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Abstract

The associated production of a Higgs boson with a top-quark pair (t¢H )
provides a direct probe of the top—Higgs Yukawa coupling, the largest
coupling in the standard model. Constraining this process is essential
for testing the standard model and for probing possible contributions
from physics beyond the standard model. This thesis presents a mea-
surement of ttH production in the H — bb decay channel, using the
full Run 2 dataset, 140 fb™' of proton-proton collision data at a centre-
of-mass energy of /s = 13 TeV, collected by the ATLAS detector at
the LHC. Included in this analysis are: novel machine learning meth-
ods, improved modelling and reconstruction techniques, dedicated high
pr uncertainty extrapolation and more. An excess of events over the
non-tt H background is found with an observed (expected) significance
of 4.6 (5.4) standard deviations. The ttH cross-section is measured to
be oy = 411153" fb = 411 + 54 (stat.) T332 (syst.) fb, for a Higgs boson
mass of 125.09 GeV, consistent with the standard model prediction of
507135 fb. The cross-section is also measured differentially in bins of
the Higgs boson transverse momentum within the Simplified Template
Cross-Section framework. This analysis is then re-interpreted in the
Standard Model Effective Field Theory framework. The three main op-
erators governing the t¢H production in this framework, Oy, Oy, Oy,
are investigated and constraints are applied to their respective Wilson
coefficients ¢, ¢4, Cp- Improvements in precision of the Wilson coeffi-
cients were seen in individual quadratic fits compared to early Run-2
(2016) studies, particularly with ¢, = 2.557222 whose contributions are
unique to the ttH production mode, sees improvements in precision by

a factor of 2.
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“What happened to your enlightenment?
I don’t know. It wore off.”

— Don Draper and Roger Sterling, Mad Men.



Chapter 1

Introduction

“There are no bad ideas, Lemon. Only good ideas that go horribly wrong.”

— Jack Donaghy to Liz lemon, 30 rock.

This thesis presents a measurement of the cross-section of the Higgs boson produc-
tion in association with a pair of top quarks and decaying to a pair of bottom quarks,
ttH (bl_)). Measuring this process is particularly challenging because of its relatively small
cross-section and the presence of large irreducible tt+jets backgrounds. Despite these
difficulties, it offers unique direct access to the interaction between the Higgs boson and
the top quark, referred to as the top Yukawa coupling. As the top quark is the heaviest
known fermion, its coupling to the Higgs boson is the strongest Yukawa interaction in
the Standard Model (SM). A precise measurement of this coupling provides a powerful
probe of new physics, since any significant deviation from the SM expectation could
signal contributions from yet-unknown particles or interactions. As such, the result of
this analysis is then re-interpreted within the Standard Model Effective Field Theory
(SMEFT) framework in order to test for deviations in the SM measurement. To arrive at
the final results, that are the constrains of the operators governing the ttH production

mode in this framework, this thesis is constructed as follows.

Chapter 2 provides an overview of the SM, laying out its construction and main features
including the production of the Higgs boson and the ttH production mode. Then an
overview of the SMEFT as it relates to ttH and describes how the main operators can

affect the measurement of ttH.
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Chapter 3 begins by describing the Large Hadron Collider accelerator chain. The
ATLAS detector and the detector subsystems are then discussed.

Chapter 4 investigates the Inner Tracker upgrade that will move the ATLAS detec-
tor into the High-Luminosity era. Outlined here is the qualification task completed in
order to be a qualified ATLAS author. The task was to create a set of reporting tools for

the global upgrade team to track production across institutes and regions.

Chapter 5 provides the definitions and reconstruction techniques used to create the
physics objects in the t£H (bb) analysis. Effort is concentrated in the discussion of particle
flow jets and flavour tagging algorithms as this provides the main background for the
high pr pseudo continuous b-tagging particle flow jet uncertainty extrapolation study
detailed later.

Chapter 6 gives an overview of the Monte-Carlo Simulations and the techniques used

in order to create appropriate simulated events to compare with data in a physics analysis.

