address these issues effectively.
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6.4.4. Pulser Linearity

The linearity of the pulser was evaluated by measuring the maximum pulse amplitude at
different DAC currents, following the schematic shown in Figure 6.5. Once again, three distinct
input ranges were examined: 5pA-5 mA (with 0.1 mA increments), 54A-40 mA (with 0.5 mA
increments), and 5uA-320 mA (with 5 mA increments), corresponding to 10-bit, 13-bit, and
16-bit DAC configurations, respectively.

In this study, the obtained results were compared to previous studies conducted on CLAROCv2
in order to identify any variations that are not attributable to the calibration ASIC itself.
Furthermore, the performance of the LTM4619 convertor was investigated by comparing its
outcomes with those of the bPOL12V convertor. These comparative analyses were specifically
carried out on Boards 2 and 3, as they are the only boards that have both convertors installed,
as mentioned earlier.

Once again, this study specifically focuses on presenting the results obtained from Channel 4
of each ASIC, which represents the HF switch in CLAROCv2 with the baseline architecture.

The following observations were made for each DAC configuration:

e 10-bit: Figure 6.9 displays the pulser INL of all functional ASICs in Boards 2 and 3,
after applying the fixed-time correction for injected current as described in Section 5.1.
The results of studies with the bPOL12V convertor are shown in blue, while studies
with the LTM4619 convertor are shown in red. The figure also includes the pulser INL
for standalone CLAROCv2, after applying the fixed-time correction.

In CLAROCV2 studies, the INL remained within 0.1%, while the pulser linearity in the
CABANON setup for most ASICs is around 0.2%.

e 13-bit: Figure 6.10 illustrates the pulser INL for all functional ASICs in Boards 2 and
3, along with the standalone CLAROCvV2. It is evident that the INL of the pulser is
primarily influenced by the non-linearity of the thermometer DAC, which exhibits steps
every 5 mA.

In the CLAROCv2 studies, the INL was within 0.4%. The pulser linearity for the
CABANON setups also remained relatively similar.

e 16-bit: Figure 6.11 showcases the pulser INL for all functional ASICs in Boards 2 and 3,
as well as the standalone CLAROCv2. The dominant factors contributing to the INL of
the pulser are once again the non-linearity of the DAC, including thermometer steps,
mirror dispersion, and grid cascode voltage at very high currents.

In the case of CLAROCV2, the INL remained within 2.5%. Similarly, for the LTM4619
setup, the INL was within 2.5% for both boards. However, the pulser INL for the
bPOL12V setup significantly degraded compared to the CLAROCv2 studies, particularly
in board 3. This degradation could be attributed to the unstable performance of the
bPOL12V convertor, especially at high currents in board 3, as mentioned earlier.

To summarise, the evaluation indicates that at larger currents, the CABANON setups exhibit
increased non-linearity specifically with the bPOL12V convertor, while the LTM4619 convertor
maintains stable performance. It is worth emphasising that the INL results demonstrate
consistency within a single board. However, notable differences emerge when comparing the
results across different boards. Notably, Board 3 displays a more significant degradation
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Figure 6.9.: Pulser INL (after applying fixed-time correction) in 10-bit range for Channel 4 in
standalone CLAROCv2 (top), Board 2 (bottom left) and Board 3 (bottom right). For
the boards, bPOL12V results are shown in blue, and LTM4619 results are shown in red.

in linearity, primarily due to the inferior performance of the bPOL12V convertor in that
particular board, as previously discussed. Another key finding is that using a stable converter
(such as LTM4619) allows for the recovery of standalone chip performance, highlighting the

successful board design.

Consequently, as mentioned earlier, the development of the next calibration board prototype
will carefully consider the implementation of the chosen convertor to effectively address these

issues.
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Pulser INL in 13-bit range for Channel 4 in standalone CLAROCv2 (top), Board 2
(bottom left) and Board 3 (bottom right). For the boards, bPOL12V results are shown
in blue, and LTM4619 results are shown in red.
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Figure 6.11.: Pulser INL in 16-bit range for Channel 4 in standalone CLAROCv2 (top), Board 2
(bottom left) and Board 3 (bottom right). For the boards, bPOL12V results are shown
in blue, and LTM4619 results are shown in red.



Liquid Argon Calibration Board Prototype for HL-LHC 76

6.4.5. Crosstalk

Crosstalk refers to the undesired signal present in a channel other than the one that was
pulsed, leading to non-uniformity on a board. This study focused on analysing crosstalk by
injecting a 300 mA pulse into a single channel and measuring the resulting crosstalk pulse in
the remaining 31 channels of the board.

The study involved the following tests for each board:
1. Analysis of crosstalk shape
2. Evaluation of crosstalk based on the position of the calibration ASICs

Furthermore, to compare the crosstalk behaviours across different boards, the following studies
were conducted:

1. Assessment of the maximum crosstalk amplitude
2. Analysis of crosstalk at the peak of the injected pulse

The subsequent sections provide detailed explanations of the tests performed and present the
corresponding test results.

6.4.5.1. Shape of Crosstalk

Figure 6.12 illustrates the shape of the 300 mA current injected into ASIC 1 channel 1 (shown
in blue), along with the shape of the maximum crosstalk pulse measured in ASIC 1 channel 3
(shown in green) on board 3. As expected, the crosstalk pulse closely resembles the derivative
of the injected pulse.

It is important to note that the amplitudes of the pulses in the figure are not represented
to scale, as the injected pulse was attenuated while the crosstalk pulse was not. In reality,
the maximum crosstalk pulse is relatively small, accounting for approximately 0.1% of the
amplitude of the injected pulse.

The measurement was repeated for all channels and in all boards, and no obvious differences
in shape were observed for crosstalk pulses.

6.4.5.2. Crosstalk based on Position of Calibration ASICs

Figure 6.13 illustrates the crosstalk pulse in the remaining 31 channels when a 300 mA
pulse was applied to ASIC 5 channel 2 of board 2. The vertical arrangement of the ASICs
corresponds to their positions on the board.

The figure provides clear evidence that ASICs situated closer to the injected channel exhibit
elevated levels of crosstalk, whereas the ASICs positioned further away primarily exhibit
electronic noise. This observation remained consistent across all tested channels and boards.
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Figure 6.12.: Shape of injected pulse in channel 1 (blue) and maximum crosstalk pulse measured
in change 3 (green) for board 3 ASIC 1. Here, the injected pulse is attenuated by a
factor 1000, whereas the crosstalk pulse is not.
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Figure 6.13.: Crosstalk pulse shapes when a 300 mA pulse was injected in board 2 ASIC 5 channel 2
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Figure 6.14.: Maximum crosstalk (as % of injected pulse amplitude) in each channel when a 300
mA current is injected in i) ASIC 1 channel 1 (left) and ii) ASIC 4 channel 2 (right).
Results for boards 1, 2 and 3 are shown in red, blue and green respectively.

6.4.5.3. Comparison of Boards: Peak of Crosstalk

The objective of this study was to compare the maximum crosstalk amplitudes among different
boards.

Figure 6.14 illustrates the maximum crosstalk amplitudes in the channels when a 300 mA pulse
is injected into i) ASIC 1 channel 1 (left) and ii) ASIC 4 channel 2 (right). The results for
board 1, board 2, and board 3 are represented by the colours blue, green, and red, respectively.
It is evident that the trends observed in all three boards are quite similar. Additionally,
the maximum crosstalk amplitude amounts to approximately 0.14% of the injected pulse
amplitude of 300 mA. This aligns with the specified requirement of the maximum crosstalk
being around 0.1% of the maximum pulse amplitude, as discussed in Section 6.2.

The same measurement was repeated for all other injected channels, and no discernible
differences were observed.

6.4.5.4. Comparison of Boards: Crosstalk at Peak of Injected Pulse

In this study, a comparison of different boards was conducted by analysing the crosstalk at
the peak of the injected pulse, which ideally should be zero since the crosstalk pulse is a
derivative of the injected pulse.

Figure 6.15 presents the crosstalk at the peak of the injected pulse in all channels when a 300
mA pulse was injected into i) ASIC 1 channel 1 (left) and ii) ASIC 7 channel 3 (right). The
results for board 1, board 2, and board 3 are represented by the colours blue, green, and red,
respectively. It can be seen that the crosstalk at the peak of the injected pulse is nearly zero.

The same measurement was repeated for all other injected channels and no noticeable
differences were observed among the different boards.

In summary, crosstalk was observed in adjacent channels. However, the maximum crosstalk
amplitude was minimal, constituting approximately 0.1% of the injected pulse amplitude of
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Figure 6.15.: Crosstalk at peak of injected pulse (as % of injected pulse amplitude) in each channel
when a 300 mA current is injected in i) ASIC 1 channel 1 (left) and ii) ASIC 7 channel
3 (right). Results for boards 1, 2 and 3 are shown in red, blue and green respectively.

300 mA, thus meeting the specified requirement. Furthermore, as anticipated, no crosstalk was
observed at the peak of the injected pulse. These consistent results were observed across all
boards and channels, indicating a high level of uniformity despite different ASIC placements.
Lastly, there was no evident dependence on the type of inductance used, prompting the need
for additional magnetic tests to identify the optimal inductor. Based on these findings, it is
recommended to adopt a similar routing circuit for the calibration board in the next prototype.

6.4.6. Uniformity

This study aimed to examine the uniformity across all channels of a given board in terms
of the maximum pulse amplitude and peaking time. It is important to note that although
each channel in CLAROCv2 behaves slightly differently due to its design with 4 different
HF-switches, all channels were analysed together to ensure statistical relevance.

The tests were conducted using the bPOL12V convertor for all boards. Additionally, Boards
2 and 3, which were equipped with the LTM4619 convertor, underwent the same tests using
this specific convertor. This approach allows for a comparison of both the performance of the
convertors and the boards themselves.

Three different injected DACs were used in the tests, specifically: low current (20 mA),
intermediate current (185 mA), and high current (310 mA). The corresponding results for
each DAC can be observed in Figures 6.16, 6.17, and 6.18, respectively.

The data was analysed by fitting Gaussian curves, and the resulting relative standard de-
viations® and means are presented in Tables 6.3 and 6.4 for the bPOL12V and LTM4619
convertors, respectively. The following conclusions can be drawn:

5 The relative standard deviation is denoted as %, represents the standard deviation (o) divided by the

mean (p)
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Figure 6.16.: Maximum amplitude (top row) and peaking time (bottom row) across all functioning

channels. Left column: bPOL12V convertor. Right column: LTM4619 convertor.
Boards 1, 2, and 3 depicted in red, blue, and green respectively. Injected DAC: 20 mA.

Injected DAC in mA: 185, bPOL12V

B Bl
. B2
= B3

oo

7 038 039 0.40 0.41 0.42
Maximum amplitude (in au)

Injected DAC in mA: 185, bPOL12V
T T T

100 102 104 106 108 110 112
Peaking time (in ns)

Injected DAC in mA: 185 mA, LTM4619

oo
N

038 039 0.40 0.41 0.42
Maximum amplitude (in au)

6 Injected DAC in mA: 185 mA, LTM4619

4

3

2

1

98 100 102 104 106 108 110 112

Peaking time (in ns)
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Boards 1, 2, and 3 depicted in red, blue, and green respectively. Injected DAC: 185
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Figure 6.18.: Maximum amplitude (top row) and peaking time (bottom row) across all functioning
channels. Left column: bPOL12V convertor. Right column: LTM4619 convertor.
Boards 1, 2, and 3 depicted in red, blue, and green respectively. Injected DAC: 310
mA.

e Uniformity Requirement: None of the boards, tests, or convertor setups meet the specified
uniformity requirement of 0.2% for the EMB and EMEC (Section 6.1). Specifically, the
obtained relative standard deviations exceed the desired level.

e Comparison of Boards:

— The relative standard deviations are fairly similar across all boards for a given test,
convertor setup, and injected current range. This aligns with the desired goal of
maintaining consistency despite variations in ASIC placements. Again, the choice
of inductance does not have a significant impact on the uniformity of calibration
channels. Therefore, additional magnetic tests are needed to further explore this
aspect.

— The mean values for the maximum amplitude demonstrate consistency across all
boards for a given injected current range and convertor setup, indicating high
uniformity in terms of the mean values of the maximum amplitude.

— The mean peaking time varies among boards for a given injected current range
and convertor setup, suggesting some level of non-uniformity in this parameter.
Notably, board 3 exhibits the highest mean peaking time compared to the other
boards. Since board 3 has the ASICs situated on top of the board, it could be that
the longer length of the electric cables cause a delay in timing pulses.
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Injected . e
DAC Test Relative Standard Deviation Mean

Board 1 Board 2 Board 3 | Board 1 Board 2 Board 3

90 1A Max amp | 2.35% 2.88% 2.28% | 0.048 au 0.047 au 0.047 au
m

Peak time | 2.20% 2.17% 1.91% | 100.39 ns 103.5ns 108.3 ns

185 WA Max amp | 0.47% 0.43% 0.34% 0.39au  038au 0.38 au
m

Peak time 1.1% 0.71% 1.16% 101.7 ns 103.9 ns 109.4 ns

310 mA Max amp 2.4% 3.42% 2.11% 0.6 au 0.6 au  0.56 au
m

Peak time 0.86% 1.08% 1.06% 102.5ns 104.9ns 109.8 ns

Table 6.3.: Relative standard deviation and mean value for each board and uniformity test across
three injected DAC values. Results shown for bPOL12V convertor.

Injected . .
DAC Test Relative Standard Deviation Mean
Board 2 Board 3 Board 2 Board 3
Max amp | 1.75% 1.32% 0.05 au  0.05 au
20 mA
Peak time | 2.14% 1.83% 105.6 ns 109.2 ns
Max amp | 0.27% 0.30% 0.42au 0.4 au
185 mA
Peak time | 0.81% 0.93% 106.5 ns 110.3 ns
Max amp 5.48% 4.51% 0.66 au  0.64 au
310 mA
Peak time | 1.03% 1.05% 107.4 ns 110.8 ns

Table 6.4.: Relative standard deviation and mean value for each board and uniformity test across
three injected DAC values. Results shown for LTM4619 convertor.
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Additionally, the uniformity across all channels of board 2 was examined to compare the
performance of two convertors. It is important to mention that the studies were specifically
conducted using board 2 since the bPOL12V setup of board 3 is more prone to malfunction, as
mentioned earlier. The results of this comparison are presented in Table 6.5, and the following
conclusions can be drawn:

e Comparison of Convertors:

— Both convertors exhibit a similar relative standard deviation for peaking time,
indicating a comparable level of uniformity in this parameter.

— The LTM4619 convertor shows better relative standard deviation outcomes for
maximum amplitude at low currents compared to the bPOL12V convertor, while
its performance diminishes at high currents. This suggests that the uniformity
of maximum amplitude varies depending on the current range and the specific
convertor used.

— The mean values for the maximum amplitude remain consistent across all convertors
for a given injected current range, indicating a good level of uniformity in this
parameter.

— The mean peaking time is consistently larger for the LTM4619 convertor across
all current ranges. This indicates that the LTM4619 may introduce a time delay
while converting the current. This has to be confirmed with more studies.

Injected . .
DAC Test Relative Standard Deviation Mean
bPOL12V LTM4619 bPOL12V LTM4619
Max amp 2.88% 1.75% 0.047 au 0.05 au
20 mA
Peak time 2.17% 2.14% 103.5 ns 105.6 ns
Max amp 0.43% 0.27% 0.38 au 0.42 au
185 mA
Peak time 0.71% 0.81% 103.9 ns 106.5 ns
Max amp 3.42% 5.48% 0.6 au 0.66 au
310 mA
Peak time 1.08% 1.03% 104.9 ns 107.4 ns

Table 6.5.: Relative standard deviation and mean value for each convertor setup and uniformity test
across three injected DAC values. Results shown for Board 2.

In summary, none of the boards achieved the desired level of uniformity, which was set at 0.2%
across all channels. Although certain dependencies were observed concerning the selection of
convertors and /or boards, additional statistical analysis and tests are needed to validate these
findings. Furthermore, the failure to meet the uniformity requirement can be attributed to
the following key factors:

e A large non-linearity is already present in both the calibration ASICs and the boards
themselves.
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e In this study, precise adjustment of reference voltages in the calibration ASICs was not
achievable, resulting in a significant dispersion among ASIC results. However, this issue
will be addressed and resolved in the next calibration prototype.

e The calibration ASIC used in the study has four different channels. However, in the
final calibration board, all channels will be identical, thereby improving uniformity.

e The study was limited to only 32 channels, and obtaining a larger dataset would greatly
contribute to obtaining more comprehensive and robust results.

6.5. Current Status of Calibration Board Prototype

The tests conducted on the CABANON prototype have yielded valuable insights for the
development of the next calibration board prototype. They can be summarised as follows:

e No obvious dependence was observed on the placement of ASICs. This suggests consistent
results across an entire board.

e The LTM4619 DC-DC convertor demonstrated a superior performance compared to the
bPOL12V convertor. The poor performance of the bPOL12V convertor was attributed
to the failure to adhere to low noise design rules during its development. Consequently,
greater emphasis will be placed on addressing this issue in the design phase of the next
calibration board prototype. Furthermore, the choice of convertor will be determined
by further tests on radiation tolerance, voltage conversion efficiency, and temperature
losses.

e Both the S1812R-123G and ISC1210ER120J inductances showed similar performance.
Since the S1812R-123G is no longer in production, the newer ISC1210ER120J inductance
will be selected for the next calibration board prototype, pending successful completion
of the magnetic tests.

e Cross-talk was detected at a level of 0.1% of the signal in channels where it was
present. Notably, only a small subset of channels (approximately 5-10) surrounding the
signal channel experienced cross-talk, while the remaining channels primarily exhibited
electronic noise. These findings support the implementation of a similar positioning and
routing approach for the calibration ASICs and Ry — L circuit in the next calibration
board prototype.

e The CABANON prototype did not meet the uniformity requirement. One of the
contributing factors was the inability to fine-tune the reference voltages in the calibration
ASICs. This issue will be addressed in the next version of the calibration board prototype.

Based on these findings, the design of the first full 128-channel calibration board prototype is
currently underway, with plans for fabrication scheduled for summmer/autumn 2023.
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Chapter 7.

Vector Boson Scattering at LHC

A typical VBS interaction at the LHC is shown in Figure 7.1. In this process, two vector
bosons are emitted by the quarks in the colliding beams. These vector bosons then interact
with each other, leading to the production of two additional vector bosons, which may differ
from the initial ones. The quarks involved in the interaction are subsequently deflected and
emitted as forward-backward jets'. Therefore, VBS processes at the LHC are characterised
by the presence of two vector bosons accompanied by two jets with large pseudorapidity
difference between them. In fact, they are commonly denoted as EW-VV 552 processes. The
interaction between the two vector bosons, represented by the circle in Figure 7.1, involves
contributions from both the self-couplings of the gauge bosons and the couplings of the Higgs
boson to gauge bosons (as discussed previously in Section 2.2).