Chapter 7 provides detail on my main contribution to the t£H (bb) analysis: the de-
velopment and validation of the high pr pseudo continuous b-tagging particle flow jet
uncertainty extrapolation. This allowed for the proper systematic treatment of the uncer-
tainties of the b, ¢ and light flavour particle flow jets, produced above their calibration
threshold, to be evaluated and folded into an analysis in a plug and play style. This had
direct impact on the selected events in the high pr resolved and boosted regions of the
ttH (bb) analysis. Helping the high pp regions also directly affected the statistical power

in the context of a re-interpretation such as that used in the SMEFT analysis.

Chapter 8 describes the main analysis techniques used in the t#H (bb) analysis, this
is split up into town main sections: one on the foundation of the statistical model, profile
likelihoods, and one on the machine learning techniques, multi-headed attention based

transformer, used in the t£H (bb) analysis multi variate analysis strategy.

Chapter 9 details the ttH (bl_a) analysis in its entirety. First discussing the previous
ttH (bb) ATLAS result, published in 2022, then going thorough the major components of
the analysis. The event selection, event modelling, multi variate analysis strategy for
event classification and Higgs boson reconstruction, definitions of the analysis regions,

the systematic uncertainties of the analysis, the construction of the statistical model and
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fit studies conducted and finally the results are presented.

Chapter 10 presents the SMEFT re-interpretation of the t£H (bb) analysis. The chapter
opens with a discussion on the current state of t¢H BSM interpretation from the Run-2
data set. The analysis methodology is then laid out followed by results and the discussion
of individual and combined operator fits for the linear SMEFT framework and then
individual fits for the quadratic fits.

Chapter 11 opens by discussing the impact of the results obtained and their limit-
ing factors. The thesis is then concluded with a discussion on the outlook of potential

future ¢£H (bb) measurements and the power they have in the world of re-interpretation.



Chapter 2

Theory

“The discography of ABBA.”

— Unknown, when asked about the greatest works of human history.

2.1 Introduction

The SM of particle physics is a fundamental description of modern day particle physics. It
is the cumulation of over a half-century’s intellectual efforts and describes, all the known,
particle interactions. However, it is not without its shortfalls in order to understand

these let us begin by outlining the theory.

The SM is a relativistic quantum field theory (QFT) and is made up of three gen-
erations of fundamental particles, shown in Figure 2.1. We can describe the SM as a
gauge group, meaning it is invariant under non-local (gauge) transformations and has

the group structure of:

According to Noether’s theorem [1]: for every symmetry there is a corresponding conserved
quantity. Here, SU(3)¢ is the gauge group for quantum chromodynamics, where the
conserved quantity is colour charge, C'. SU(2)r, encapsulates the weak interactions and
its generators, here the conserved quantity is weak iso-spin, L. Finally we have U(1)y

which describes the electroweak interactions in the SM and the conserved quantity is
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hypercharge, Y. The combination of gauge groups describing the weak interaction and
electromagnetic sector, namely: SU(2); ® U(1)y is known as the electroweak sector [2,
3, 4, 5).

2.2 Liauge

To account for these gauge symmetries in a locally invariant manner, we introduce
gauge fields associated with each component of the gauge group. These gauge fields are
responsible for mediating the interactions and correspond to the bosonic force carriers.

Each gauge group contributes its own field:

SU@3):Gy, a=1,2,3...,8

(2.2)
SUQ2)eU(1): W/, J=1,2,3; B,

where G, denotes the 8 independent gluon fields and a the eight gluons. They are also
the generators of the SU(3) group. W,;] , where J = 1,2, 3, represents the three gauge
fields and B, is the gauge field associated with the U(1) hypercharge symmetry. These
gauge fields are of spin-1 which are said to facilitate the interactions of the SM. We
can use these gauge fields to construct the Yang-Mills Lagrangian and thus capture the

dynamics of these fields. The Yang-Mills Lagrangian [6] takes the form:

1 apy ra
Loquge = —FMF,

4 J2228 (23)

where F};, is the field strength tensor. Accepting the definitions of: A, = AT, and
F,, = F,,T,, where T, are the generators of the gauge group, we relate the field strength

tensor to the commutator of the gauge covariant derivative D,, by:

F

In

L= ;'[Dw D,). (2.4)

=0,A, —0,A, —iglA,, A, (2.5)

where A, , are gauge fields and g is the coupling strength of the interaction facilitated

by the gauge group. Where D, is defined as:

D, =3, —igA,, (2.6)
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where, ¢ is gauge coupling constant such that the gauge covariant derivative, allows
the gauge field to interact with matter fields in a way that respects gauge symmetry,
ensuring consistent transformation properties under local gauge transformations. Both
are foundational in constructing gauge-invariant Lagrangians, which are essential for
describing interactions in the SM. Extending this general definition of the covariant
derivative to all the gauge fields from our three gauge symmetries we have the SM
covariant derivative:

7

> W (2.7)

.Y .
D, =0- 191§BM — 1gs

where, g; and g, are the hypercharge and weak iso-spin coupling constant and 7; is a

Pauli matrix.

2.3 ‘C Fermion

As stated earlier, the covariant derivative allows for the interactions of gauge fields
and matter fields. Consider a set of matter fields, ¥ = {¢} that transform under a
representation of the gauge groups. These represent the fermionic fields that house the
quarks and leptons that matter is made of. The SM fermionic fields can be summarised
by,

u
Li = ) e]}i? Qz = y URis dRi7 1= {1a273}7 (28)
d

L L

where i represents the three generations of matter. We let these fields act on the covariant

derivative such that,

Liinetic = 1WD, V. (2.9)

2.4 Lyiggs

The Higgs mechanism [7, 8, 9] was theorised to answer the simple yet puzzling question of
how do elementary particles acquire their mass? This question posed particular trouble

in the early days of the unification of the weak force and the electromagnetic force (the
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electroweak sector). Early gauge invariant theories contained symmetry requirements

that required the W and Z gauge bosons to have zero mass. This, was in contradiction

to the experimental results where they had non-zero masses. The introduction of the

Higgs mechanism solves this problem. The Higgs sector consists of a doublet of complex

scalar fields with hypercharge Y, = +1

where the invariant scalar potential is:
V(9) = 160+ M0'9)*,

Solving for the minimum of V| we see that

2

V'(1¢)2 = 0= g = £

~ox

(2.10)

(2.11)

(2.12)

Let us now consider the quartic coupling to be positive (A > 0) and the mass term

squared to be negative (u* < 0). In this case we see that the fields develops a non-zero

vacuum expectation value (VEV).

— 1 1

v = = - = 246GeV,

A (V2Gg)?

(2.13)

where G is the Fermi constant and the remaining degree of freedom, h, is the Higgs
boson. We see from the Weinberg-Salam model [10] that the VEV is directly related to

the masses of the W and Z bosons:

1 1
My, = 57/9, My, = §V\/Q% + g3,

(2.14)
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where g and ¢’ are the SU(2);, and U(1)y coupling constants, respectively. These are all

related by the electroweak mixing angle 6,,:

Miy

2
sin®(6,,) = S R =
Mz

- (2.15)
9t + g5

It is worth mentioning that in order to generate these masses the electroweak symmetry
spontaneously breaks (EWSB):

SUQ2) xU(l)y = U(D)eu-

The Higgs mechanism is also responsible for generating the intrinsic masses of the

elementary particles.

2.5 £Yuk:awa

Yukawa interactions [11] describe the interaction between fermions and a scalar field.
Adapting this to the idea of the SM we can generate mass terms for fermions (with both
left and right handed chirality) as they interact with the Higgs field (a scalar field) via
Yukawa interactions. Let us now consider the full unabridged Yukawa lagrangian for the

Higgs field and first generation fermions:

L:Yukawa - _)\ef/¢€R - Ad@¢dR - /\uQéuR + h.c. (216>

Where L and Q are the Dirac ajoint of the left handed lepton and quark doublets from
Equation 2.8, respectively. These are defined as L = LTWO and Q = QWO and qg is the
conjugate of the Higgs doublet. The Higgs effective Lagrangian will now contain the

fermionic mass terms. Thus, the full effective Lagrangian is:

Liggs = ghWWhW:W_M + GhzzhZ, 2" + ZghffhfoR. (2.17)
!