Figure 7.2 presents an overview of cross-section measurements obtained with the ATLAS
detector, focusing on processes allowed by the Standard Model. Among these measurements,
the production cross-section for VBS processes, indicated by the EWK-Z~jj and EWK-VVjj
labels in Figure 7.2, is found to be approximately O(10~3) pb. This relatively low cross-section
poses a significant challenge for experimental studies on VBS. In fact, historically, studies on
VBS have been restricted by limited statistics. However, the advent of the LHC Run-2 data
sets, distinguished by their unparalleled energy scale and integrated luminosity, has ushered
in a new era of exploration and provided opportunities to investigate these rare processes in
greater detail.

Now, VBS processes at the LHC [52] can be categorised into different channels and final
states based on the types of vector bosons involved and their decay modes, as presented in
Table 7.1. Each channel and final state exhibits distinct characteristics. The fully leptonic
channel offers a clean signal with minimal background contamination, but it has a lower
yield in terms of signal events. On the other hand, the hadronic channel provides the highest
signal yield, but it is accompanied by a larger background contribution®. The semi-leptonic
final state strikes a balance between these two channels, providing a cleaner reconstruction of
bosons from leptons and higher yields from bosons decaying into hadrons. Additionally, the
photonic channels, which involve the presence of at least one photon, exhibit relatively higher
production cross-sections in the measurement phase space, as evidenced by the labels Z~vjj
and VVjj in Figure 7.2.

1 Jets refer to collimated bunches of particles that result from the interaction of quarks and gluons produced
in high-energy collisions

2V refers to electroweak vector bosons, and j denotes jets

3 In particle physics, the term "signal" refers to the specific process of interest, while "background" describes
any physics process resembling the signal and producing a similar detector signature.
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Figure 7.1.: VBS process at the LHC

e

q

Standard Model Production Cross Section Measurements Status: February 2022
—
_Q AQ ttal (x2) .
o 101! inolst ATLAS Preliminary
e incl Theory
5 - \s=5,7,8,13 TeV
10° N LHC pp 5= 13 TeV
P T Il Daa 32-1390!
5 s
10 oA
LHC pp Vs =8 TeV
10* o0 Bl Data 2022031
OV
.
103 £> g Y O.e0 O LHC pp Vs=7 TeV
125GeV 100 Gev A v
o'p’ 70 Aoy . Bl Daa 45490
A ”AJZZ 06 . ‘g
102 nzt ° 6‘ v Ao vz "N ww
w23 pr> w O 0.
A AL dey, ., W g vz A
22 o - o oo O A =
101 A nza O pr>25 Gel %z i o
nz3 A 72"423 "‘8 A © ViN wy
w5 g iz | soran [T = | Ag
1 A nxa 26 R oo W ot
wes , 5 O O Txog?E " g g O
T n27 [ ke a4z wwzon Wi
a (= o (x0.25) B A A L2 &
107 @ o, @
RE =t nes ”/:DS 4 o w 7 [} o o
2 a u7 o Huﬂv @ a w* total
10— LI nz (x0.15) A v otal
=7 [=] [u] AAD B W W
o O Hoyy Hoyy Zyr o o
3 s B <05 n iy n z R
10 vz ot e g
g wwy A
PP Jets ¥ W Z tf t W ¥y H Hj VH Vy @v iH wwv 7y VP vy
thy Vij teE " eww
tot. tot. VBF tot. EWK tot. EWK

Figure 7.2.: Standard Model production cross section measurements by the ATLAS experiment [51]
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Channel Fully Leptonic Semi Leptonic | Hadronic Photonic
WEW+ = vty ZV — 2l2q VV = 4q | Zv — 1F1Ty

WEWT = FviTv | WV = w2q | ZV = 202q | Zvy — 2v7y

WZ — 3lv W~ — lvy

Final State WZ — 13v Vy = 2qy

27 — 4l Y
27 — 212v
Z7 — 4dv

Table 7.1.: The list of all possible VBS channels and final states, categorised by vector bosons
engaged in the interactions: W, Z boson or photon -, and their decay modes to charged
leptons [, neutrinos v, and/or to quarks ¢. V =W, Z.

The main focus of this thesis is to investigate the photonic Z+v VBS process using the full
Run-2 data obtained by the ATLAS detector. The motivation for studying this process is
discussed in Section 7.1, while its experimental signature is described in Section 7.2. Lastly,
Section 7.3 provides an overview of the objectives pursued in this study.

7.1. Motivation

In Section 2.2, it was discussed that VBS studies are important for constraining dimension-6
and dimension-8 Wilson coefficients. However, dimension-6 operators, which modify triple
gauge couplings, are better constrained by other non-VBS processes with higher cross-sections
at the LHC, such as vector boson production with jets (labeled Vjj in Figure 7.2). On the
other hand, dimension-8 operators, which specifically affect the quartic gauge coupling, can
only be constrained through VBS and triple vector boson production. Therefore, investigating
VBS processes at the LHC plays a pivotal role in constraining dimension-8 Wilson coefficients.
The primary motivation for studying the Zv VBS process is to explore anomalies in the
quartic WW Z~ coupling and search for the presence of neutral quartic gauge couplings, such
as ZZZ~, ZZ~y, and Zvyyy, which are not allowed within the Standard Model framework
(as discussed in Section 2.1.2).

It is worth noting that other VBS processes, such as ZZ and v, also involve neutral gauge
couplings. However, ZZ has a lower cross-section as it is a non-photonic channel and ~v is
more susceptible to a larger background from misidentified photons. Hence, the Z~ VBS
process is considered the optimal choice for investigating neutral quartic gauge couplings.

The Z~ VBS process can result in various final states depending on the decay of the Z
boson. As shown in Table 7.1, the final state can involve charged leptons (Zy — ITIT7),
neutrinos (Zy — 2v7), or quarks (Zv — 2¢v). The hadronic final states tend to have larger
backgrounds, while neutrinos, being weakly interacting particles, escape the detector without
leaving a detectable signal. In contrast, charged leptons can be accurately detected and
measured in the detector, providing clean signals. Hence, in this analysis, the chosen final
state for the Zvy VBS process is [T1F~y, where [ represents either an electron or a muon.
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(a) (b) (©)

(d)

Figure 7.3.: Representative Feynman diagrams of the processes relevant to the Z~vjj analysis: (a)
quartic gauge coupling VBS, (b) triple gauge coupling VBS, (c¢) electroweak non-VBS;
QCD-induced process with (d) gluon exchange or (e) gluon radiation.|53]

It is important to note that, due to lepton universality in the weak interaction |!|, Z decaying
to tau leptons is as prevalent as Z decaying to electrons and muons. Moreover, if the 7
decays leptonically?, the final state of Z — 77 closely resembles that of Z — ee or Z — pupu
processes, since neutrinos from the 7 decay do not leave a detectable signal in the detector.
In this analysis, the pr cut for the leading lepton® from the Z decay has been set above the
lowest unprescaled lepton trigger threshold (see Chapter 11). Thus, a very small fraction
of Z — 77 events survive %. In fact, in a separate study, a limited number (<10) of events
involving 7 leptons satisfied the Zv analysis criteria, in contrast to the approximately 260
signal events involving electrons and muons. Consequently, tau leptons have been disregarded
in this analysis due to their negligible contribution.

7.2. Experimental Signature

As mentioned earlier, the Z+ VBS process at the LHC is characterised by the final state
of Z~jj. However, there are additional processes that contribute to the same final state,
as depicted in Figure 7.3. Specifically, the top row illustrates the electroweak production
of Z7 in association with two jets. Among these diagrams, Figures (a) and (b) correspond

4o lyjvr, where [ is e or p

5 Leading lepton is the lepton with the highest pr

5 The rationale is that electrons or muons originating from tau decays exhibit lower energy due to some being
carried away by neutrinos. Consequently, low-pr electrons or muons resulting from 7 decays fail to pass the
high lepton pr cut.
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to VBS processes with triple and quartic gauge couplings, while Figure (c¢) does not. It is
important to emphasise that since all these processes are generated at O(ofgw), where apw
represents the electroweak gauge coupling, they cannot be disentangled based on the principle
of gauge invariance. Therefore, the study of the Z~ VBS process at the LHC necessitates an
investigation of the complete electroweak production of Z~ pairs in association with two jets,
referred to as EW-Z~jj production.

Additionally, there are other processes involving Quantum Chromodynamucs (QCD)” radiation
of partons that also contribute to the Zvjj final state at O(a%a%w), where ag represents the
strong interaction coupling constant. These processes, depicted in the bottom row of Figure
7.3, form an irreducible background® to the measurements of the EW-Z~;j;j production and
are referred to as QCD-Z~jj.

Lastly, the interference between EW-Z~jj and QCD-Z~jj processes, generated at O(a5a3EW),
is small. Consequently, it can be treated as a theoretical uncertainty for EW-Zvjj measure-
ments, as discussed later in Chapter 10.

7.3. Measurement Objectives

Previous experimental studies on the production of EW-Z~;jj have been conducted by the
ATLAS [51] and CMS [55] collaborations using data collected at /s = 8 TeV, yielding no
evidence at that time. However, both experiments reported evidence of the process based on
partial data sets collected at /s = 13 TeV with an integrated luminosity of 36 fb=! [56] [57].
Furthermore, ATLAS and CMS observed the process using the full Run-2 data sample [53]
[58]. This thesis describes the analysis that led to observation and production cross-section
measurement of the EW-Z~jj process using the complete Run-2 dataset recorded by the
ATLAS detector.

As mentioned in Section 2.2, the presence of new physics can be observed through deviations
in cross-sections. Figure 7.4 illustrates that these deviations are most pronounced around the
energy scale associated with new physics. By performing precise measurements of the tails
of the distributions, it becomes possible to establish limits on the Wilson coefficients. Thus,
another objective of this analysis is to conduct differential cross-section measurements of the
EW-Z~jj process, focusing on variables that are highly sensitive to anomalous quartic gauge
couplings in the high-value tail regions.

Moreover, as stated in the next chapter, simulation of physics processes is crucial in particle
physics. Thus, this analysis also provides differential cross-section measurements of various
EW-Z~jj variables to improve their modelling.

Finally, this analysis includes measurements of the overall Zvjj process, encompassing
contributions from EW-Zvj57, QCD-Z~jj, and interference terms. It is important to highlight
that ATLAS recently reported cross-section measurements for the Z~y-+jets process [59)].
Therefore, the results presented in this thesis complement the aforementioned study by
providing a measurement of the total Zvjj in a VBS-like region. This measurement is crucial

7 QCD is the gauge theory for strong interactions in the SM

8 In particle physics analyses, there are two types of backgrounds: reducible and irreducible. Reducible
backgrounds occur when particles imitate the particles of interest, such as jets resembling high-energy photons.
Irreducible backgrounds, on the other hand, consist of particles that are of the same type as the particles
being studied.
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Figure 7.4.: A diagram showing possible measurable effects in the tails of current energy reaches,
due to new physics present beyond current accessible scales.

for achieving a comprehensive characterization of this process in a region highly sensitive to
new physics.



Chapter 8.
Simulation

The primary purpose of the ATLAS detector is to accurately detect and record the particles
produced from collisions occurring at the LHC. However, to fully comprehend the observed
outcomes, a deep understanding of the complete kinematics of proton-proton (pp) collisions
and the detector’s response to the resulting particles is essential. Due to the intricate nature of
these processes, it is not feasible to analyse them analytically. Hence, modelling or simulation
techniques must be employed.

In the field of particle physics, where stochastic processes govern particle production and
decays, the Monte Carlo (MC) method is the most suitable choice for simulations. This
method involves generating a large number of random events based on theoretical predictions
and established physical laws, using specialised software tools called MC generators.

Section 8.1 provides an overview of the MC simulation utilised in analyses at proton colliders,
while Section 8.2 focuses specifically on the MC samples related to the Z+jj analysis.

8.1. Simulation of Proton Collisions

Simulations performed at proton colliders consist of two primary components: event generation
and detector simulation. Event generation simulates the physics processes that occur during
collisions, providing valuable information about particle types, energies, and momenta. On
the other hand, detector simulation focuses on modelling how the detector responds to the
produced particles, considering its geometry and response functions. By combining event
generation and detector simulation, it becomes possible to simulate the entire process from
collisions to recorded signals.

8.1.1. Event Generation

Figure 8.1 shows the diagram of a pp collision. Event generation tries to mimic the process,
resulting in the following key steps [60] [61]:

e Hard scattering: The highest energy interaction in a proton collision is the hard scattering
process, involving the collision of partons within the protons. The likelihood of this
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Figure 8.1.: A pp collision with distinct stages: hard scattering (dark red circle), parton shower
(red), hadronisation (green), and underlying event (blue,purple).[60]

process, represented by its cross-section, can be calculated perturbatively!' using matriz
element generators, typically at leading order (LO) or next-to-leading order (NLO)2.

e Parton Shower: During the hard scattering process, energetic partons produced in
the initial and final states can emit additional partons through successive branching
processes. These emissions account for higher-order perturbative contributions beyond
LO or NLO. However, calculating the exact outcomes of these emissions from first
principles would be computationally intensive. To address this, a simplified probabilistic
method known as parton shower is used to simulate the parton emissions, taking into
account the kinematics and probabilities of each emission.

e Hadronisation: As the parton shower progresses, the partons gradually lose energy until
they reach energy levels where they can no longer exist as isolated particles. At this
stage, the partons undergo a process known as hadronisation, wherein they combine to
form bound states called hadrons. Due to the complex nature of QCD processes at low
energy scales, hadronisation cannot be modelled using perturbation theory? and require
empirical modelling.

e Underlying Event: Lastly, partons that are not directly involved in the hard scattering
process can also interact with each other resulting in additional hadrons, such as pileup.
This phenomenon, known as underlying event, is simulated separately and incorporated
into the final model at a later stage of the simulation process.

L Perturbative QCD is a theoretical approach that uses series expansions based on small parameters, such as
the strength of the strong coupling constant, to study the interactions of quarks and gluons.

2 LO and NLO refer to different levels of approximations perturbative expansion. LO represents the dominant
contribution, while NLO includes the LO term and the first-order correction, resulting in improved accuracy.
3 Perturbative QCD is particularly useful for high-energy processes where the coupling constant is small, but
other techniques are needed for low energies.
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All simulation stages which require approximate modelling (i.e. parton shower, hadronisation,
underlying event simulation) involve free parameters in the modelling descriptions. The
optimised sets of the free parameters, called tunes, are taken as input by the MC generators.

General-purpose MC event generators are versatile software packages that handle all aspects
of the event generation procedure. Examples of such generators include PYTHIA, HERWIG,
and SHERPA. On the other hand, there are dedicated matrix element generators such as
MADGRAPH and POWHEG that specifically focus on generating matrix elements. Since they do not
perform parton showering and hadronisation, they are typically interfaced with general-purpose
generators. [02]

It should be noted that different generators employ different phenomenological models, thereby
making it important to test multiple generators for analysing physics processes. Moreover, to
ensure accuracy and avoid double counting of emissions, it is crucial to match or merge the
order at which the matrix element is generated with the order used for the parton shower.
Matching entails the computation of higher-order matrix elements for emissions, which are
then harmonised with the outcomes obtained from the parton shower. On the contrary,
merging involves the introduction of a threshold scale. Partons generated above this scale
are derived using a higher-order matrix element, whereas those generated below the scale are
simulated via the parton shower. [61]

8.1.2. Detector Simulation

The final step in producing simulated events is to model the interaction between stable
particles and the detector hardware so that simulation can be compared directly to data.
The GEANT4 framework is used for most detector simulation within ATLAS. It utilises MC
simulation techniques to individually simulate the trajectory of each particle as it passes
through the detector hardware. This approach provides a highly accurate approximation of
the detector response.

8.2. Simulated Samples

This section provides information about the MC samples used to simulate the signal and
background processes in the Zvjj analysis. These simulated samples play a critical role in
optimising analysis techniques, estimating backgrounds, and comparing experimental data
with theoretical predictions.

8.2.1. Signal Sample

In this particular analysis, the process of interest is EW-Z+jj. The corresponding sample
was generated with MADGRAPH5_AMCONLO 2.6.5 [63] at LO QCD with the NNPDF3.1 parton
distribution function* (PDF) [64] set. The sample was interfaced with PYTHIA 8.240 [65] for
parton showering, hadronisation and underlying event with the A14 tune [66].

4 A parton distribution function (PDF) describes the distribution of partons within a proton or other hadron.
PDFs provide information about the likelihood of finding a parton with a specific momentum at a given energy
scale. They are crucial for calculating cross-sections and making predictions for high-energy physics processes.
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Process Matrix Element (ME) Parton Shower ME O(ag)

EW-Z~jj MADGRAPH PYTHIA LO
QCD-Z~jj SHERPA SHERPA NLO
Z+jets POWHEG PYTHIA NLO

ttry MADGRAPH PYTHIA LO
QCD-W Zjj SHERPA SHERPA NLO

EW-W Zjj MADGRAPH PYTHIA LO

Table 8.1.: List of nominal MC samples used in the Z+vjj analysis. The table provides information
on the MC generators used for matrix element and parton showers. It also provides the
accuracy of the simulation at the matrix-event level.

8.2.2. Background Samples

In the cross-section measurements of EW-Z7jj, the primary background is the QCD-Z~jj
process®. Two sets of MC samples were used to model this final state:

i The nominal sample was generated with SHERPA 2.2.11 [67] [68] at NLO QCD with the
NNPDF3.0 PDF set. The matching and merging was performed using MEPS@NLO [69] [70]
prescription. In this sample, the matrix element included up to one additional parton at
NLO and up to three additional partons at LO.

ii The alternative sample, used for cross-checks, was generated with MADGRAPH5_AMC@NLO
2.3.3 at NLO QCD with the NNPDF3.0 PDF set. It was interfaced with PYTHIA. In this
sample, the matrix element included up to one additional parton at NLO and up to two
additional partons at LO.

The second-largest background arises from the Z-+jets process, with one of the jets misidentified
as a photon. This sample was generated with POWHEG BOX v1 [71] [72] [73] at NLO QCD with
the CT10 [74] PDF set. The sample was interfaced with PYTHIA 8.210 for parton showering,
hadronisation and underlying event with the ANZLO tune.

The third largest background originates from ¢ty process. This sample was generated with
MADGRAPH5_AMC@NLO at LO QCD with the NNPDF 2.3 PDF [75] set. The sample was interfaced
with PYTHIA 8.212 with the A14 tune.

The smallest background contribution was evaluated from the W Zjj process. The QCD-
W Zjj sample was generated with Sherpa 2.2.2 at NLO QCD with the NNPDF3.0 PDF set.
The EW-W Zjj sample was generated with MADGRAPH5_AMC@NLO 2.6.2 at LO QCD with the
NNPDF3.0 PDF set. It was interfaced with PYTHIA 8.235.

A summary of the nominal MC samples used in the analysis is shown in Table 8.1. All
simulated samples were passed through the ATLAS detector simulation based on GEANT4.

5 It should be noted that in the analysis of Z~vjj process, QCD-Z~jj is the signal too



Chapter 9.
Object Reconstruction

The primary goal of the ATLAS detector is to identify and detect particles produced in
collisions. Figure 9.1 provides a visual representations of the paths taken by different particles
as they traverse the ATLAS detector. However, instead of directly detecting particles, the
ATLAS detector operates by capturing and analysing electrical signals generated by its sub-
detector systems. As a result, these signals need to be combined in order to create meaningful
physics objects, a process referred to as object reconstruction.

Different technologies are employed in the sub-detectors, but the resulting measurements
can be broadly classified as either spatial hits or energy deposits. This distinction gives rise
to four fundamental low-level objects: tracks formed from spatial hits, topological clusters
or topo-clusters formed from energy deposits, vertices constructed by combining tracks, and
particle-flow objects generated by combining tracks and topo-clusters. The high-level objects
used in physics analyses, such as electrons or jets, are then formed by combining these low-level
objects in various ways.

In this chapter, Section 9.1 provides a description of the reconstruction process for low-level
objects, while Section 9.2 delves into the reconstruction of high-level objects specifically

Figure 9.1.: Schematic representation of interactions of particles in the ATLAS detector[76]
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track

Figure 9.2.: The perigee representation of a track in ATLAS

relevant to the Zvjj analysis. Lastly, Section 9.3 outlines the selection criteria used to identify
high-quality objects in the analysis.

9.1. Low-Level Objects

9.1.1. Tracks

Track reconstruction in the ATLAS detector primarily relies on information obtained from
the Inner Detector (ID). Two main tracking algorithms are employed: [77]

e The inside-out algorithm starts by identifying hits in the innermost layers of the ID.
It then extends the tracks outward into the TRT if consistent hits are found. This
algorithm is the default choice for reconstructing high-quality tracks originating from
primary interactions in pp collisions.

e The outside-in algorithm is designed to improve the detection efficiency for particles
produced farther from the beamline, such as electrons resulting from photon conversion
in the detector material. It begins with hits in the TRT and works backward, matching
them with Pixel+SCT hits that were not utilized in the inside-out track reconstruction.

Tracks are commonly described using the perigee representation, which employs five parameters
(do, z0, ¢, 6, q/p), as depicted in Figure 9.2. These parameters, determined at the point on
the track closest to the interaction vertex, provide important information about the tracks:
transverse impact parameter dy that represents the distance to the vertex in the z — y plane,
longitudinal impact parameter zy that represents the distance to the vertex in the z plane,
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azimuthal angle ¢ and polar angle 6 of the track, and factor ¢/p that denotes the ratio of the
particle’s electric charge g to the magnitude of its momentum p.

9.1.2. Vertices

By extrapolating reconstructed tracks, it is possible to identify locations where multiple tracks
converge, which are referred to as vertices. There are two types of vertices: primary vertices
and secondary vertices. [77]

Primary vertices (PVs) are defined as the points in space where pp interactions have taken
place. In each bunch crossing, there are typically multiple PVs originating from both the
collision of interest and pileup events. The primary vertex associated with the collision of
interest is referred to as the hard-scatter primary vertex. It is determined by selecting the
PV with the highest Zp% of the associated tracks. This vertex corresponds to the position
where the largest momentum transfer occurs, indicating the likely creation point of particles
of interest.

On the other hand, secondary vertices arise from the decays of primary particles or interactions
with detector material. These vertices are generally located farther away from the primary
vertices.

9.1.3. Topological Clusters

Topological clusters [75], also referred to as topo-clusters, are formed by grouping together
adjacent calorimeter signal cells in three dimensions based on the significance of their energy
content relative to the background noise. These clusters are crucial for reconstructing various
physics objects like jets, electrons and photons.

It is important to note that individual topo-clusters are not expected to exclusively capture
the complete energy deposit of a single particle at all times. Rather, they can represent
a partial energy deposit from a single particle, a combined energy deposit from multiple
particles, or a combination of both cases. Therefore, the primary aim of the topological
clustering algorithm is not to differentiate between energy deposits originating from different
particles. Rather, it aims to separate continuous energy deposits and mitigate the impact
of noise. Furthermore, the algorithm takes into account the spatial distribution of the cell
signals in all three dimensions to determine the directions of the incoming particles as well.

9.1.4. Particle-Flow Objects

In Run 1 of the LHC, ATLAS used either the calorimeter or the tracker to reconstruct hadronic
jets. However, in Run 2, an enhanced method called particle-flow (PFlow) [79] was introduced
which simultaneously combines measurements from both the tracker and calorimeter, taking
advantage of their individual strengths. Specifically, the tracker provides improved angular
resolution, while the calorimeter offers superior energy resolution. Moreover, the tracker
demonstrates better momentum resolution for low-energy charged particles, whereas the
calorimeter excels in high-energy particle momentum resolution. As a result, a combination
of both subsystems is preferred for optimal jet reconstruction.
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Figure 9.3.: A flow chart of the particle-flow algorithm [79]

Figure 9.3 depicts the schematic of the particle-flow algorithm. First, the algorithm matches
a well-measured track to a single topo-cluster. Using the topo-cluster position and the track
momentum, the algorithm estimates the expected energy deposited by the particle associated
with the track in the calorimeter. However, as mentioned before, it is possible for a single
particle to deposit its energy into multiple topo-clusters. Thus, depending on the probability of
the energy being distributed among multiple topo-clusters, the algorithm determines whether
additional topo-clusters should be added to the track/topo-cluster system to accurately
reconstruct the entire particle energy. Subsequently, the expected energy deposited in the
calorimeter by the particle that produced the track is subtracted cell-by-cell from the set of
matched topo-clusters. Finally, if the remaining energy in the system aligns with the expected
fluctuations of a particle’s energy, the remnants of the topo-clusters are eliminated. This
last step of cell subtraction and remnant removal ensures that energy information is not
double-counted between tracks and topo-clusters.

The output of the algorithm can consist of various particle-flow objects: i) high-quality
tracks, which represent charged particles with all their energy deposited in a single topo-
cluster, ii) modified clusters, which represent charged particles with their energy spread
across multiple topo-clusters, and iii) unchanged clusters, which are not associated with any
track and represent neutral particles. These particle-flow objects are used as inputs for jet
reconstruction.

9.2. High-Level Objects

9.2.1. Electrons and Photons

The reconstruction processes for electrons and photons are closely intertwined due to their
interactions with the detector material [30]. In particular, electrons can emit bremsstrahlung
photons in the ID, while photons can form electron-positron pairs within the ID (converted
photons). Thus, to handle these interactions, the reconstruction algorithm for electrons
and photons combines information from topo-clusters' in the calorimeter as well as tracking
information from the ID.

A crucial aspect of the reconstruction algorithm is the construction of superclusters that
encompass the energy cluster of primary electrons/photons and their associated secondary
particles. Figure 9.4 illustrates an example of a supercluster, where an electron emits a
bremsstrahlung photon due to interactions with the ID material. Thus, the algorithm aims to

L A key reason for utilising topo-clusters is their capability to detect and reconstruct low-energy particles,
such as bremsstrahlung photons
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Figure 9.4.: A schematic depiction of a supercluster consisting of the seed and a satellite topoclusters
originating from an electron and a bremsstrahlung photon, respectively[30]

find and connect the primary topo-cluster from the electron shower (seed cluster) with the
nearby secondary topo-cluster from the photon shower (satellite cluster).

In the final stage of the algorithm, an electron is defined as an object consisting of a supercluster
matched to a track, a converted photon is identified by a calorimeter cluster matched to a
conversion vertex? and an unconverted photon refers to a cluster that does not match either
an electron track or a conversion vertex.

Electron and Photon Calibration

The reconstructed electron and photon candidates are calibrated to compensate for energy
losses upstream of the calorimeter, in neighbouring cells of the supercluster, and beyond the
LAr calorimeter. A multivariate regression algorithm trained on MC samples is employed for
this calibration. However, despite this calibration, discrepancies between data and simulation
may persist. To address these differences, an additional calibration step is performed using
Z — ee events®. Ultimately, the calibration procedure adjusts the energy scale and resolution
of electron and photon candidates. [¢1]

Electron and Photon Identification

Reconstructed electron candidates suffer large backgrounds from three main sources: misidenti-
fied hadrons, photon conversions, and heavy hadron decays. In the case of photon conversions
and heavy hadron decays, an actual electron is present in the final state. These electrons are
still considered background in the sense that they are not produced in the primary interaction,
and are referred to as non-prompt electrons.

A likelihood-based identification is used to assess the quality of the reconstructed electron
candidate. This likelihood discriminant is built from quantities measured in the ID and
calorimeter that assist in distinguishing signal (prompt electrons) from background. From this

2 A conversion vertex refers to a vertex in the detector where a photon undergoes conversion into an
electron-positron pair

3 The same corrections can be applied to photons. The accuracy of these corrections is confirmed by analysing
photons from radiative Z boson decays in the electron and muon channels, and the results exhibit compatibility
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discriminant, three working points (WPs) of increasing background rejection and decreasing
efficiency are designed: Loose, Medium and Tight. The Medium WP includes a subset of
objects that meet the requirements of the Loose WP, while the Tight WP comprises a subset
of objects that satisfy the criteria of the Medium WP. [81]

Similarly, reconstructed photon candidates face backgrounds primarily from non-prompt
photons in hadronic jets with a significant electromagnetic (EM) fraction, such as 7% — vy
decays. Thus, additional identification requirements are imposed on photon candidates to
enhance their purity. This identification process involves placing cuts on calorimeter shower
shape variables that can distinguish signal (prompt photons) from background. Similar to
electrons, working points are defined for photon identification too. [31]

Electron and Photon Isolation

In addition to imposing identification requirements, background can be further reduced by using
isolation requirements. Prompt electrons/photons can be discriminated from electrons/photons
of secondary sources by measuring the amount of hadronic activity around them. They are
well-separated without any particles in the vicinity, i.e. are more isolated, compared to
non-prompt electrons/photons which are surrounded by jet constituents.

Isolation can be measured using either ID tracks or calorimeter clusters. Track-based isolation
sums the pr of ID tracks within a cone of size AR around the electron or photon candidate.
Calorimeter-based isolation sums the transverse energy of topoclusters within a cone of size
AR around the candidate. Typically, AR = 0.2 is used for electrons, while AR = 0.2 or 0.4
is common for photons. The contributions from the candidates themselves are excluded in
both cases. Additionally, calorimeter isolation is corrected for underlying event and pileup
contributions. As is customary, various isolation WPs with different efficiencies are defined.

[51]

9.2.2. Muons

The reconstruction and identification of muons rely on data from all subsystems. Initially,
tracks in the Muon Spectrometer (MS) are reconstructed, and their compatibility with the
interaction point is verified. Subsequently, a global muon reconstruction is performed, incor-
porating information from the ID and calorimeters. This results in five distinct reconstruction
strategies and muon types [32]:

e Combined (CB) muons: CB muons are identified by matching MS tracks to ID tracks
and conducting a combined track fit using hits from both the ID and MS. The energy
loss in the calorimeters is taken into account during this process.

e Inside-Out (IO) muons: IO muons are reconstructed by extrapolating ID tracks to the
MS and searching for at least three loosely-aligned MS hits. The ID track, energy loss
in the calorimeters, and MS hits are combined in a track fit. This approach recovers
efficiency in regions with limited MS coverage and for low-pT muons.

e Muon Spectrometer Extrapolated (ME) muons: ME muons are reconstructed when an
MS track cannot be matched to an ID track. This reconstruction strategy enables the
reconstruction of muons outside the ID acceptance region. In such cases, the parameters
of the MS track are extrapolated to the beamline to determine the muon’s properties.
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e Segment-Tagged (ST) muons: ST muons are identified by requiring that an ID track
matches at least one track segment in the MS. In these cases, the muon parameters are
directly obtained from the ID track fit.

e Calorimeter-Tagged (CT) muons: CT muons are identified by extrapolating ID tracks
through the calorimeters and searching for energy deposits consistent with those produced
by minimum-ionising particles. Similar to ST muons, the muon parameters are directly
derived from the ID track fit.

Muon Identification and Isolation

To select high-quality prompt muons and mitigate backgrounds from non-prompt muons in
hadronic decays, reconstructed muon candidates are subjected to identification and isolation
requirements. [32]

Non-prompt muons from light hadron decays exhibit poor-quality tracks due to trajectory
changes caused by in-flight decay. Consequently, the muon identification algorithm relies on
the track quality of muons to differentiate prompt muons from non-prompt ones originating
in light hadrons. The algorithm provides different working points with varying efficiencies.

Prompt muons originating from heavy-flavor decays, such as bottom and charm hadrons,
possess high-quality tracks that cannot be suppressed using muon identification alone. In
such cases, muon isolation plays a crucial role. Isolation can be measured using the inner
detector (ID) tracks or calorimeters, with track-based and calorimeter-based isolation defined
similarly to electrons and photons. Typically, a radius of AR = 0.2 or 0.3 around the muon
candidate is used for these isolation variables.

Combining track-based and calorimeter-based isolation tends to yield better results compared
to using either one alone, as these variables offer complementary information. Track-based
isolation provides higher resolution and is less affected by pileup, while calorimeter-based
isolation captures details about neutral particles that track isolation may miss. However, both
track and calorimeter isolation redundantly measure hadronic activity due to the detection of
charged particles by both systems. To address this redundancy, the particle-flow algorithm is
employed to eliminate overlapping contributions and decrease their correlation. The resulting
particle-flow-based isolation is obtained by summing track-based isolation and neutral particle-
flow isolation. Neutral particle-flow isolation involves summing the transverse energy of
neutral particle-flow objects within a cone of radius AR = 0.2 around the muon candidate.
Additionally, corrections are applied to account for underlying event and pileup contributions.

As with identification, various working points are established for each isolation variable.
Muon Calibration

Muon momentum depends significantly on various factors, including the alignment of the
ID and MS, the distribution and composition of material within the tracking volume, and
the accuracy of the magnetic field knowledge. While dedicated procedures are applied to
correct the detector alignment, residual misalignments may introduce a bias in the momentum
measurement. To account for and rectify this bias, extensive samples of Z — puu decays
are utilised. Despite these calibration efforts, discrepancies between the observed data and
theoretical simulation may persist. To address these discrepancies, an additional calibration
step is conducted, employing Z — pup and J/¥ — pp events. Only CB muons are utilised to
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extract the necessary calibration parameters. Ultimately, the calibration procedure adjusts
the momentum scale and resolution of muon candidates. [33]

9.2.3. Jets

According to QCD, particles such as quarks and gluons, which carry color charge, cannot
be observed isolated. Instead, they undergo hadronisation and convert into color-neutral
hadrons. These hadrons then decay and break apart into multiple particles that are tightly
concentrated in a narrow cone aligned with the original parton direction. In experimental
physics, these collimated particle sprays are reconstructed as composite structures called jets.

Jet reconstruction algorithms are designed to group together the particles produced during
the hadronisation process and extract information about the properties of the initial parton.
These algorithms utilise specialized clustering techniques that must meet the criteria of being
both infrared and collinear (IRC) safe. Infrared safety ensures that the algorithm remains
unchanged when additional soft* radiation, such as a low-pr particle, is added. Collinear
safety ensures that the reconstruction of a jet is not affected by the inclusion of a particle
closely aligned with the jet’s direction.

In this analysis, the anti-k7 algorithm [31] [85] is employed to reconstruct the jets. The input
to the algorithm consists of particle-flow objects. The algorithm relies on the following defined
quantities:

1 1 1\ AR
di=— and d;; =min | —,— ki 9.1
Pt ’ (pQTz p%j) R O

Here, ¢ and j represent indices of particle-flow objects, AR?j = Aqﬁ?j + Aygj, and R denotes a
fixed parameter known as the jet radius. Typically, R = 0.4 is used for quark and gluon jets,
while R = 1.0 is used for jets from hadronically decaying massive particles. The algorithm
initiates by identifying all possible pairs of input objects and their distances computed based
on the aforementioned metrics. If d;; < d;, the objects i and j are combined and removed
from the input collection, while the combined object is added as a new input. Conversely, if
d;j > d;, the object i is selected as a jet and removed from the input collection. This iterative
process continues, recomputing distances d;; and d; at each step, until no further combinations
are possible.

Jet Calibration

Reconstructed jet candidates undergo calibration to address detector effects and minimise
pileup contamination. The calibration process involves multiple steps®, starting with pileup
correction using an area-based subtraction method. Subsequently, an MC-based calibration is
employed to align the energy and 7 of reconstructed jet candidates with those of truth-level
jetsS. This calibration compensates for various effects, such as energy losses in inactive detector
regions, incomplete energy reconstruction in the calorimeters and biases in 1 reconstruction
caused by transitions between different calorimeter technologies and changes in calorimeter

4 In QCD, soft interactions occur at low energies with low-momentum exchanges, while hard interactions
occur at high energies with high-momentum exchanges.

5 The calibration procedure described in this thesis is applicable to jets with R = 0.4

5 Truth-level jets refer to the simulated jets in which detector effects are not taken into account
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granularity. Despite these calibrations, the jet response’ remains influenced by factors such

as shape, flavor, and quark-gluon distinctions. Thus, multiplicative corrections are applied
to mitigate these dependencies. This step is known as Global Sequential Calibration (GSC).
Additionally, an in-situ calibration using Z-+jet, v+jet, and multi-jet events is performed to
further account for discrepancies between data and simulation. Ultimately, the calibration
procedure adjusts the jet energy scale (JES) and jet energy resolution (JER). [80]

Jet Cleaning

Reconstructed jet candidates undergo jet cleaning to differentiate jets produced in proton-
proton collisions from background. The primary sources of background for collision jets
include beam-induced background resulting from proton losses before the interaction point,
cosmic-ray showers that coincide with collisions, and calorimeter noise.

Jet cleaning algorithms utilise three categories of variables to discriminate between collision
jets and background. These categories are based on electronic signal pulse shape in the
LAr calorimeters, energy ratio variables, and track-based variables. Pulse shape variables
are effective in distinguishing noise in the LAr calorimeters. The energy ratio variable and
track-based variables are able to reject calorimeter noise in the LAr and Tile calorimeters,
as well as mitigating beam-induced background and cosmic muon showers. The algorithms
provide various working points which correspond to different levels of background rejection.