The Higgs interaction strength increases with the mass of the particle it is interacting

with. Thus, the couplings to the gauge bosons and fermions' can be written as:

m oM M?2
9nff = 7f> Gww = ", Ghzz = —. (2.18)
v v v

'The masses of the second and third generation of fermions are generated in the same way.
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2.6 L

Now that we have the full description of all the various sectors of the SM, we can put

them together to complete the SM Lagrangian, given by,

'CSM = 'CGaugc + EFermion + E/li,r/,r/x + EYukawa
) (2.19)
— _—Ge qam

A nv +Z\I/D#\D+‘D//()’2*‘Y<())+(¢lyw’l7bj¢+h0),

the above equation summarises the interactions of the gauge bosons with themselves, the
interactions of the Higgs field with itself, the gauge bosons and fermions and finally the
fermions with gauge bosons. The interactions that include gauge bosons are described
as the forces of the SM. The interactions with the Higgs field result in these particles
acquiring masses post EWSB. In the SM we have three generations of matter, as to why
exactly three we are yet to understand. Each generation of matter consists of a pair of

quarks, a lepton and a left handed (massless) neutrino, this is summarised in Figure 2.1.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
I II III
mass  =~2.16 MeV/c? =1.273 GeV/c? =172.57 GeV/c? 0 T ) ~125.2 GeV/c?
charge @ % % % 0 0
spin | % u/ % C/ % t/ 1 ‘ 0 H
up charm top gluon higgs
~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0 T )
- -% -% 0
'@ |r® [0 |[ @
down strange bottom L photon
~0.511 MeV/c? ~105.66 MeV/c? =~1.77693 GeV/c? =91.188 GeV/p
-1 =1 -1 0 (7]
% | (. % u » Gl 1 ‘ 2
lect t Zb 8
electron muon au oson %)
- ,_) ) ) L_a o ¥
Z <0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.3692 GEVP m 8
o o 0 0 +1 L 7
LW W [fw @ |5
o. -
electron muon tau <L v
(1T
-l neutrino j neutrino | neutrino ) W boson (GRS

Figure 2.1 The fundamental particles of the SM organised into three generations of matter

and the bosons and the force carriers [12].
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2.7 The Higgs Boson

The crown jewel of the SM is the theorisation and discovery of the Higgs boson. Since
its discovery in 2012, the main goal of particle physicists has been to study the Higgs
boson in all of its, production and decay modes at proton-proton colliders. The four
main production modes of the Higgs boson are: gluon-gluon fusion (ggF'), vector boson
fusion (VBF), associated production with a vector boson (VH) and associated production
with a top quark pair (t¢H). The Feynman diagrams for these production modes can
be seen in Figure 2.2. The Higgs boson production cross section, for these production

modes, as a function of centre of mass energy can be seen in Figure 2.3.

I 5660 .

g \RQOQ

q

(a) Gluon-gluon fusion (ggF) v
t

t
(c) Top quark associated production (ttH) (d) Higgs-strahlung

Figure 2.2 Main leading order Feynman diagrams of the Higgs boson production. (a) ggF,
where gluons form a loop of virtual top or bottom quarks resulting in the production
of a Higgs. (b) VBF, where quarks, ¢, radiate off a massive vector boson which
then fuse to create a Higgs boson. (c) ttH, shows gluons decaying into top and
anti-top pair, a top or anti-top from each gluon then fuses to create a Higgs boson
leaving the newly formed Higgs boson and a top and anti-top pair. (d) Shows a
quark creating vector boson which radiates off a Higgs bosons.