[57]

9.2.3.1. Jet Vertex Tagger

In the process of calibrating jets, the average energy from pileup interactions is subtracted
using the jet area. However, variations in local pileup can still create spurious jets. To minimise
the impact of pileup interactions, the Jet Vertex Tagger (JVT) is applied to reconstructed jet
candidates. JVT utilises a likelihood discriminant that analyses the tracks linked to the jets,
differentiating between jets originating from the hard scatter process and those from pileup.
It provides multiple working points for optimisation purposes. [38]

Since JVT relies on tracks, it can only be used for jets within the acceptance of the inner
detector. Therefore, to handle pileup jets in the forward regions, the Forward Jet Vertex
Tagger (fJVT) is employed. The reconstruction of jets affected by pileup involves two types:
QCD jets, originating from a single pileup interaction, and stochastic jets, formed by combining
particles from multiple vertices. In the forward region, QCD pileup jets are prevalent and
tend to occur in pairs with opposite directions in the transverse plane due to the conservation
of transverse momentum. Exploiting this dijet correlation enables the identification of QCD
pileup jets, which forms the basis of the fJVT algorithm. [39]

In order to account differences in data and simulation, the hard-scatter jet efficiency for both
JVT and fJVT is calibrated using Z(— pu)+jets events.
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Figure 9.5.: A diagram showing the distinct decay geometry of a b-jet.

9.2.3.2. b-Tagger

Jets that contain b-hadrons are referred to as b-jets, and the process of identifying them
is called b-tagging. b-tagging algorithms exploit the distinctive experimental properties of
b-hadrons, as seen in Figure 9.5. These particles have a relatively long lifetime, leading to
the presence of secondary vertices and tracks with high impact parameters. b-hadrons also
possess a larger mass, resulting in wider and heavier jets compared to jets originating from
light-flavor particles. Additionally, the decay properties of b-hadrons increase the probability
of detecting muons within the jet.

The b-tagging process involves two steps. Initially, low-level algorithms based on track impact
parameters, dispaced vertices or reconstruction of the b-hadron decay chain are employed. The
outputs of these algorithms serve as inputs for high-level algorithms, which employ multivariate
techniques like boosted decision tree or deep feed-forward neural network algorithms. These
multivariate algorithms classify reconstructed jet candidates as b-jets, c-jets, or light-flavor
jets, with various working points available to achieve different efficiencies in b-tagging. [90]

b-Tagging Calibration

Discrepancies in the efficiency of b-tagging between data and simulation can stem from
challenges in theoretical and detector modeling. To address this, the b-tagging efficiency is
calibrated by utilizing leptonic decays of tf, which are known to contain a higher number of
b-jets. In a similar manner, the mis-tagging rates of c-jets and light-flavor jets also require
calibration. The mis-tagging rate of c-jets is calibrated using semi-leptonic decays of tt, while
the mis-tagging rate of light-flavor jets is calibrated using Z+jets events. [91]

7 The jet response is typically quantified by comparing the energy or n of a reconstructed jet to that of a
truth-level jet
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9.3. Object Selection

In 2021, the ATLAS collaboration released fiducial cross-section measurements for the EW-
Z~jj and total Zvjj processes, utilising the complete Run-2 dataset [92]. This current
analysis replicates the same task, incorporating enhanced Monte Carlo samples and refined
analysis techniques to improve measurement accuracy and precision. As a result, the object
selection criteria in this analysis draw inspiration from those applied in [92].

This section delineates the object selection criteria optimised for the current analysis. It is
important to note that both data and detector-level Monte Carlo simulation samples are
subject to the same object selection criteria.

The selection criteria for lepton and photon candidates in the analysis are presented in Table
9.1. Both converted and unconverted photons are considered for photon candidates. Notably,
electron and photon candidates are excluded from the transition region between the barrel
and endcap electromagnetic calorimeters (1.37 < |n| < 1.52). Additionally, electron and muon
candidates, being prompt particles, are required to originate from the hard-scatter primary
vertex, leading to constraints on their transverse dy and longitudinal zy impact parameters.

In terms of isolation criteria, electron and photon candidates are evaluated using the working

points [31] defined in Table 9.2. For muon candidates, the particle-flow-based isolation method
described in Section 9.2 is utilised, and the corresponding working point [32] is defined in
Table 9.3.

Efficiency studies reveal the performance of the candidate selection. Figure 9.6 shows that
the isolation efficiency of electron candidates with Medium ID WP, for pr > 20 GeV, exceeds
95% (indicated by the green line). Similarly, Figure 9.7 demonstrates that the efficiency of
photon candidates with Tight ID WP, for pp > 25 GeV, is above 85%. Additionally, Figure
9.8 highlights that the efficiency of muon candidates with Medium ID WP, for pr > 20 GeV,
surpasses 90%.

The selection criteria for jet candidates are provided in Table 9.4. They are clustered using
the anti-kp algorithm with a radius parameter of AR = 0.4. Jet candidates with py < 60
GeV and |n| < 2.4 are required to originate from the hard-scatter primary vertex. To ensure
this, the Tight working point [93] of the jet vertex tagging (JVT) algorithm is employed in
this analysis. Additionally, jet candidates must satisfy the LooseBad jet cleaning criteria
[37]. Furthermore, jet candidates in the central region (|n| < 2.5) that contain b-hadrons are
identified using the DL1r deep neural network discriminant with a 70% b-tagging efficiency
working point [90].
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Electrons Photons Muons
pT >20 GeV >25 GeV >20 GeV
<2.47 <2.37
7] . . " . <2.5
veto transition region veto transition region
do/U(d0)<5 do/o‘(do)<3
I t P t . .
fpact Tatameter |zosinf| < 0.5 mm |zosinf| < 0.5 mm
Identification Medium Tight Medium
Isolation Loose Loose PflowLoose

Table 9.1.: Object selection criteria for leptons and photons

Working Point  Calorimeter Isolation = Track Isolation

Electron Loose  E"20 /pp < 0.20  p™e®0 /pp < 0.15
Photon Loose  E5™20 /By < 0.065  po20/Er < 0.05

Table 9.2.: Definition of photon and electron isolation working points [31] Here, cone20 corresponds
to cone of AR = 0.2 around the candidate.

Working Point Definition Track pr

PflowLoose  (pueoned0 4 (4. Ere/low20y < 016 pt  pr > 500 MeV

Table 9.3.: Definition of muon isolation working point [32] Here, cone30 corresponds to cone of
AR = 0.3 around the candidate, and neflow?20 is a cone of neutral particle-flow objects
of AR =0.2.

Jets
pr >25 GeV
| <4.4
Jet Cleaning LooseBad
JVT Tight for jets in |n|<2.4 and pr<60 GeV
b-tagging DL1r, e, = 70% for jets with |n|<2.5

Table 9.4.: Object selection criteria for jets
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Figure 9.6.: Efficiency of the different isolation working points for electrons from inclusive Z — ee
events as a function of the electron transverse energy Fp. The electrons are required to
fulfil the Medium selection from the likelihood-based electron identification. The lower
panel shows the ratio of the efficiencies measured in data and in MC simulations. The
total uncertainties are shown, including the statistical and systematic components.|[31]
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Figure 9.7.:

Figure 9.8.:

Efficiencies of the Tight photon identification for unconverted (left) and converted (right)
signal photons, plotted as a function of photon Ep. The signal events are taken from
the sample of Z — [l photons with Ep<25 GeV, and from inclusive-photon production
above 25 GeV. In each case, the Ep-independent and Ep-dependent selections are
compared. The Loose isolation is applied as a preselection. For both plots, the bottom
panel shows the ratios between the Fp-dependent and Ep-independent identification
efficiencies. [31]
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Overall efficiency measured in data with Z — pp and J/¥ — pp decays. The total
efficiency for satisfying simultaneously the Medium identification, PflowLoose isolation
and vertex association criteria (black line) is shown together with its separate components
(coloured markers). Here, vertex association criteria refers to the requirements imposed
on the impact parameters to reject muons not originating from the hard-scatter primary
vertex.[32]
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It is possible that the tracks or energy deposits from a single particle can be reconstructed
as two different objects. Thus, an overlap removal procedure is implemented to avoid the
double-counting of analysis objects. In all cases, the object reconstructed with a poorer
efficiency is removed as follows:

e If a jet and an electron are reconstructed within a distance of AR = 0.2 from each other,
the jet is removed.

e If a jet and a photon are reconstructed within AR = 0.4 of each other, the jet is removed.

e If a lepton (electron or muon) and a jet are reconstructed within AR = 0.4 of each
other, the lepton is removed.

e If a photon and a lepton (electron or muon) are reconstructed within AR = 0.4 of each
other, the photon is removed.

e If a muon and an electron are reconstructed within AR = 0.2 of each other, the electron
is removed.



Chapter 10.
Uncertainties

Every measurement is subject to two types of uncertainties: statistical and systematic.
Statistical uncertainties arise from the limited size of the datasets and are associated with
the inherent randomness in the observed events. These uncertainties are quantified by the
standard error of a Poisson distribution, reflecting the fluctuations in the data.

In contrast, systematic uncertainties encompass various sources of uncertainty in the analysis
that are not due to statistical fluctuations. These uncertainties can manifest at different stages
of the analysis process, including the use of theoretical models in simulations (commonly
referred to as theoretical uncertainty) and the reconstruction of objects and calibration of the
detector (referred to as experimental uncertainty). Furthermore, systematic uncertainties can
also arise due to the finite number of events available in simulations.

In this chapter, Section 10.1 provides an overview of the experimental systematic uncertainties,
while Section 10.2 discusses the theoretical systematic uncertainties specifically related to
the Zvjj process. It is important to highlight that the uncertainties detailed in this chapter,
along with their naming convention, adhere to ATLAS-wide guidelines.

10.1. Experimental Uncertainties

A description of experimental uncertainties is summarised below:

e Luminosity Dedicated detectors like LUCID-2 measure the LHC’s instantaneous lu-
minosity during data-taking. To achieve absolute luminosity, an annual van der Meer
beam separation scan is performed, where proton beams are deliberately displaced
from their normal position in the horizontal and vertical planes. This method led
ATLAS to determine the integrated luminosity for the Run 2 dataset as 140 fb~! with
an uncertainty of 0.83% [94], establishing the most precise luminosity measurement
at a hadron collider to date. This is vital for achieving high precision in production
cross-section studies.

e PRW_DATASF The distribution of the proton-proton collisions per bunch crossing is
modelled in the simulation and needs to be corrected to match the data. The pileup
re-weighting procedure determines scale factors to account for these differences, and the
associated uncertainty is provided by the ATLAS PileupReweighting analysis tool [95].
In this analysis, the relative uncertainty! is about 2% for the EW-Z~vjj and QCD-Z~jj
samples.

! Relative uncertainty = (systematic-nominal) /nominalx 100
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e 1. EG These uncertainties arise from the calibration of electrons and photons, en-
compassing uncertainties in the energy scale and resolution [31]. The names and
sources of these uncertainties are presented in Table 10.1.

2. EL_EFF These uncertainties are associated with the trigger, reconstruction, identifi-
cation, and isolation efficiencies of electrons [31], as depicted in Table 10.1.

3. PH_EFF These uncertainties are associated with the trigger, identification, and
isolation efficiencies of photons [31], as illustrated in Table 10.1.

These uncertainties have been grouped and depicted in red in Figure 10.1.

e MUON These uncertainties stem from the muon reconstruction, identification, isolation,
and calibration [32|. They are detailed in Table 10.2 and represented in blue in Figure
10.1.

e JET These uncertainties arise from the reconstruction and calibration of jets. They
encompass the uncertainties in the jet energy scale (JES) and jet energy resolution
(JER) [26]. The details are presented in Table 10.3 and portrayed in pink in Figure
10.1. It can be seen that jet-related uncertainties are the largest source of experimental
systematic in this analysis.

e FT_EFF These uncertainties pertain to the reconstruction and calibration of b-jets. They
include the uncertainties in the b-tagging efficiency and the mis-tag rate [90]. The
specifics are outlined in Table 10.4 and represented in green in Figure 10.1.

It should be noted that Luminosity affects all signal and background processes, while the rest
of the experimental systematic uncertainties affect EW-Zvj5 and QCD-Z~;jj processes only.

10.2. Theoretical Uncertainties

The theoretical uncertainties affecting the EW-Z~jj process are summarised as follows:

e SCALE_EW The theoretical cross section depends on the renormalisation (ug) and fac-
torisation (up) scales.? To evaluate the uncertainty associated with these scales, the pg
and pp parameters of the nominal MADGRAPH5_AMC@NLO 2.6.5 sample were modified
by factors of 0.5 and 2.0, while adhering to the constraint 0.5 < pur/up < 2. The scale
uncertainty was assessed by considering the maximum change in the distribution shapes.

e PDF_EW The theoretical cross section depends on parton distribution functions (PDFs),
which describe the momentum fraction carried by partons in the proton. To quantify
the uncertainty arising from the choice of the nominal NNPDF3.1 PDF set, predictions
from various PDF sets were compared following the PDFALHC guidelines [96].

e PS and UE The choice of the parton showering model, such as PYTHIA 8.240 in the
nominal sample, introduces an uncertainty. To estimate this uncertainty, an alterna-
tive sample was generated using the HERWIG ++ 2.7.1 [97] [98] showering algorithm

2 According to the factorization theorem in QCD, the theoretical cross section can be split into perturbative
and non-perturbative parts. Perturbative calculations use perturbation theory, while non-perturbative effects
are described by PDFs. The factorization scale sets the boundary between these two components. Additionally,
the renormalization scale is used to address divergences in perturbative QCD calculations.
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while keeping the MADGRAPH5_AMC@NLO 2.6.5 matrix element generator constant. The
uncertainties associated with parton showering and underlying events are considered
uncorrelated.

e INT The interference between the EW-Z~jj and QCD-Z~jj processes was evaluated at
LO precision using the MADGRAPH5_AMC@NLO 2.3.3 event generator with the NNPDF3.0
LO PDF set. This computation included all relevant diagrams at order asa%w. The
resulting interference effects were found to be positive and contributed approximately
7% [99] to the EW-Zvjj cross-section within the studied phase space. Consequently,
this effect was incorporated as a systematic uncertainty in the EW-Z+vj55 prediction.

Figure 10.2 provides a visualisation of all the uncertainties discussed above. It can be seen
that the most significant source of theoretical systematic uncertainty for the EW-Z~jj process
in the signal region of this analysis is the EW scale uncertainty.

The theoretical uncertainties affecting the QCD-Z~jj process are summarised as follows:

e SCALE_QCD Similar to the EW-Z~j7 signal sample, uncertainties related to the choice of
ur and pp parameters of the nominal Sherpa 2.2.11 sample were assessed by varying
them within a reasonable range.

e PDF_QCD The uncertainty associated with the selection of the nominal NNPDF3.0 PDF
set was estimated by comparing predictions obtained from different PDF sets according
to the standard PDF4LHC prescription.

e CKKW and QSF To account for uncertainties arising from the matching between matrix
elements and the parton shower, variations in the merging (CKKW) and resummation
(QSF) scales were considered. The nominal sample, which uses the Sherpa 2.2.11
generator and the NNPDF3.0 PDF set, employed a CKKW merging cut (QCUT?) of
20 GeV and a resummation scale QSF* of 1. Additional samples, also generated with
the Sherpa 2.2.11 generator and the NNPDF3.0 PDF set, were created with QCUT
values of 15 GeV and 30 GeV for merging variations, and QSF values of 0.25 and 4 for
resummation scale variations.

Again, all these uncertainties are illustrated in Figure 10.3, with the QCD scale uncertainty
being the most significant source for the QCD-Z~jj process in this analysis.

3 QCUT indicates the scale for the calculation of the overlap between jets from the matrix element and the
parton shower
1 QSF represents the scale used for the resummation of the soft gluon emissions
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Uncertainty

Description

EG_SCALE_ALL

EG_SCALE_AF2

EG_RESOLUTION_ALL
EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_TriggerEff_ TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR
PH_EFF_TRIGGER_Uncertainty
PH_EFF_ID_Uncertainty

PH_EFF_ISO

Electron/photon energy scale
Electron/photon energy scale
Electron/photon resolution
Electron trigger efficiency
Electron trigger efficiency
Electron reconstruction efficiency
Electron identification efficiency
Electron isolation efficiency
Photon trigger efficiency

Photon identification efficiency

Photon isolation efficiency

Table 10.1.: Electron and photon experimental uncertainties [31]

Uncertainty Description
MUON_SCALE Muon momentum scale
MUON_SAGITTA_RHO Muon momentum scale
MUON_SAGITTA_RESBIAS Muon momentum scale
MUON_ID Muon resolution
MUON_MS Muon resolution

MUON_EFF_TrigStatUncertainty Muon trigger efficiency

MUON_EFF_TrigSystUncertainty Muon trigger efficiency

MUON_EFF_RECO_STAT Muon reconstruction efficiency
MUON_EFF_RECO_STAT_LOWPT Muon reconstruction efficiency
MUON_EFF_RECO_SYS Muon reconstruction efficiency
MUON_EFF_RECO_SYS_LOWPT Muon reconstruction efficiency
MUON_EFF_IS0_SYS Muon isolation efficiency
MUON_EFF_ISO_STAT Muon isolation efficiency
MUON_EFF_TTVA_STAT Muon track-to-vertex association efficiency
MUON_EFF_TTVA_SYS Muon track-to-vertex association efficiency

Table 10.2.: Muon experimental uncertainties [32]

SPunch-through jets are jets whose showers extend beyond the calorimeters
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Uncertainty

Description

JET_EffectivelNP_1
JET_EffectiveNP_2
JET_EffectiveNP_3
JET_EffectiveNP_4
JET_EffectiveNP_5
JET_EffectiveNP_6
JET_EffectiveNP_7
JET_EffectiveNP_8restTerm

JET_Etalntercalibration_Modelling
JET_Etalntercalibration_TotalStat
JET_Etalntercalibration_NonClosure_highE
JET_Etalntercalibration_NonClosure_negEta
JET_Etalntercalibration_NonClosure_posEta

JET_Etalntercalibration_NonClosure_2018data

JET_Pileup_OffsetMu
JET_Pileup_RhoTopology
JET_Pileup_0ffsetNPV
JET_Pileup_PtTerm
JET_Flavor_Composition
JET_Flavor_Response
JET_BJES_Response
JET_JvtEfficiency
JET_fJvtEfficiency
JET_SingleParticle_HighPt
JET_PunchThrough_MC16
JET_JER_EffectiveNP_1
JET_JER_EffectiveNP_2
JET_JER_EffectiveNP_3
JET_JER_EffectiveNP_4
JET_JER_EffectiveNP_5
JET_JER_EffectiveNP_6

JET_JER_EffectiveNP_7restTerm

JET_JER_DataVsMC_MC16

Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale (n calibration
Jet Energy Scale () calibration
Jet Energy Scale () calibration
Jet Energy Scale

Jet Energy Scale

)
)
)
7 calibration)
n calibration)

)

7 calibration
pileup)
pileup)
pileup)
pileup)

jet flavor)

Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale
Jet Energy Scale (jet flavor)
b-jet flavour)
JVT)

fIVT)

Jet Energy Scale
Jet Energy Scale
Jet Energy Scale

e T e e e i e e e e e s s s s s s

Jet Energy Scale

single-particle high pr)

Jet Energy Scale (punch-through®)

Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution
Jet Energy Resolution

Table 10.3.: JES and JER experimental uncertainties [306]
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Uncertainty

Description

FT_EFF_Eigen_Light_O
FT_EFF_Eigen_Light_1
FT_EFF_Eigen_Light_2
FT_EFF_Eigen_Light_3
FT_EFF_Eigen_Light_4
FT_EFF_Eigen_C_0O
FT_EFF_Eigen_C_1
FT_EFF_Eigen_C_2
FT_EFF_Eigen_C_3
FT_EFF_Eigen_B_0
FT_EFF_Eigen_B_1
FT_EFF_Eigen_B_2
FT_EFF_extrapolation

FT_EFF_extrapolation_from_charm b-tagging efficiency

b-tagging efficiency
b-tagging efficiency
b-tagging efficiency
b-tagging efficiency
b-tagging efficiency
b-tagging efficiency
b-tagging efficiency
b-tagging efficiency (c
b-tagging efficiency (b
b-tagging efficiency (b
b-tagging efficiency (b
b-tagging efficiency
b-tagging efficiency

/\/\/\/\/\/‘\/\/‘\/‘\/‘\/‘\/‘\/‘\/‘\

light flavour jet

light flavour jet

light flavour jet

)
)
light flavour jet)
)
)

light flavour jet

c-jet)
c-jet)
-jet)
-jet)
-jet)
-jet)
b-jet)

high pr jet)
T jet)

Relative uncertainty (in %)

0.