The main decay modes of the Higgs boson and their corresponding fractional branching
ratio are as follows: H — bb (~ 58%), H — WW?* (~ 21%), H — 77 (~ 6.3%), H — ZZ
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Figure 2.3 Higgs boson production cross-section, as a function of centre of mass energy /s at
a proton-proton collider for a Higgs mass, My = 125 GeV [13].
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(~2.6%), H— vy (~2.3%), H— Z~ (~ 1.5%) and finally H — uu (~ 0.2%). The

Higgs boson decay branching ratios as a function of Higgs mass is shown in Figure 2.4.
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Figure 2.4 The SM Higgs boson decay branching ratios and widths as a function of Higgs
mass [14]

2.7.1 Higgs-Top Yukawa Coupling, vy,

As the top quark is the heaviest of all the known fundamental particles, measuring the
strength of its Yukawa coupling, y,, is of particular interest as it may shed some light on

the hierarchy problem, discussed below.

We define the measured mass of the Higgs boson as:

m%ﬂobs = m%{,bare + Am%{a (220)
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where m%,,bm encapsulates the mass contributions of the theory parameters and Am?

are the quantum corrections from loop diagrams as shown in Figure 2.5. The top quark

Figure 2.5 Diagram representing the one-loop correction to the Higgs mass due to a top quark
loop.

contributions of the quantum corrections to the Higgs boson mass are:

‘yt’2 A2

Am? ~ — ,
" 167>

(2.21)

where A is the energy scale at which new physics (NP) sits at. If we set A ~ 10"?GeV
(the Planck scale) we see that in order for m%{,obs = 125 GeV we must fine tune ﬁﬁ%are
in order to cancel out the large quantum corrections. This coincidence is called the
naturalness problem [15]. We see that y, plays a key role in this conundrum, as the top
quark is the heaviest known particle and its contribution would be the dominant factor
in the value of Am?. So a precise measurement of y, would help estimate the scale of
NP and identity where potential beyond the standard model (BSM) effects could take
place. For instance, if we find larger than expected values of y,, this would imply larger

corrections to the Higgs boson mass potentially requiring NP close to the weak scale
(O(100)GeV).

2.7.2 ttH

The ttH process, as seen in Figure 2.2c, plays a special role in the SM as it allows for
direct tree-level measurement of the top quark Yukawa coupling, y,. We see that from
Figure 2.3 that the ttH process is the least favoured production mode and so we expect
the rate at which we observe the ttH process to be much lower than the other production
modes. Even with this limitation, the t¢H production was observed by ATLAS [16]
and CMS [17] in 2018 by combining various decay channels. As we see from Figure
2.4, H — bb is the dominant decay mode of the Higgs. Most likely that if a ttH event

occurred, the Higgs boson would probably decay into a bb pair and so in order to have a
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statistical advantage in observing t¢H one would only require to look here ™. As simple
as this plan is, it is fraught with difficulty, namely H — bb does not have a clear signal to
trigger on and so makes signal extraction, from its almost identical background, extremely
difficult. There have been a few attempts at a t£H(bb) analysis in the past by both
ATLAS [16] and CMS [18], these analyses were later combined to reach the 5o threshold
for discovery, and were based on partial Run-2 data sets. Later, ATLAS released a full
Run-2 analysis [19] however there has since been a reinterpretation of the full Run-2
ATLAS data set, in a so-called t£H (bb) legacy analysis. This is where most of my thesis
lays and I lay these out in Chapter 9.

2.8 Beyond the Standard Model: Effective Field

Theories

As we begin our journey in physics, we are told that: Isaac Newton discovered gravity
or Christiaan Huygens discovered that light is a wave. Regarding the idea of discovery
with the same verve as that of a curious child spotting insects under a rock for the first
time. Later in our journey, once we are shown vector calculus for possibly the third time
in what seems to be unrelated university modules, it clicks: We as physicists we only
describe the world around us and hope to do it in a tidy enough package that our work

can be considered fundamental.

Returning to Issac and his apple, a correct statement would be: Newtons laws of
motion and universal law of gravity correctly describe bodies in motion. We know that,
although brilliant, Newtons works doesn’t describe everything, such as: Black-holes,
Gravitational lensing, the behaviour of fast moving objects, the list goes on. The solution
to all of this is of course the work of Einstein and his general theory of relativity. This of
course doesn’t make Newtons laws obsolete, they still effectively describe the motion of

bodies up to a certain point.