Relative uncertainty (in %)

3.

2.

Table 10.4.: b-tagging efficiency experimental uncertainties |
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Figure 10.1.: Experimental uncertainties for the EW-Z~jj process (left) and QCD-Z~jj process
(right) as a function of the mass of the two tagging jets. The top row represents the
relative uncertainty in the signal region, while the bottom row corresponds to the
control region for the EW-Z+vjj analysis.
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Figure 10.2.: Theoretical uncertainties for the EW-Z~jj process as a function of the mass of the
two tagging jets. The left plot represents the relative uncertainty in the signal region,
while the right plot corresponds to the control region for the EW-Z~jj analysis.
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Figure 10.3.: Theoretical uncertainties for the QCD-Z~jj process as a function of the mass of the
two tagging jets. The left plot represents the relative uncertainty in the signal region,
while the right plot corresponds to the control region for the EW-Z+vjj analysis.



Chapter 11.
Analysis Strategy

As discussed in Section 7.3, the main objective of this analysis is to observe the EW-Z~jj
process, with a focus on maximising the signal-to-background ratio. Therefore, the main
strategies implemented in this analysis are centred around minimising the contribution of
background events.

The first step employed to reduce background involves applying specific selection criteria to
the collision events that favour the signal, as explained in Section 11.1.

While MC simulations are utilised to estimate the contributions from background events (as
stated in Section 8.2), the shape and size of the predicted distributions and their associated
modelling uncertainties are significant and not entirely reliable on their own. As a result,
alternative methods are employed to extract the main backgrounds directly from the experi-
mental data itself, since they offer a more robust estimation. Thus, the second step involves
estimating the backgrounds, as elaborated in Section 11.2. This section also discusses the
background systematic uncertainties.

It should be noted that the implementation of event selection and background estimation
techniques aligns with those used in the earlier ATLAS analysis [92], but adapted to the
updated MC samples.

The final step involves a meticulous choice of measurement regions, considering both back-
ground modelling and the signal-to-background ratio. This process, detailed in Section 11.3,
was developed in this thesis work.

11.1. Event Selection

As described in Section 3.2, due to the impracticality of storing all recorded events from
collisions, ATLAS employs various triggers to select specific final state objects. In this analysis,
the focus is on the final state with two leptons. Therefore, un-prescaled single and di-lepton
triggers were utilised to record the collision events [100] [101].

These triggers, with transverse momentum thresholds dependent on lepton flavor and running
period, are outlined in Table 11.1. Specifically, in 2015, the transverse momentum (pr)
thresholds for single electron and muon triggers were set at 24 GeV and 20 GeV, respectively.
In subsequent years, these thresholds were adjusted to 26 GeV for both lepton flavors. To
enhance data-taking efficiency, additional single-lepton triggers with higher pp thresholds but
more relaxed identification criteria were also incorporated. Additionally, in 2015, events with
a pair of electron candidates with pp > 12 GeV, or a pair of muon candidates meeting pp >

118
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18 GeV for the leading muon and py > 8 GeV for the subleading muon, were selected at the
trigger level. In the following years, these dilepton trigger thresholds were increased to 24
GeV for dielectron events and 22 GeV for the leading muon and 8 GeV for the subleading
muon in dimuon events. The trigger efficiency for events satisfying all the described selection
criteria is approximately 99%.

Trigger 2015 2016-2018
HLT_e24_lhmedium_L1EM20VH HLT_e26_lhtight_nodO_ivarloose
Single Electron HLT_e60_lhmedium HLT_e60_lhmedium_nodO
HLT_e120_1lhloose HLT_e140_lhloose_nodO
. HLT_2e12_1lhloose_L12EM10VH HLT_2e17_lhvloose_nodO
Di-Electron
HLT_2e24_1lhvloose_nodO
. HLT_mu20_iloose_L1MU15 HLT _mu26_ivarmedium
Single Muon
HLT_mu50 HLT_mu50
Di-Muon HLT_mul8_mu8noL1 HLT_mu22_mu8noL1

Table 11.1.: List of lepton high level triggers (HLT) used in the analysis [100] [101]

The specific final state targeted in this analysis is [T17vjj, where | = e, u. Consequently,
collision events should contain a minimum of two leptons with the same flavor but opposite
charge, at least one photon, and at least two jets. These objects must satisfy the object
selection requirements outlined in Section 9.3. Additionally, in case of single-lepton triggered
events, it is necessary for one of the electrons or muons in the lepton pair to be matched to
the lepton that triggered the event.

Furthermore, the leading lepton must have a minimum value of 30 GeV'!. Similarly, the photon
candidate with the highest pr in the event is selected. To proceed with the analysis, at least
one primary vertex needs to be reconstructed in the event. The hard-scatter primary vertex is
determined by selecting the vertex candidate with the highest sum of the squared transverse
momenta (p%) of the associated tracks.

To minimise the contribution from non-electroweak Z+jj processes, events are selected based
on typical VBS topology, as depicted in Figure 11.1. Its key characteristics are as follows

[102]:

e Two high-energy jets with a wide rapidity separation and a large invariant mass. These
jets originate from the incoming quarks which emit the scattering vector bosons. Thus,
they carry a high fraction of the momentum of the incoming protons. They are known
as tagging jets.

In this analysis, the two jet candidates with the highest pr are designated as the tagging
jets. They must have an energy greater than 50 GeV, and the difference in rapidity
between them (]Ay|) must be greater than 1. Additionally, the invariant mass of the jet
pair (m;;) must be above 150 GeV, in order to reduce the number of events with three
bosons in the final state where a boson can decay to two jets.

L As a reminder, this cut on lepton pr reduces Z — 77 events
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Figure 11.1.: Topology of a VBS event. Here V refers to the vector boson and jet is the tagging jet.

e Suppression of hadronic activity between the two tagging jets, resulting from the absence
of color flow between the incoming quarks.

In this analysis, events with additional jets of pr>25 GeV in the rapidity gap between
the two VBS tagging jets are excluded. In other words, the number of jets in the gap
(N7et%) should be zero.

e Centrally located pair of vector bosons with respect to the tagging jets. The centrality
is measured by the variable (, defined as follows:

vy = (n +952)/2,
Yj1 — Yj2

¢ (11.1)

where y;1 and y;2 represent the rapidities of the tagging jets, and yyy represents the
rapidity of the diboson system.

In this analysis, the value of {(Z~) should be less than 5. Additionally, it plays a crucial
role in distinguishing events originating from EW-Zvjj and QCD-Z~jj processes, as
described in the next section.

Furthermore, to suppress events originating from leptonic Z decays where one of the leptons
has radiated a photon, the sum of m; and my;, must be greater than 182 GeV. This selection
is akin to a Z mass window cut. Also, my must exceed 40 GeV. Finally, to remove background
from ttvy processes, events with b-jets (identified by b-tagging algorithm described in Table
9.4) are vetoed. A summary of the event selection criteria is shown in Table 11.2.

11.2. Background Estimation

In particle physics, it is common to estimate backgrounds using control regions. These
regions are carefully defined in the phase space to primarily consist of contributions from the
background process under investigation. It is crucial that these regions are uncorrelated with
the signal region, which is the region where the signal process is expected to be dominant.
Furthermore, it is important to ensure a sufficient number of events in the control region to
achieve statistical precision. The main idea is to gather information about the background
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Event Selection

N; > 2
Pl > 20,30 GeV
N, >1
pp > 25 GeV
N; >2
Pl > 50 GeV
mj; > 150 GeV
[Ay[>1
my > 40 GeV
Event  my +my, > 182 GeV
N =0
b-jet veto
¢(Z7) <5

Lepton

Photon

Jet

Table 11.2.: Summary of baseline event selection criteria. The objects (lepton, photon, jet) must
also satisfy the object selection criteria described in Section 9.3.

[ ac-zyj
B Ew-zyi

Events

4 4.5

5
&2y

Figure 11.2.: Stacked histogram showing the centrality ({(Zv)) distribution for QCD-Z~j; (in
red) and EW-Zvjj (in blue) detector-level MC samples that fulfill the baseline event

selection criteria. The dotted vertical line corresponds to ((Zv)=0.4.

from the control regions and extrapolate it to the signal region. In this analysis, this approach
has been adopted to estimate most of the backgrounds, as outlined below.
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11.2.1. QCD-Z~jj

As discussed in Section 7.2, the primary background for the EW-Z+vjj final state is the
QCD-induced Z+vjj process. However, it has been observed that this background is not well
modelled in MC simulations. To address this issue, the baseline event phase-space is divided
into two distinct regions based on simulation studies, as illustrated in Figure 11.2. The first
region is the signal region, which is enriched with the EW-Z~j5. This region is defined by
¢(Z~) < 0.4. The second region is the QCD-enriched control region, which is orthogonal to
the signal region. In this control region, the primary contribution comes from QCD-Z~jj
events, and it is defined by ((Z~) > 0.4.

In this analysis, when determining the production cross-section of the EW-Z+vj5 process, the
shape of the QCD-Z~;jj background is estimated using MC simulation, while its normalisation
is corrected with a data-driven fit in both the signal and control regions (see Chapter 12).
For computing the differential cross-sections, the shape of the QCD-Zvjj background is
determined by a simultaneous fit in both regions, and the normalisation is estimated using
simulation. In other words, for the differential studies, the normalisation of the QCD-Z~jj
background is constrained bin-by-bin simultaneously in signal and control regions, but the
total QCD-Z~jj normalisation from simulation remains constant (see Chapter 13).

Lastly, uncertainties related to QCD-Z+jj process have already been discussed in Chapter 10.

11.2.2. Z+jets

In order to estimate the background from events involving a Z-boson and a jet misidentified
as a photon, the data-driven two-dimensional sideband method is employed. This method
makes use of two variables that are nearly uncorrelated: the calorimeter-based isolation and
the photon identification criteria. These variables define four distinct regions: a signal region
A enriched in prompt photons, and three control regions B, C, and D enriched in fake photons
resulting from jets misidentified as photons. The ratio of event counts in these regions follows
the relation:
Ma_p. Ne (11.2)
Np Np
Here, R accounts for the correlation between the isolation and identification variables. This
equality is then utilised to estimate the fake photon background by extrapolating information
obtained from the control regions.

To implement this method, the baseline event selection criteria (outlined in Table 11.2)
are applied to data, with the exception of the calorimeter-based isolation and the photon
identification criteria. The phase space is subsequently divided into four regions, as shown in
Figure 11.3, as follows:

e Signal Region A: This region comprises events with isolated photon candidates (E%‘me20 JET <

0.065) that satisfy the Tight identification criteria.

e Control Region B: This region consists of events with non-isolated photon candidates
(BEme®0 | Er > 0.065) that meet the Tight identification criteria.
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Figure 11.3.: Graphic illustration of the ABCD regions in the two-dimensional plane. Region A
is the signal region enriched in prompt photons, and regions B, C and D are the
background control regions.

e Control Region C: This region consists of events with isolated photon candidates that
satisfy the anti-Tight identification criteria. The anti-Tight selection is achieved by
relaxing the requirements on four of the nine EM calorimeter shower shape variables
that are necessary for Tight photons. Specifically, the four variables with the least
correlation to isolation energy are removed.

e Control Region D: This region comprises events with non-isolated photon candidates
that satisfy the anti-Tight selection criteria.

It is important to note that when estimating fake photons, prompt photons are considered as
signal, regardless of their origin from either the EW-Z~jj or QCD-Z~jj process. Consequently,
region A considers all Zvjj events as signal.

The number of events in each region is given by:

Ny = wa‘j + Nfﬂ'ets + Ngkg ( )
Np = cp - N3+ NFH 4 N9 (11.4)
N = co - NJ 4 NG 4 N2 (11.5)
ND =cp - NZ’YJJ + Nngjets + Ngkg ( )
where
e Nx represents the number of events in data for region X (=A, B, C, D).
° wa'j represents the number of Z~jj events in Region A, which corresponds to the

signal prompt photons.

Zvij
o cxy = % denotes the signal leakage coefficients, indicating the fraction of prompt
A

photons in region X (=B, C, D).
° N§+jets represents the number of Z+jets events in region X (=A, B, C, D), which
correspond to the fake photons background of interest.
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° N;’(kg denotes the number of events originating from background processes such as tt~y
and WZjj in region X (=A, B, C, D). These account for other minor background
sources of prompt photons and fake photons.

The quantities Nx are measured directly from the data, while c¢x and Ng(kg are estimated
from MC simulations since they do not involve estimating the fake photon probability?. Table
11.3 shows the estimates of the signal leakage coefficients.

Parameter Value
CB 0.057 £ 0.005
cc 0.056 £ 0.003
cp 0.007 £ 0.001

Table 11.3.: Signal leakage coefficients derived from nominal EW-Zvjj (MADGRAPH) and QCD-
Z~jj (SHERPA) samples, including associated systematic uncertainty from variations
in the EW fraction and the use of an alternative QCD-Z~jj (MADGRAPH) sample.

Following equation 11.2, the residual correlation between the photon identification and isolation
is quantified by the correlation factor R, given by

NZ—l-jets . NZ—}-]ets

_ A D
R= NZJrjets ] NZ+jets (117)
B C

While complete uncorrelation would result in R = 1, the value of R is estimated from MC
simulation as well as a data control region where the photons fail track isolation. The estimated
value of R is 1.19 + 0.14. The correlation is also estimated in data using a control region
where the photon fails track isolation and the difference between the MC and data results are
included in the systematic uncertainty.

Finally, the number of Z+jets events in Signal Region A can be calculated as follows:

NZ—i—]ets

Z+jets . N Z+jets YO
Ny =R-Ng ~Z+jets
ND

(N5 —cp - N3 — Np¥) - (No — co - N&™ — Ne)

= R. —
Z33 bk
Np —cp-Np —NDg

(11.8)

The estimated value of N277¢ in Signal Region A, along with its statistical and systematic
uncertainties, is presented in Table 11.4. The results are provided separately for the sub-regions
of Signal Region A based on the centrality variable {(Z7).

In this analysis, the two-dimensional sideband method is used only to determine the size of
the Z-+jets background, while its shape is obtained from control regions C and D that are
rich in Z+jets events. In particular, the event selection criteria are applied to both data and
Z + jets background MC samples (i.e. tty, WZjj, EW — Zvjj and QCD — Zvjj) in the
anti-Tight region, and the difference in shape represents the shape of the Z+jets component.

2 N;’(kg includes a contribution of fake photons from W Zjj events, but it is typically very small
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Signal Region A NZ+jets

((Zv) <04 7T+ 25(stat) £+ 16(sys)
((Zv) >04 130+ 35(stat) + 24(sys)

Table 11.4.: Estimated number of Z+jets events in ((Zv) < 0.4 and {(Z+) > 0.4 sub-regions of
Signal Region A
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Figure 11.4.: Di-jet invariant mass distribution for euy events, without requirement on b-jet veto[53]

The uncertainty on the normalisation of the Z-jets background is already presented in
Table 11.4. Its statistical component dominates at 32% (26%) in ¢ < 0.4(¢ > 0.4). The
systematic component, which encompasses uncertainties related to the correlation factor, signal
leakage coefficients, and background subtraction, amounts to 21% (18%) in ¢ < 0.4(¢ > 0.4).
Additionally, a minor uncertainty arises from assessing the background shape of the Z+jets
process.

11.2.3. ty

The tty background is estimated using MC simulation and validated in a control region
enriched with ¢ty events. This control region is constructed by selecting euy events from data
that meet the baseline event selection criteria.

A small fraction of the selected euyjj events originate from the WW+ process, and its
contribution is estimated using MC simulation. Additionally, jet-faking-photon events yield
the same signature and its contribution is estimated using a similar two-dimensional sideband
method as described earlier.

Figure 11.4 depicts the distribution of the dijet invariant mass of the euy events in data,
compared to the MC predictions for tty, WW+, and fake photon background events. To
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examine any discrepancies in the mass spectrum, a sufficient amount of statistics is required,
hence no requirement is imposed on the b-jets. The same study has also been conducted with
a b-jet veto. In both cases, it is observed that the predictions need to be scaled by an NLO
k-factor® of 1.4440.22 to accurately describe the data, consistent with previous studies|[103].
This band of +15% to cover for the data/MC discrepancy is taken as an uncertainty on tty
estimate.

11.2.4. Other

The background contribution due to W Zjj events is minor and it is evaluated from simulation.
It is assigned an overall normalisation uncertainty of 20%. Other background processes, such
as tWn, ZZ, Z(77)v and pileup, have been found to be negligible.

11.3. Measurement Regions

As discussed in Section 11.2, the shape (or bin-by-bin normalisation) of the QCD-Z~jj
background is estimated by performing a simultaneous fit in both the EW-Z~jj SR ({(Z7) <
0.4) and the QCD-Z~jj enriched CR ({(Z7) > 0.4) when calculating the differential cross-
sections. Since the QCD-Z+jj contribution is significantly larger in CR than in SR, the shape
of the QCD-Z~jj distribution is primarily extrapolated from the CR. To ensure the accuracy
of this extrapolation, it is crucial that any discrepancies in the shape of the QCD-Z~vjj
background among different MC simulations are not dependent on the region being studied.
If the shape difference for different MC simulations remains consistent between SR and CR,
then it can be assumed that a shape difference observed in the data and CR can be correctly
extrapolated to a difference in SR.

Figure 11.5 presents the ratio between the alternative QCD-Z~;jj MC sample (MADGRAPH) and
the nominal QCD-Z~j;j MC sample (SHERPA 2.2.11) at the detector- level in both the SR
and CR. The ratio is plotted as a function of the invariant mass of the two tagged jets in the
event. This is because m;; and ((Z~) are uncorrelated variables. The top plot corresponds to

the baseline event selection criteria, while the bottom plot includes an increased m;; cut of
500 GeV.

The top plot demonstrates a non-closure in the first bin, indicating that the discrepancy
between the QCD-Zvjj MADGRAPH MC and QCD-Z+~jj SHERPA 2.2.11 MC is not the same
in SR and CR. However, the bottom plot reveals that the difference between the two MC
samples is independent of the centrality cuts. This observation supports the extrapolation of
the QCD-Z~jj shape from the CR to the SR.

Furthermore, simulation studies (Figure 11.6) reveal that by implementing a cut at m;; = 500
GeV, the number of QCD-Z~jj events is significantly reduced. This reduction greatly improves
the signal-to-background ratio, facilitating the measurement of EW-Z~jj signal processes.

3 The term k-factor refers to a multiplicative factor used to account for higher-order corrections or additional
contributions in theoretical predictions.
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Figure 11.5.: Ratio of QCD-Z~;j;j MADGRAPH to SHERPA 2.2.11 MC samples in SR and CR. The
top plot corresponds to the dijet invariant mass m;; range of 150-5000 GeV, while the
bottom plot corresponds to the m;; range of 500-5000 GeV. All overflow events are in
last bin. The uncertainties are purely from MC statistics.
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Figure 11.6.: Stacked histogram showing the dijet invariant mass (m;;) distribution for QCD-Z~jj
(in red) and EW-Zvjj (in blue) detector-level MC samples in region ((Z7) < 0.4. The

dotted vertical line corresponds to m;;=500 GeV.

Based on this study, the baseline event phase space is split into two parts, and the following

regions are defined for the analysis:

EW-Z~jj Measurements ‘ Z~j7 Measurements

mj; > 500 GeV mjj > 150 GeV
Signal Region ((Z7) < 0.4 | Extended Signal Region ((Z7) < 0.4

Control Region ((Zv) > 0.4 No Control Region

Table 11.5.: Measurement Regions

As seen from Table 11.5, studies involving Z+vjj process do not need a QCD-enriched CR
since QCD-Z7jj is a part of the signal. Additionally, for more statistics, the m;; cut is kept

at 150 GeV.



Chapter 12.
Inclusive Measurements

To determine the EW-Zvjj and Z~jj production cross sections from experimental data,
a profile likelihood fit is performed on the distributions of the invariant mass (m;;) of the
two tagging jets. A comprehensive explanation of the profile likelihood fit is provided in
Section 12.1, while specific details of the fit procedure in this analysis are outlined in Section
12.2. The methodology for measuring the cross-section is described in Section 12.3, and the
corresponding results are presented in Section 12.4. All the measurements reported in this
chapter have been carried out during this PhD.

12.1. Profile Likelihood Fit

The profile likelihood fit [104] [105] is a statistical technique used to estimate parameters
of a statistical model based on observed data. It maximises the likelihood function, which
measures the probability of observing the data for various parameter values within the model.
These parameters include the parameter of interest (POI) as well as nuisance parameters
(NP) that influence the prediction but are not directly of interest.

In this analysis, the model corresponds to the Standard Model theory, and the POI is the
signal strength parameter u, defined as the ratio of the measured signal cross-section to the
predicted Standard Model signal cross-section:

signal
__ “measured
H= signal
predicted
The fit is performed using the TRExFitter|10(] software package, which incorporates HistFactory

[107] tools.

The likelihood function is composed of several components. The first part involves Poissonian
probability terms based on the observed events and the SM predicted events in each bin ¢ of
every region of the fit:

Lp) = H Pois(n;|us; + b;)
1€bins

Here, n; represents the observed events from the data histogram, while s; and b; correspond to
the expected number of signal and background events taken from the signal and background
MC templates, respectively. The signal prediction is scaled by u, which is the POI to be
determined from the fit.

129
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Additionally, in the same way as the POI, unconstrained normalisation factors can be attributed
to selected background templates. They are introduced as nuisance parameters k that scale
the total background prediction {b; — kb;}. Then,

L, k) = H Pois(n;|us; + kb;)

i€bins

Systematic uncertainties are introduced through nuisance parameters, 5, which modify the
expected signal and background templates: {s;,b;} — {si(6),0;(0)}. They are implemented as
a set of Gaussian constraints C'(0|0, 1), which have a mean value of 0 and standard deviation
of 1:

L(p,k,0) = [] Pois(nilusi() + kbi(8)) x [[ C(6;]0,1)

i€bins JjESsyst

where j is the number of systematic uncertainties. These systematic uncertainties are estimated
from separate auxiliary measurements or theoretical calculations, generating templates for
both the nominal (§ = 0) and variation (§ = £10) cases. To ensure a continuous description of
each systematic effect and obtain templates at 6 # 0, £10, TRExFitter utilises interpolation.
For this purpose, each NP is divided into two components: a shape component, represented by
linear interpolation, and a normalisation component, represented by exponential interpolation.
Despite being split, both components share the same Gaussian constraint term, resulting in
only one constraint term per NP. Notably, the choice of exponential interpolation for the
normalisation component is motivated by its equivalence to a log-normal constraint when
combined with the Gaussian term, thereby preventing non-physical negative event yields.

Moreover, to account for the finite MC statistics of the templates used in the fit, an additional
set of nuisance parameters 4 are included in the likelihood function. Each parameter is asso-
ciated with a specific bin and scales the total MC prediction: {s;(6), b;(0)} — {s:(8)s, bs(0)7:}.
Thus, unlike the previous nuisance parameters, the nominal value of « is set to 1. These
~ parameters are implemented in the likelihood function as a set of Poissonian constraints
C(v|1,04), where the mean value is 1, and the standard deviation o is equal to the statistical
uncertainty on the expected total yield for that specific bin. The full likelihood function is
then expressed as:

L(u k,8.5) = T Poistul(usi(@) + kbi(@)v) x [ €@;10.1) x [] Cltion) (12.1)

i€bins jEsyst i€bins

All the nuisance parameters (5, k and 7) are assumed to be uncorrelated in the likelihood,
although correlations can be determined during the fit. This is described in detail in the next
section.

The fit itself, i.e. maximising the likelihood, is carried out by minimising the negative log-
likelihood function using algorithms implemented in MINUIT. During the fit, both the nuisance
parameters and the parameter of interest are allowed to vary. However, p and k are considered
as free-floating parameters in the likelihood, while the other nuisance parameters 6 and ~ are
constrained by their respective constraint terms.

Finally, the fit has the ability to perform the following adjustments to the nuisance parameters:
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e Pull: It can shift the central value of a nuisance parameter to better align with
the observed data and improve the agreement between data and Monte Carlo (MC)
predictions

e Constrain: It can reduce (or very rarely, increase) the +10 uncertainty assigned to a
nuisance parameter if the initial 10 band is found to be inconsistent with the observed
data.

These parameters provide valuable insights into the modelling of uncertainties and contribute
to refining the overall accuracy of the analysis.

12.2. Fit Procedure

As mentioned in Chapter 11, the determination of the EW-Zvjj cross section involves
conducting a simultaneous fit in both the Signal Region (SR) and Control Region (CR). It
should be noted that both electron and muon channels are combined in this fit. The POI in
this fit is represented by pugw, given by

EW—Z~jj
iy = Tmeasued (12.2)

predicted
The fit also constrains the normalisation of the QCD-Z+;j background, represented by pocp-
This normalisation is included as a k nuisance parameter in the likelihood function, and it
is correlated between the SR and CR. In contrast, the other background processes are also
correlated between regions, but do not involve free-floating normalisation factors. This is due
to their small contributions, which are well controlled either in the background control region
or through data-driven methods. Moreover, the small number of EW-Z+vjj events in the
CR (see Table 12.5 is treated as background and is not correlated with the signal EW-Z~jj
process in the SR. Notably, the 4 nuisance parameters are not correlated between the regions
of the fit. Further details regarding the 0 NPs are discussed in the next section.

On the other hand, to measure the Zvjj cross-section, the fit is performed solely in the
Extended Signal Region with electron and muon channel combined. In this case, the POI is
lz~jj, defined as
el 4
A e T (12.3)
predicted
Again, no normalisation factor for the backgrounds is introduced in this particular fit. Details
of the the # NPs are discussed in the subsequent section.

12.2.1. Treatment of Systematic Uncertainties

Before performing an actual fit with the observed data, it is vital to validate the fit configuration.
One effective way to achieve this is through the Asimov fit, where the combination of predicted
background and signal is used as pseudo-data for the fit. This proves particularly valuable in
systematic studies as it facilitates the assessment of the analysis’s sensitivity to various sources
of uncertainties. Specifically, by fitting to Asimov data with various systematic variations,
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one can explore the impact of these uncertainties on the fit results. This approach provides a
proper and unbiased method for handling systematic uncertainties.

In this thesis, the results of the Asimov fit have not been presented!. Nevertheless, the key
techniques for handling systematic uncertainties are outlined below:

Symmetrisation: As previously mentioned, the input systematic templates consist of the
nominal (f = 0) and variation (6 = £10) cases. These variation templates are commonly
referred to as up and down variations. If either only the up or the down variation is available
(eg JER, PS,..), one-sided symmetrisation is applied. In this case, the mirrored distribution of
the given up/down variation is used to describe the down/up variation.

It is essential to ensure that the up/down variation histograms represent opposite sides
of the nominal histogram, meaning that the ratios (nominal-up)/nominal and (nominal-
down) /nominal should not both be positive or negative for the same bin. To address this
concern, a corrective step is taken for each systematic uncertainty. When both ratios in a
specific bin have the same sign, the sign of the smallest variation is inverted. This ensures that
there are always two different signs for the variation, preserving the correct representation of
uncertainties during the analysis.

Smoothing: To mitigate the influence of statistical fluctuations in the provided systematic
uncertainty templates, a smoothing technique based on algorithm 353QH [105] as implemented
in ROOT is utilised. This method is applied to the (nominal-up)/nominal and (nominal-
down) /nominal histograms, helping to improve the stability and accuracy of the analysis.

Correlations:

(i) The systematic uncertainties for the EW-Z~j7 fit are correlated across all bins. However,
for different regions, the correlations are as follows:

e The experimental uncertainties discussed in Section 10.1 have the following correla-
tions:

— The Luminosity uncertainty is correlated between SR and CR.

— All object uncertainties listed in Tables 10.1-10.4 are correlated among the
EW-Z~j7 and QCD-Z~jj samples and between SR and CR.

e The theory uncertainties discussed in Section 10.2 have the following correlations:

— The SCALE_EW, PDF_EW, PS, UE and Int uncertainties are not correlated between
SR and CR. This decision is made due to the small number of EW-Z+vjj events
in the CR that are treated as background in this analysis. As a result, it is
appropriate to handle the systematic uncertainties affecting the background
and signal separately.

— The SCALE_QCD and PDF_QCD uncertainties are correlated between SR and CR.
— The CKKW and QSF uncertainties are correlated between SR and CR.

e The uncertainties associated with Z+jets, tty, and W Zj7, as described in Section
11.2, are correlated between the SR and CR.

L Although the author of the thesis conducted Asimov studies, they are intentionally omitted ensure that the
main results of the analysis remain the central focus of the thesis.
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(ii) The systematic uncertainties for the Zvjj fit are generally correlated across all bins,
except for SCALE_QCD. During the Asimov fit, it was noticed that this particular nuisance
parameter exhibited a pull and over-constraint issue (see Section 12.4 later). To address
this, SCALE_QCD is treated as uncorrelated in binl, bin2, bin3, and "high" bins (bins
4-6). This modification is aimed at reducing the problem of over-constraint observed
during the fitting process.

Subtraction of Normalisation Component: Before performing the EW-Z~jj fit, the
normalisation components related to the SCALE_EW, SCALE_QCD, PDF_EW, and PDF_QCD uncer-
tainties are subtracted. This step is essential because their normalisation is already accounted
for in the free-floating parameters of the fit, namely pgw and pgep. Similarly, in the Zvjj
fit, the normalisation components for the SCALE_EW, PDF_EW, and PDF_QCD uncertainties are
also subtracted for the same reason. However, it is worth noting that the normalisation
component associated with the SCALE_QCD uncertainty is not subtracted in the Z+jj fit. This
is because it has been de-correlated among bins, leaving only its normalisation component to
vary in the fit.

Pruning: To enhance the efficiency and stability of the fit process, a technique called pruning
is implemented in TRExFitter. This method involves excluding systematic uncertainties that
have minimal impact on the final results.

For EW-Z7jj measurements, systematic uncertainties with an impact smaller than 0.5% on
the normalisation are considered only for the shape effect, while uncertainties with an impact
smaller than 0.5% on the shape are considered only for the normalisation effect. If a specific
systematic uncertainty has both shape and normalisation effects below these thresholds, it is
removed from the fit entirely. Similar considerations apply for Zvjj measurements, where all
thresholds are set to 0.1%. These specific threshold values were chosen after ensuring that the
fit produces the same results even when all nuisance parameters are retained.

In Figure 12.1, the results of the pruning technique for both the EW-Z~jj and Z~jj fits to
data are depicted. Notably, the plot for EW-Z~vjj also showcases the correlations among
regions and samples, as indicated by the NPs with the same name in the fitting tool.
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Figure 12.1.: Pruning results for EW-Z~vjj (left) and Zvjj (right) inclusive fits to data.
uncertainties marked in green are kept, in red are dropped, in orange have
normalisation component dropped and in yellow have their shape dropped.
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Particle-Level Detector-Level

Full Phase Space Reconstructed Region
Fiducial | e — Event
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Figure 12.2.: Sketch of equivalence between fiducial particle-level phase space and detector-level
event phase space

12.3. Measurement of Cross Section

The criteria used to define the measurement regions (Table 11.5) rely on objects reconstructed
at the detector level. As a result, any cross-section measured within these regions will
inherently incorporate detector inefficiencies. Instead, the preferred approach is to obtain
a cross-section measurement that is not affected by detector effects, allowing for a direct
comparison with theoretical predictions. Consequently, the cross-section should be determined
in a fiducial phase space at the event-generation or particle level, which corresponds to the
phase space defined by the event selection criteria at the detector level, as depicted in Figure
12.2.

To obtain the fiducial cross-section, the signal strength parameter (jisigna1) from the profile
likelihood fit can be used. Specifically, referring to equation 3.2, the measured fiducial
cross-section is expressed as:

signal
fiducial __ *'measured
measured — C x L (124)

where, Nrsrig;;ired represents the number of signal events measured in the detector-level phase

space, C' denotes the detector acceptance efficiency?, and L stands for the luminosity. Similarly,
the predicted fiducial cross-section can be defined as:

signal
fiducial ~_ ~ predicted 12.5
predicted O x L ( . )

2 Acceptance efficiency refers to the fraction of particles or events the detector can successfully detect and
measure. It relies on various factors, such as the detector’s geometry, technology, triggering criteria, and
reconstruction algorithms.
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where, Ngi%g?clted represents the expected number of signal events in the detector-level phase

space obtained from simulation. Thus, combining both equations, we get

signal L
fiducial __ -~ 'measured % fiducial
Omeasured — I3 signal Upredicted
predicted (126)
__ Omeasured fiducial —__ fiducial
- Opredicted — HMsignal X Opredicted
Opredicted

where, Opredicted a0d Tmeasured are the signal cross-sections at the detector-level.

The measurement of the fiducial cross-section, as evident from 12.6, requires knowledge of
the predicted fiducial cross-section. This prediction is established by defining the fiducial
phase space, which relies on criteria similar to the detector-level event selection but at the
particle-level. Specifically, in this analysis, the fiducial phase space is determined using
particle-level objects, which consist of stable particles (with a mean lifetime greater than
0.3 x 10719 5) generated by the MC event-generator:

e Only prompt electrons and muons are selected, meaning those not originating from
hadrons or 7-leptons. Additionally, a process known as dressing is performed, summing
contributions from photons within AR = 0.1 of a lepton to correct its four-momentum.
Dressed leptons account for final-state radiation and photon radiation effects observed
at the detector-level.

e Only prompt photons that do not originate from hadron decays are selected. A photon
isolation criterion is applied, ensuring that the scalar sum of pp for all stable particles
(excluding neutrinos, muons, and the photon itself) within a cone of radius AR = 0.2
around the photon (denoted as EZCFO”GQO) is less than 7% of the photon’s py. This criterion
closely resembles the detector-level photon isolation criteria used in the analysis.

e Jets are reconstructed using the anti-k; algorithm with a radius parameter of R=0.4,
considering all stable particles (except for neutrinos and prompt photons, electrons,
muons) for jet clustering.

Finally, an object overlap removal procedure is implemented:

e if a jet and a lepton are reconstructed within AR = 0.3 from each other, the jet is
removed.

e If a jet and a photon are reconstructed within AR = 0.4 of each other, the jet is removed.

e If a photon and a lepton are reconstructed within AR = 0.4 of each other, the photon
is removed.

The selection criteria for the fiducial region are specified in Table 12.1. Importantly, the
rejection of events containing b-tagged jets is not applied in the fiducial phase space. This
decision is made to avoid reducing the predicted fiducial cross-section. It is based on the
assumption that the simulation accurately extrapolates from the reconstructed to the fiducial
phase space, enabling the preservation of the predicted fiducial cross-section.

Following the selection criteria of table 11.5, the fiducial phase space can be divided into SR,
CR and Extended SR at the particle-level for the EW-Z~jj and Zvjj measurements.



Inclusive Measurements 137

Selection

N; > 2, |m|<2.5
dressed plT > 20,30 GeV
N, > 1, |n,|<2.37

Photon pp > 25 GeV
E5me20 < 0.07E7
Nj > 2, [yl <44

P > 50 GeV
mj; > 150 GeV
Ay > 1
my > 40 GeV
my + my., > 182 GeV
Niss =0

((Z7) <5

Lepton

Jet

Event

Table 12.1.: Summary of fiducial phase space selection criteria.

12.4. Results

As mentioned previously, in 2021, the ATLAS collaboration published the first fiducial cross-
section measurements of the EW-Z~jj and total Zvjj processes using the full Run-2 data[92].
In this present analysis, the same measurements have been replicated with the following key
distinctions:

e A revised definition of the measurement phase space, as described in Table 11.5, has
been implemented.

e Instead of the QCD-Z~;jj MADGRAPH MC sample, the QCD-Z~j5 SHERPA 2.2.11 sample
has been utilised, in accordance with the recommendations from the ATLAS Physics
Modelling Group (PMG).

e The TRExFitter fitting tool has been employed in place of HistFactory. To validate
this change, the inclusive EW-Z~jj fit was performed using both tools, and comparable
results were obtained. This verification process has been documented in Appendix A.

These changes aim to improve the accuracy and precision of the measurements and enhance
the understanding of the underlying physical processes. The following sections show the
results of the fits with data.