These two theories are a good example of how we can use different dynamics for different
energy scales, we can also recover Newtons laws (the effective theory) from general
relativity (the full theory) by removing heavy degrees of freedom while still effectively
describing the dynamics at play (provided you're not moving near the speed of light).

"The best laid schemes o’ mice an’ men / Gang aft agley, / An’ lea’e us nought but grief an’ pain
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I raise the analogy above as we can define the SM as an effective theory which works
at a lower energy scale than a full theory which sits at a higher energy scale. In a
Standard Model Effective Field Theory™ (SMEFT) [21] we can extend the SM with
higher dimension operators constructed from SM parameters, O and Wilson coefficients,
¢; that modify the contributions of the operators. This enables us to quantify the possible
effects of new physics that sit at a higher energy scale, A. The SMEFT allows for a
model independent approach, we can define the SMEFT lagrangain as:

G

A7 o= ... (2.22)

Ci e
Lsyprr = Loy + ) A*;Ozd 4+
where the scale of the new physics suppress the BSM effects. We can express the SMEFT

in terms of physical observables, for now let us consider cross-section, o:

_ Ci _interf. Ci _quad.
OSMEFT = OsM T 530i + 0 (2.23)
A A

Where o™ is the interference term between the SM and the BSM, and af‘uad' is a term
that is purely dependent on BSM effects. Using Equation 2.23 we can see how powerful
a reinterpretation of particle physics analysis using this framework could be, allowing us
to gain hints of potential BSM effects in our SM measurements, as opposed to feeling

around in the dark or lifting up a rock, surprised to not find any insects.

2.8.1 ttH SMEFT

Following the framework in Section 2.8, there are three main dimension-6 operators that
govern the ttH process, as shown in Table 2.1. Dimension-6 operators are considered
because they provide the leading, model-independent corrections to the Standard Model
in the SMEFT expansion: dimension-5 operators are either forbidden by SM gauge
symmetries or violate lepton number, while dimension-8 operators are suppressed by
additional powers of the new-physics scale, A, and therefore contribute less so at LHC
energies, making dimension-6 the lowest-order operators with observable impact in preci-
sion measurements. The definition of the operators are made from components of the

SM and so have their usual SM definitions. Our convention is such that for each operator

iii

There are of course other effective field theories that are floating around in modern day particle
physics such as Heavy Quark Effective Field Theory [20] designed to limit the dynamics of heavy quark
interactions, for the scope of this work we will focus on the SMEFT.
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we will add its Hermitian conjugate, even if it is already Hermitian. We want to conserve
CP-symmetry and so consider ¢;; and ¢, to be real. ¢, is always real as the operator

is, Oy, is Hermitian.

Oy, rescales the top Yukawa coupling in the SM, while also giving rise to a new ttH H
coupling. Explicitly, this operator is written as 33 (¢'$)(Qt)@, involving the Higgs doublet
#, the left-handed third-generation quark doublet @, and the right-handed top quark ¢.
After EWSB, the Higgs field generates a shift in the effective tth vertex proportional to
y; and a new tthh contact term. These new interactions affect single-Higgs production by
modifying the top Yukawa strength and contribute to Higgs pair production via diagrams
where two Higgs bosons couple to a top loop or are emitted directly through the contact

interaction.

O, is the chromomagnetic dipole operator, introducing a dipole-type interaction between
the top quark and gluons. It is expressed as y,g,(Qo™ T At)qBGZ,,. After EWSB, the Higgs
field’s vacuum expectation value provides a constant term and physical Higgs insertions,
leading to multiple interaction structures. At leading order, the operator modifies the gtt
vertex in the SM, adding a momentum-dependent dipole form factor. It also introduces
new higher-point vertices such as ggtt and gttH, as well as a five-point ggttH vertex.
These additional couplings arise because the gluon field strength contains non-linear
terms in the gluon fields, and the Higgs doublet expansion adds Higgs insertions. The
momentum dependence of these interactions enhances their contribution in kinematic
regions with large transverse momentum, making them especially relevant in boosted

top or boosted Higgs searches.