12.4.1. EW-Z~jj

Figure 12.3 displays the pre-fit and post-fit distributions of the fit to data, and the cor-
responding event yields are provided in Tables 12.2 and 12.3. By comparing the post-fit
distribution/yield to the pre-fit one, one can observe a significant improvement in the agree-
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Figure 12.3.: Pre-fit (top) and post-fit (bottom) distributions of m;; in SR (left) and CR (right)
for the inclusive EW-Z~jj fit. Electron and muon channels are combined. The total
uncertainty is shown. The last bin contains overflow events.

ment with data. Additionally, the total uncertainty is substantially reduced after the fit. This
reduction in uncertainty is attributed to the constraints and, particularly, the correlations of
all NPs obtained from the fit to data in the post-fit uncertainties. In contrast, the pre-fit uncer-
tainties are based on individual NP variations without considering their interrelations. Overall,
the model employed in the fit aptly describes the data within the estimated uncertainties.
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Signal Region

Control Region

EW-Z~j5 26217 £23.29 26.84 + 6.64
QCD-Z~jj 210.63 £14.56 195.60 +14.11
Z+jets 22.10 + 8.83 16.25 £ 5.76
tty 16.04 + 2.62 7.49 + 1.32
WZjj 8.75 + 1.76 3.92 + 0.80
Total 519.69 +£30.53 250.11 +16.75
Data 562 274

Table 12.2.: Pre-fit yields of the inclusive EW-Z~jj fit

Signal Region

Control Region

EW-Z~jj  268.56 £26.88 25.49 + 6.15
QCD-Z~jj 24496 +£21.02 224.44 +18.46
Z+jets 21.49 + 8.50 15.79 + 5.52
tty 16.08 £+ 2.42 7.51 + 1.13
WZjj 8.74 +£ 1.75 3.91 +£ 0.78
Total 559.83 £22.77 277.15 +16.52
Data 562 274

Table 12.3.: Post-fit yields of the inclusive EW-Zvjj fit
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The results of the fit are displayed in Figures 12.4-12.7, each plot serving a specific purpose:

e Figure 12.4: This plot shows the best-fit values of the POI ugy and the QCD-Z~jj
normalisation factor ugcp, along with their 10 uncertainties.

e Figure 12.5: Although the parameters of the fit are initially treated as uncorrelated, the
fitting process itself introduces correlations between complementary nuisance parameters.
Large correlations among nuisance parameters can indicate redundant degrees of freedom,
suggesting that certain parameters are already accounted for by others in the fit.
Additionally, significant correlations between nuisance parameters and the signal can
imply that these parameters share similar characteristics with the signal, potentially
leading to a reduced analysis sensitivity.

The correlation matrix of the fit parameters, estimated using the HESSE algorithm that
is implemented in TRExFitter, is presented in this plot. Although some correlations
are observed among the nuisance parameters, they are not considerably large. As
expected, there is an anti-correlation between the ugw and pgep parameters, as they
both influence the normalisation of the signal and background. For instance, if the
signal increases, the background decreases, and vice versa. The major (anti-)correlations
for the POI pugw arise from EW theory uncertainties and pileup re-weighting, while the
major (anti-)correlations for pgep are with QCD theory uncertainties.

e Figure 12.6: This plot depicts the pulls of the NPs 0. 1t is given by (é —0p)/ A0, where
0 is the best-fit value of the NP, 6y is its nominal value, and A# is the uncertainty on 6.

Due to the unit Gaussian constraint term, these NPs are expected to be centred around
0 with a o of +1. Although a few pulls are observed in the fit, they are not significantly
large and remain within their corresponding 1o bands. Notably, the CKKW merging scale
parameter exhibits the largest pull among the nuisance parameters. However, given
that the over-constraint is not substantial and that the pull can be attributed to the
substantial size of the shape variation (as depicted in Figure 12.8), no specific action is
taken for this parameter.

e Figure 12.7 illustrates the impact Ap on the best-fit value of the POI pgw . The pre-fit
impact is determined by conducting two additional fits: one with the 6 fixed to its pre-fit
value plus its uncertainty, and another with the 6 fixed to its pre-fit value minus its
uncertainty. The difference in pgy between these fits and the nominal fit provides the
pre-fit impacts. Similarly, the post-fit impact is evaluated by performing two additional
fits: one with the 0 fixed to its post-fit value plus its uncertainty, and another with the
0 fixed to its post-fit value minus its uncertainty. The difference in pgw between these
fits and the nominal fit provides the post-fit impacts. For the ¥ NPs (which reflect MC
statistical uncertainties) and the pgcp NP, only the post-fit impacts are evaluated, as
there is no proper estimation of their pre-fit uncertainties.

The ranking plot indicates that the largest contributors to the uncertainty are primarily
related to EW theory uncertainties and pileup reweighting, as expected from the
correlation plot.



Inclusive Measurements 141

ATLAS Internal

—.— 118 &0 u(QCD)

—— 1.02 ' W(EW)

0 02040608 1 12141618 2 2.2

Figure 12.4.: Best-fit values of pgpw and pgcep along with their 10 uncertainties in the inclusive
EW-Z~vjj fit.
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Figure 12.8.: The upper plot presents the nominal (both original and modified after smooth-
ing/symmetrisation) along with the variation templates of the CKKW systematic in the
inclusive EW-Z~jj fit, plotted as functions of m;; for SR (left) and CR (right). The
lower plot displays the ratio of (systematic-nominal)/nominal in percentage.

An additional method for assessing the impact of individual systematic uncertainties on the
overall uncertainty oyoq; of pew is the grouped impact technique, which is implemented in
the TRexFitter software. To employ this approach, the uncertainties are initially grouped
into categories, such as experimental systematics. For each group, the corresponding nuisance
parameters (NPs) are set to their best-fit values, and a new fit is performed to determine the
partial uncertainty opqrtiq;- The impact of this specific group of uncertainties is then estimated
using the formula ogroup = 4 /J?Oml — U;%artial' Table 12.4 presents the grouped impact of the
systematic uncertainties on pgy . Furthermore, it presents the estimation of the statistical
uncertainty in the data, which is obtained by performing the fit while disregarding all other
sources of uncertainty in the process. It is evident from the results that the total uncertainty
is predominantly influenced by data statistics. And as expected from previous findings, the
major contribution to the systematic uncertainty arises from the uncertainties related to EW
theory.

Uncertainty Value
Monte Carlo Statistics +1%
Background (tty, W Zjj, Z+jets) Systematics +1%
Experimental Systematics +4%

EW-Z~3jj Theory Systematics +8/-6%
QCD-Z~jj Theory Systematics +2%
Data Statistics +9%

Total +13%/-12%

Table 12.4.: The contributions of systematic uncertainties, grouped into categories in the inclusive
EW-Z~jj fit. The statistical and total uncertainties are also shown.
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Figure 12.9.: Pre-fit (left) and post-fit (right) distributions of m;; in Extended SR for the inclusive
Z~jj fit. Electron and muon channels are combined. The total uncertainty is shown.
The last bin contains overflow events.

The predicted fiducial cross section, determined from simulation in the phase space defined in
Section 12.3, is

EW—-Z~jj
Thd, predicted = 3-5 £ 0.2 fb. (12.7)

where the uncertainty includes the statistics and theory systematics only. The measured
signal strength ppw corresponds to 1.02f8:£. As a result, applying equation 12.6 yields the
measured fiducial cross section as

oV -2l = 3.640.5 fh. (12.8)

fid, measured
where the uncertainty includes all listed in Table 12.4.

In summary, the measured fiducial cross-section is in agreement with the Standard Model
prediction, given by the nominal MADGRAPH5_aMC@NLO 2.6.5 simulation.

12.4.2. Z~jj

Figure 12.9 displays the pre-fit and post-fit distributions of the fit to data, and the correspond-
ing event yields are provided in Tables 12.5 and 12.6. Again, the post-fit distribution shows
improved agreement with data, and total uncertainty substantially reduced due to constraints
and correlations of NPs from the fit.
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Extended Signal Region
Z~jj 1122.70 + 163.32

Z+jets 77.00 £  30.22
tty 73.34 £+ 11.22
WZjj 17.16 =+ 3.45
Total 1290.21 + 166.59
Data 1461

Table 12.5.: Pre-fit yields of the inclusive Z~jj fit

Extended Signal Region
ZNjj 1292.15 +  50.25

Z+jets 7799 £  30.50
tty 73.54 + 11.04
WZjj 17.15 =+ 3.44
Total 1460.83 +  38.26
Data 1461

Table 12.6.: Post-fit yields of the inclusive Z~vj7j fit

The best-fit value of signal strength parameter jiz.;; obtained from the fit is 1.07£0.12. The
results of the fit are displayed in Figures 12.10-12.12, each plot serving a specific purpose:

e Figure 12.10: The correlation matrix of the fit parameters is presented in this plot.
Notable (anti-)correlations are evident between the SCALE_QCD NPs and the signal
strength parameter pz-;; (denoted as p(EWQCD) in the plot). This is because the
normalisation of the SCALE_QCD NPs, which are uncorrelated into bins and not subtracted
before fitting as explained in Section 12.2, is also captured in piz.;;. Some (anti-
)correlations between jiz.;; and EW theory NPs exist, but they are relatively minor.

e Figure 12.11: This plot depicts the pulls of the NPs g. A few pulls for the SCALE_QCD
and SCALE_EW NPs are visible, but they fall within +1¢. In fact, the decorrelation of
SCALE_QCD into bins was performed to address these pulls and constraints.

e Figure 12.12 illustrates the pre-fit and post-fit impacts on the best-fit value of the
POI piz+j;. The ranking plot confirms that the most significant contributors to the
uncertainty are primarily associated with QCD and EW theory uncertainties, consistent
with the correlation plot.

Finally, Table 12.7 illustrates the grouped impact of the systematic uncertainties on fiz;;.
Additionally, it includes the estimation of the statistical uncertainty in the data, obtained
by conducting the fit while excluding all other sources of uncertainty. As anticipated from
previous observations, the major contribution to the systematic uncertainty stems from
uncertainties associated with theory.
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Uncertainty ‘ Value
Monte Carlo Statistics +1%
Background (tty, WZjj, Z+jets) Systematics +2%
Experimental Systematics +4/-3%
EW-Z~jj Theory Systematics +7/-6%
QCD-Z~jj Theory Systematics +11%/-10%
Data Statistics +3%
Total +12%/-11%

Table 12.7.: The contributions of systematic uncertainties, grouped into categories, in the inclusive
Z~jj fit. The statistical and total uncertainties are also shown.

The predicted fiducial cross-section, determined from simulations within the phase space
defined in Section 12.3, is

Zvjj .
Uﬁcz]p])redicted = 1571—2% tb. (129)

where the uncertainty encompasses statistics and theory systematics only. The measured signal
strength piz,,; is found to be 1.07 +0.12. Consequently, the measured fiducial cross-section is

VATY] .
Ofiq measured = 16.813% fb, (12.10)

where the uncertainty includes all listed in Table 12.7.

In conclusion, the measured fiducial cross-section agrees with the Standard Model prediction.



Chapter 13.
Differential Measurements

The differential cross section of a measured variable X, denoted as do/dX, is given by:

signal
do 7 N i

_—_ = 13.1
dX L xAX; ( )
where i represents a particular bin, Nfignal is the number of signal events in that bin and

AX; is the bin width. This equation provides the measurement of the differential cross section
at the detector level. However, as discussed earlier, the preferred approach is to obtain a
measurement in the fiducial phase space for direct comparisons with theoretical predictions.
To achieve this, similar to inclusive measurements, corrections for detector acceptance and
efficiency must be applied to the detector-level differential cross section. Moreover, since the
cross-section is measured in different bins, additional corrections are necessary to address
detector resolution-induced event migration between adjacent bins. This entire process of
correcting the data for background and detector effects to obtain the underlying distribution
at the particle level is known as unfolding.

This thesis focuses on the measurement of the first differential cross sections of the EW-Z~jj
process, utilising data from the ATLAS detector. In Section 13.1, the unfolding procedure is
explained, while Section 13.2 covers the variables studied for unfolding. Detailed information
about the setup relevant to this analysis is provided in Section 13.3. The presentation of
the data results is found in Section 13.4, and it is worth noting that all the results were
accomplished during my PhD. Additionally, for completeness, the thesis includes the differential
cross section results of the Z~jj process- this task was conducted by my collaborators within
the analysis team.

13.1. Unfolding

As previously mentioned, the measured signal distribution is often subject to distortion due
to the limitations of the detector, as depicted schematically in Figure 13.1. Mathematically,
for binned distributions, this relation is given by,

v = Z Rijpj
J

where v; is the i-th bin at the detector level, p; is the j-th bin at the particle level, and R;; is
the (i, j)-th element of the response matriz that describes the probability of finding an event
produced in bin j to be measured in bin ¢. When considering background events, the equation

149
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Figure 13.1.: Schematic overview showing that the measured distribution is distorted due to the
detector effects.

Measured
True

becomes
vi= Y Riju; + Bi
J
where ; represents the background in the i-th bin at the detector level. Written in matrix
form, it translates to

F=R-ji+j

Therefore, unfolding [101] aims to obtain the true distribution ji as follows

-,

g=R‘' (7-F) (13.2)

However, this class of inverse problems poses well-known statistical challenges. As a result,
various unfolding algorithms have been developed to address these challenges. This analysis
uses the profile likelihood method, as described later.

13.1.1. Unfolding Inputs

As described in Equation 13.2, the essential inputs required for unfolding a measured distribu-
tion U are:

i) Background 5: This accounts for the contribution from background events in the measured
distribution. It is estimated using either simulation or data-driven methods.

ii) Response matrix R: This matrix describes the relationship between events at the particle
and detector levels, specifically, the fiducial and event selection phase spaces. However,
it is important to note that while the fiducial criteria are designed to closely match the
detector-level event selection criteria, in practice, they are not perfectly aligned, as illustrated
in Figure 13.2. To address this misalignment, the response matrix is constructed entirely from
simulation and is defined as [100]:

M-¢ (13.3)

where:
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Figure 13.2.: A schematic representation of simulated events in the analysis: R (ellipse to the right)
refers to reconstructed events passing the event selection at the detector level, while T
(ellipse to the left) represents truth events in the fiducial phase space at the particle
level. Events that satisfy both selection criteria lie in the joint phase space, denoted
as RNT.

e Efficiency correction € accounts for the limited efficiency of the detector, correcting
for events that are not reconstructed. It is defined as R NT/T, where R represents
reconstructed events that pass the event selection criteria, and 1" denotes truth events in
the fiducial volume.

e Acceptance correction @ account for fake events, i.e events that are outside the fiducial
region but still selected as part of the detector-level events. The acceptance correction
is defined as RNT/R.

e Migration matrix M is a two-dimensional matrix that accounts for the probability of bin
migration, meaning an event generated in bin ¢ within the fiducial volume gets detected
in bin j at the detector level. The migration matrix is constructed using events that
pass both fiducial and detector-level event selections (7'M R). The diagonal components
of the migration matrix are related to the purity, which corresponds to the fraction of
detector-level events that originate from the same bin at the fiducial level.

13.1.2. Profile Likelihood Unfolding

The unfolding process in this analysis was carried out using the profile likelihood unfolding
(PLU) method implemented with TRExFitter [106]. To ensure the reliability and accuracy of
this approach, the results were cross-validated against other unfolding algorithms and methods
using Asimov data, as outlined in Appendix B.

The PLU procedure simplifies the unfolding problem by transforming it into a more familiar
task of fitting the normalisation of distributions. It accomplishes this by applying normalisation
factors to each truth level bin of the measured observable.
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Figure 13.3.: Schematic overview showing the profile likelihood unfolding method

To begin, each bin of the truth distribution with N;,s bins is folded to the detector level by
multiplying it with the response matrix. This operation yields a set of Np;,s detector-level
sub-sample templates. The crucial insight to achieve unfolding is recognising that the signal
strengths of these folded distributions on the detector level are equivalent to the normalisation
factors of the truth distribution. As a result, by performing a standard fit and measuring the
normalisation of each folded distribution on the detector level with data, we directly obtain
the normalisation factors of the truth level distribution, which is the primary goal of the
unfolding process. This procedure is schematically depicted in 13.3.

The primary advantages of using PLU with TRExFitter are as follows:

e [t allows for straightforward combination of multiple analysis regions. Additionally,
systematic uncertainties are naturally incorporated into the measurement as nuisance
parameters within the likelihood function and can be constrained by fitting them to the
data.

e As depicted in Equation 13.2; traditional unfolding algorithms involve the subtraction
of background before initiating the unfolding process. However, PLU takes a different
approach by directly fitting background processes to the measured data. Moreover, it
provides the advantage of employing bin-by-bin unconstrained normalisation factors
(ShapeFactor in TRExFitter) for background processes during the unfolding procedure.

e The implementation of PLU within the TRExFitter framework ensures a cohesive
analysis strategy for measuring both inclusive and differential cross-sections, streamlining
the overall analysis process.

13.2. Variables and Binning

In this analysis, differential cross section measurements have been performed for various
variables with different physics motivations, as follows:
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e The rapidity difference between two tagging jets |Ay| and the mass of two tagging jets
mj;. These variables are particularly sensitive to the kinematic differences between the
EW-Z~jj and QCD-Z~jj processes, making them essential for VBS studies.

e The transverse momentum of the Z~ system pgv, the transverse energy of the photon
EJ., and the difference in azimuthal angle between Z~ and tagging jets |A¢(Z7, jj)].
These variables are of interest due to their sensitivity to new physics effects. Notably,
the variables p?y and |A¢(Z, jj)| have been measured differentially for the first time
at the LHC.

e Additionally, the transverse momentum of the leading lepton péf and the leading jet p{r
have also been studied as they offer valuable modelling information for both the low
and high pr regimes.

As is customary, before performing the unfolding with actual data, it was crucial to configure
the analysis using Asimov data. To achieve a precision of approximately better than 25% per
bin on the unfolded data, the following binning criteria was established:

Data statistical uncertainty should be less than 10% per bin.
e Purity should be greater than 90% per bin.

e The signal-to-background ratio should exceed 20% per bin.

e Each bin should contain at least roughly 10 events.

e [t should be possible to extrapolate QCD-Z~jj MC from CR to SR i.e. the difference
between two different QCD MC should not depend on centrality cuts. This evaluation
involved examining the ratio between the alternative QCD-Z~jj MC sample (MADGRAPH)
and the nominal QCD-Z~jj MC sample (SHERPA 2.2.11) at the detector-level, as
depicted in Figure 13.4.

The optimisation process involved dividing the detector-level simulation into bins with a fine
bin width. Then, the bins were merged from left to right until all the specified criteria were
satisfied.

13.3. Unfolding Procedure

The EW-Z~jj differential cross-section is measured within the SR of the fiducial phase space,
as specified in Tables 11.5 and 12.1. The POl is pgw per particle-level bin. Simultaneously, the
dominant QCD-Z+~jj background is constrained using the ShapeFactor setting. Specifically,
an unconstrained v NP! is included in the likelihood function for each bin of the QCD-Z~7;j
template. This nuisance parameter is correlated among regions, meaning that the SR and CR
templates need to have the same number of bins. The Z+jets, tty, and W Zjj backgrounds
are also fit in both regions. Additionally, the small number of EW-Z+vjj events in the CR are
treated as background and fit to the data as well.

The approach for handling systematic uncertainties in the EW-Z+~7j4 inclusive fit, as described
in Section 12.2.1, is also applied in this analysis. However, a minor adjustment is made by

! As a reminder, Each v NP is associated with a specific bin and scales the total MC prediction. Its nominal
value is set to 1
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Figure 13.4.: Ratio of QCD-Z~;jj MADGRAPH to SHERPA 2.2.11 MC samples in SR and CR. All

overflow events are in the last bin. The uncertainties are from MC statistics.
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setting the pruning threshold to 1% for both shape and normalisation components. This
strategy was determined based on the results obtained from unfolding with Asimov data,
although these results are not presented in this thesis?. No additional uncertainty is attributed
to the unfolding procedure, as tests indicate it to be negligible.

Figures 13.5-13.7 show the migration matrix, efficiency correction, and acceptance correction
for each studied variable. On average, the acceptance corrections are around 90%, while the
efficiency corrections are approximately 45% 3. Most variables exhibit high purity in the
migration matrices, around 90%, except for |A¢(Z7,jj)|, which shows a purity of around
80%.
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Figure 13.5.: Left: acceptance and efficiency corrections, Right: migration matrix with truth events
on the y-axis and reconstructed events on the z-axis

2 Although the author of the thesis conducted Asimov studies, they are intentionally omitted to ensure that
the main results of the analysis remain the central focus of the thesis.
3 This drop in efficiency mainly arises from jet cuts
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13.4. Results

13.4.1. EW-Z~jj

The differential cross-section results are displayed in Figures 13.8 and 13.9. The nominal
EW-Z~jj MADGRAPH predictions consistently match the data well within uncertainties, except
for |[A¢(Z~,jj)|, where a discrepancy of approximately two standard deviations is observed
in the lowest bin.

Regarding the systematic uncertainties, no unexpected correlations, pulls, or constraints were
observed during the analysis. In each bin, the dominant impact arises from the ygcp NP.
Figure 13.10 illustrates the grouped impact of systematic uncertainties on pgw per bin. The
uncertainties are measured to be approximately 25% of the total uncertainty in each bin. It is
evident that data statistics primarily dominate the uncertainties.

Additionally, Table 13.1 provides the differential cross-section values measured in each bin
for the variables studied, along with the total cross-section for each variable. Notably, the
total cross-section sum aligns consistently with the measured inclusive cross-section value of
3.6+0.5 fb.

The noted disparity in outcomes between summing bins from differential measurements and
conducting an inclusive measurement can be ascribed to the nuanced methodologies employed
in each case. In the inclusive measurement, the analysis employs a singular global scaling
factor. In contrast, in the differential measurement, the analysis incorporates multiple scaling
factors corresponding to EW and QCD processes for each bin. Additionally, the systematic
increase in the total cross-section from the differential analysis compared to the cross-section
from the inclusive measurement signifies the existence of a discernible shape trend (difference
between data and Monte Carlo simulations). This trend is appropriately taken into account
in the differential analysis.

Bin 1 (fb) Bin 2 (fb) Bin 3 (fb) Sum (fb)

mjj 1.56 1.21 1.02 3.79
E} 1.34 1.52 0.96 3.82
v 1.75 1.23 0.79 3.77
vl 3.31 0.5 - 3.81
i 1.92 1.88 - 3.8
| Ayl 0.93 2.87 - 3.8
|AG(Z, 57)] 1.84 2.01 - 3.85

Table 13.1.: Cross-section per bin for each variable in the EW-Z+~j; differential study, along with
their sum.
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Figure 13.8.: The EW-Z~jj differential cross-section in the fiducial region. The lower panels show
the ratios of the MC predictions to the data. The band around the unfolded data
represents the total uncertainty. The hatched area represents the uncertainty in the
prediction. All overflow events are included in the last bin.
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the ratios of the MC predictions to the data. The band around the unfolded data
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Figure 13.10.: The contributions of systematic uncertainties, grouped into categories in the EW-
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13.4.2. Z~jj

The Z~vjj differential cross sections have been determined in the extended fiducial region.
Figures 13.11 and 13.12 present the differential cross-section results obtained for the same
variables as the EW-Z~jj process. However, the binning for these measurements has been
optimized specifically for the Z~jj analysis. Additionally, two novel variables, p% and ((Z7),
have been measured for the very first time at the LHC. These measurements were demonstrate
a precision of approximately 10% on average. In conclusion, the predictions for each variable
consistently exhibit good alignment with the observed data, taking into account the associated
uncertainties.
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Figure 13.11.: The Z~jj differential cross-section in the extended fiducial region. The lower panels
show the ratios of the MC predictions to the data. The band around the unfolded
data represents the total uncertainty. The hatched area represents the uncertainty in
the prediction. All overflow events are included in the last bin.
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Conclusion

This thesis explores the electroweak production of a Z~ pair associated with two jets, where
the Z boson decays into electrons and muons. The analysis utilises 140 fb~! of proton—proton
collision data recorded at /s = 13 TeV by the ATLAS detector in LHC Run-2.

The primary outcome is the observation of the EW-Z+;jj process with the ATLAS detector,
resulting in a measured cross-section of ng;ezagfred = 3.6 £ 0.5 fb. This result is consistent
with the SM prediction from MADGRAPH5_aMC@NLO 2.6.5. The primary source of uncertainty is
the theoretical modelling of the EW-Z~jj process. The CMS collaboration has also observed
this process in a similar phase space, with results consistent with SM predictions and a

precision of approximately 14% too.

The thesis also presents the production cross-section measurement of the Zvjj process,
aﬁz(zjfneasured = 16.8f%:g fb. Predicted cross-sections from MADGRAPH5_aMC@NLO 2.6.5 and
SHERPA 2.2.11 align with the measured values, demonstrating consistency with SM predic-
tions. The main uncertainty in this measurement arises from the theoretical modelling of
the QCD-Z~jj process. The CMS collaboration has achieved comparable results, showing

consistency with SM predictions and a precision of around 11% as well.

Moreover, the thesis presents the first set of differential cross-section measurements for the
EW-Z~jj process using the ATLAS detector. Examined distributions include the mass of the
two tagging jets, the rapidity difference between them, the transverse energy of the photon,
the difference in azimuthal angle between the Zv system and the two jets, as well as the
transverse momentum of the leading lepton, the leading jet, and the Z~ system. Notably, the
measurements of pgv and A¢(Z~,jj) were performed differentially for the first time at the
LHC. All findings are consistent with SM expectations, with data statistics being the primary
source of uncertainty. It should be noted that the analysis was designed to uphold a precision
of 30% for each bin. Consequently, certain distributions could not be explored beyond two
bins.

CMS has also conducted differential cross-section measurements for the same process, utilising
single-variable bins for the transverse momentum of the leading photon, leading lepton, and
leading jet. Additionally, two-variable bins were employed for the mass and rapidity difference
of the two tagging jets. Once again, all results align with SM predictions. However, in their
analysis, the precision of some bins extends to around 50% due to a greater number of bins.

Furthermore, the thesis includes differential measurements for the Zv;jj process involving
the variables described earlier, along with the transverse momentum of the Z boson and the
centrality of the Z~ system. These latter two variables were measured for the first time at

the LHC.
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All these ATLAS results have culminated in a publication, marking the first ATLAS publication
to include differential measurements of an EW-V'V jj process. These outcomes will significantly
contribute to future studies, especially in the exploration of aQGCs and in assisting MC
modelling studies.

Currently, employing the complete Run-2 dataset, the statistical uncertainty associated with
the EW-Z~;j process is 9%. In the upcoming Run-3 of the LHC, with an estimated 300 fb=! of
data, this uncertainty is expected to decrease to around 6%. Additionally, the Run-3 analysis
would benefit from an improved quark-gluon jet tagger adept at differentiating between quark
and gluon jets. This development would be particularly significant as VBS processes always
include final state quark jets.

The thesis also addresses the forthcoming HL-LHC upgrade that aims to accumulate an
extensive dataset of 3000 fb~!. This upgrade will introduce a challenging environment marked
by a significant increase in pileup. Consequently, the ATLAS detector is slated for substantial
enhancements, including the integration of a highly precise Inner Tracker (ITk) capable of
extending pseudorapidity up to |n| = 4.0, and the introduction of a High Granularity Timing
Detector (HGTD) expected to enhance the reconstruction of jets and leptons in the forward
region. These modifications are strategically aligned with the unique topology of a VBS
process, featuring central bosons and two highly energetic forward jets. Thus, this upgrade is
set to bring substantial benefits to the EW-Z~jj analysis.

It should be noted that in the current Run-2 analysis, the primary systematic uncertainty
arises from theory modelling. Consequently, EW NLO corrections will play a pivotal role in
the upcoming LHC runs. Additionally, the EW-QCD Z~jj interference has been treated as
a systematic uncertainty since its magnitude is comparable to the current Run-2 statistical
uncertainty. However, in the upcoming HL-LHC era with expected statistical precision of
about 2%, the interference cannot be handled in the same manner. One possible approach
for the HL-LHC analysis would be to include the interference in the cross-section fit, akin to
current practices in the WZjj or WEW=jj analyses conducted with the ATLAS detector.

Finally, the thesis presents tests on the ATLAS liquid argon calibration boards for the HL-
LHC upgrade. Its main specifications involve withstanding the high radiation levels expected
at the HL-LHC and maintaining high uniformity among the calibration channels. In this
regard, extensive radiation studies were executed using a calibration chip prototype, and
comprehensive uniformity tests were devised and conducted with the first prototype of the
HL-LHC calibration board. None of the tested prototypes met these requirements; however,
the insights gained from this study will help design the final calibration board.



Appendix A.

Comparison of Tools: HistFactory and
TRExFitter

In 2021, the ATLAS collaboration published the fiducial cross-section measurement of the
EW-Z~jj process using the full LHC Run2 dataset [92]. The results were obtained using the
HistFactory [107] fitting tool. To ensure the reliability of the TRExFitter [106] tool for the
analysis presented in this thesis, the same analysis was replicated using TRExFitter.

The main distinctions between the analysis presented in this thesis and the one in [92] are as
follows:

e In the previous analysis, the nominal QCD-Z+jj sample used was MADGRAPH, whereas in
the current analysis, it has been replaced with the SHERPA 2.2.11 sample.

e The starting point of the measurement region was previously m;; = 150 GeV, but in the
current analysis, it has been shifted to 500 GeV.

e The luminosity uncertainty propagated across all samples and regions was +1.7% in the
previous analysis, following the standard ATLAS recommendation at that time. However,
in the current analysis, the recommendation is +0.83%.

e In the previous analysis, ugcep was fit separately in the Signal Region (SR) and Control
Region (CR). In contrast, the current analysis fits pgcp simultaneously in SR and CR.

e In the previous analysis, ugw was measured simultaneously in SR and CR. However, in
the current analysis, pgyw is measured solely in SR.

e In the previous analysis, the normalisation components of SCALE_EW and SCALE_QCD
were separated from the shape components, but they were kept in the fit. In the current
analysis, the normalisation components are removed before fitting.

Therefore, for the repeat analysis with TRExFitter, all the mentioned changes were incorpo-
rated, except for the last one. An Asimov fit was performed to make the comparison between
the two tools.

Table A.1 presents the fit results for the POI pgw and the QCD-Z~jj normalisation factors
obtained using both the HistFactory and TRExFitter tools. As expected, the mean value of
all parameters consistently remains at 1 since Asimov data is used. Importantly, the obtained
pew is identical in both cases. However, there are some differences in the uncertainties
associated with the ugop parameters, attributed to the distinct treatment of the SCALE_QCD
uncertainty.
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Parameter HistFactory TRExFitter

HEW 1£0.12 140.12

L 17918 1£0.10
C 0.17

HSeD 1016 1+0.07

Table A.1.: Best-fit values of POI and QCD-Z~jj normalisation factors along with their +1o
uncertainties using two different tools

Parameter HistFactory TRExFitter
Experimental Systematics +5% +5%

EW Theory Systematics +5/-4% +5/-4%
QCD Theory Systematics +5/-4% +3%
Background (tty, WZjj, Z + jets) Systematics +1% +1%

MC Statistics +1% +1%

Table A.2.: The contributions of systematic uncertainties, grouped into categories, for the two tools.

Figure A.1 illustrates the pulls of the NPs using both tools. As expected, no significant
pulls are observed in the NPs since the results are based on Asimov data. Notably, both
plots demonstrate constraints in the SCALE_EW and CKKW NPs, indicating that the fitting tools
exhibit consistent behavior.

Figure A.2 presents the impact of the uncertainties on p gy using both tools. In both cases, the
uncertainties with substantial impact are associated with parton shower, pileup-reweighting,
CKKW scale, and PDF scale of the EW-Zvj5 process. However, the slight variations in
the rankings can be attributed to the different handling of the SCALE_QCD and SCALE_EW
uncertainties.

Finally, Table A.2 illustrates the grouped impact of the systematic uncertainties on pgyw
using both tools. In all groups, both tools yield consistent results, except for QCD Theory
where some discrepancy is observed, again due to the different treatment of the QCD_SCALE
uncertainty.

In conclusion, despite some minor discrepancies in the treatment of systematics, the two tools
provided comparable results, thereby validating the use of TRExFitter in this analysis.
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Appendix B.

Comparison of Unfolding Algorithms and
Tools

To ensure result consistency among different algorithms and tools, the Z~jj Asimov data was
subject to unfolding using a variety of techniques:

e Matrix Inversion Algorithm|[109] using VIPUnfolding Tool:

In this method, the unfolding process involves inverting the response matrix to background
subtracted data, as indicated by Equation 13.2. It is important to highlight that for this
algorithm to work, the number of bins at the truth and detector levels must be the same,
enabling the existence of the inverse of the response matrix. Furthermore, to ensure the
uniqueness of the inverse response matrix, it must exhibit strict diagonal dominance,
with elements along the main diagonal exceeding 50%. Lastly, it is worth mentioning
that the matrix inversion estimate can also be interpreted as a solution derived from the
principle of maximum likelihood.

e Iterative Bayesian Algorithm|!10] using VIPUnfolding Tool

The iterative Bayesian algorithm, developed by D’Agostini and based on Bayes’ theorem,
estimates the number of unfolded events for each truth bin, denoted as n(¢;), by multiply-
ing the conditional probability P(t;|r;) with the number of events in the corresponding
reconstructed bin, n(r;):

nts) = S Pltlrs) - n(r;) (B.1)
j=1

Here, n, represents the number of reconstructed bins. The conditional probability P(t;|r;)
is calculated using Bayes’ theorem:

P(rj|ti) - P(t:)
1y P(rjlt) - P(t)

P(tz“T‘j) = (B.Q)
where n; is the number of truth bins, and P(r;|t;) is obtained from the response matrix.
Since the probability of the truth, P(¢;), is not known beforehand, an assumption is
required, often based on the Monte Carlo (MC) truth distribution. To mitigate the impact
of this assumption, the method is applied iteratively. In summary, in this algorithm, the
input distribution to be unfolded in an iteration is the unfolded output of the previous
one.

e Profile Likelihood Algorithm using TRExFitter Tool

170
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In this approach, the unfolding is performed by conducting a simultaneous maximum
likelihood fit of several detector-level signal sub-samples with data, as described in Section
13.2.

B.1. Regularisation

The matrix inversion algorithm assumes that fluctuations in background subtracted data arise
from real detector effects rather than statistical variations. Consequently, it incorporates
these fluctuations into the unfolded result, leading to significant bin-to-bin variations.! Such
"oscillation patterns" are frequently observed in inverse problems.

To achieve a more desirable solution, regularisation techniques [109] can be applied to
smoothen these oscillation patterns. However, it is crucial to be aware that regularisation
might introduce bias into the unfolded result. Therefore, in this thesis, the unregularised
matrix inversion algorithm was utilised to ensure an unbiased unfolded outcome, adhering to
ATLAS recommendations that advocate publishing unregularised results.

Similarly, the profile likelihood algorithm offers the option to include additional constraints
in the likelihood term for regularisation purposes. However, in this study, the unregularised
profile likelihood was employed.

Furthermore, the number of iterations in the iterative Bayesian algorithm serves as a form of
regularisation. Striking a balance between reducing uncertainties and avoiding bias is vital to
achieve a reliable unfolding outcome. Thus, the number of iterations was varied in this study
to assess its impact on the results.

B.2. Unfolding Setup

In this study, the unfolding of the Zvjj m;; Asimov data was performed in the extended SR.
The following uncertainties were taken into account during the unfolding process:

e Data statistical uncertainty
e Systematic uncertainties related to background processes (tty, WZjj, Z-+jets)
e Noteworthy experimental systematic uncertainties, which are detailed in Table B.1

However, no theory systematic uncertainty or unfolding uncertainty was considered and
propagated in this particular study.

! Tt is important to emphasise that when the unfolded result obtained through matrix inversion is folded
back using the response matrix, it precisely matches the data. Therefore, the result is not incorrect. However,
it is considered undesirable because it lacks resemblance to the original distribution and exhibits notable
correlations between bins.
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PRW_DATASF
PH_EFF_ID_Uncertainty
JET_EffectivelNP_1
JET_JER_EffectiveNP_2
JET_JER_EffectiveNP_3
JET_JER_EffectiveNP_6
JET_JER_EffectiveNP_7restTerm
JET_Flavor_Composition
JET_Flavor_Response

JET_Pileup_RhoTopology

Table B.1.: Significant experimental systematic uncertainties

B.3. Unfolding Results

As anticipated, the unfolded result from the Asimov data test perfectly aligns with the truth
distribution. Figure B.1 illustrates the uncertainty per group. Notably, all algorithms yield
comparable outcomes for both background and experimental systematics.

When focusing on data statistics, the iterative Bayesian algorithm with 2 iterations yields the
lowest uncertainty, whereas 10 iterations lead to the highest uncertainty. This observation
aligns with expectations, as a smaller number of iterations corresponds to a highly regularised
outcome, thereby reducing uncertainty. Conversely, with an increased number of iterations,
the statistical uncertainty grows. In the case of infinite iterations, the uncertainty converges
towards the maximum likelihood solution.

The profile likelihood and matrix inversion methods exhibit the largest uncertainties due to
the absence of any regularisation. Furthermore, both methods yield similar results as they
are algorithmically similar and provide maximum likelihood estimates. Consequently, it can
be inferred that the VIPUnfolding and TRExFitter tools demonstrate consistent and reliable
performance. In conclusion, this study validates the use of the unregularised profile likelihood
method with TRExFitter for the analysis.
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Figure B.1.: Uncertainty breakdown for the various algorithms under study. The number after
"Bayesian" in the legend refers to the number of iterations.
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