O, is the Higgs—gluon contact term, given by 7 (¢T¢)GZVG‘”“'. This operator cou-
ples the Higgs bilinear directly to the gluon field strength tensor. Upon EWSB, the Higgs
bilinear expands as ¢'¢ — %(02 +2vh+ h2), generating a constant term that renormalizes
the gluon kinetic term, a tree-level hgg coupling, and a contact hhgg interaction. In
the SM, these couplings appear at loop level via top-quark loops, but here they are
generated directly at dimension six. As a result, O, can significantly modify the Higgs
production rate in gluon fusion and enhance Higgs pair production by introducing a

direct two-Higgs—two-gluon vertex.

O,, is the main operator of interest as its uniquely constrained by t¢H production and

so only an analysis, such as that detailed in Chapter 9, and a SMEFT re-interpretation
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of the analysis, detailed in Chapter 10, can provide insight to the current strength of
the operator. The other two operators are better constrained in global fits as they are

influenced by many Higgs production modes.

Operator Diagrams

O = i (¢'9)(Q1)¢

Oui = yi (079) G, G é

O = ytgs(QUWTAt)QEGZV

Table 2.1 The three main SMEFT operators for the ttH production, their definitions and
Feynman diagrams showing which vertex they modify.



Chapter 3

The Large Hadron Collider and
ATLAS experiment

“Bigger...”
— Everyone when I ask them about the FCC

3.1 The Large Hadron Collider

In order to probe the fundamentals of the universe we have to build a powerful particle
accelerator in-order to reach high enough energies, and, recreate the conditions moments
after the big bang. Enter the Large Hadron Collider (LHC). The LHC straddles the
Swiss-French border, near the city of Geneva. It is a hadron accelerator, delivering
proton-proton collisions and also supporting collisions of protons with heavy-ions or
heavy-ion heavy-ion collisions. The LHC sits in a tunnel with a circumference of 27 km,
the tunnel varies in depth sitting between 40 m to 120 m below the surface. The LHC is
designed to operate at a centre of mass energy of \/s = 14 TeV with an instantaneous
luminosity of L = 10**em™?s™*. The LHC collides beams of accelerated charged particles
travelling in opposite directions inside two separate rings, which each contain a vacuum.
The beams are deflected by super conducting magnets, keeping them centred in the rings.
The beams collide at four focus points around the LHC ring where the major experiments
are positioned, these experiments are: ATLAS [22], CMS [23], LHCD [24] and ALICE
[25].

18
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3.1.1 The CERN Accelerator Chain

The LHC is fed by a series of particle accelerators designed to take ionized hydrogen gas
and accelerate the protons before they reach the LHC. The chain of accelerators are as
follows: First we begin with a bottle of hydrogen gas, the electrons are then stripped from
the hydrogen, ionizing them resulting in raw protons. These protons are then accelerated
up to an energy of 50 MeV in the LINear ACcelerator 2 (LINAC2) [26, 27]. They are
then fed into the Proton Synchrotron Booster (PSB) [28, 29] and accelerated to 1.4GeV
and subsequently to 25 GeV by the Proton Synchrotron (PS) [30]. Finally, the beam
enters the Super Proton Synchrotron (SPS) [31]. At this point the proton beam is split
into two and enter the LHC in a clockwise and anti-clock wise direction. Once in the
LHC, the proton beams should ideally reach an energy of 7 TeV each, resulting in an
ideal centre of mass energy of /s = 14 TeV. A detailed layout of the accelerator network

can be found in Figure 3.2.
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Figure 3.1 A summary diagram of the CERN accelerator network [32].
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This thesis will focus on the data taken during 2015-2018, or Run-2. During this
period the centre of mass energy stabilised at /s = 13 TeV. After the completion of
Run-2, the LHC accelerator chain has seen a number of upgrades, the main of which is
the introduction of LINAC4 [33], which replaces the now decommissioned LINAC2 and
the increase of LHC centre of mass energy to /s = 13.6 TeV. LINAC4 is designed to
accelerate negative hydrogen ions then stripping the ions of all electrons upon its exit

and into the next accelerator in the chain.

3.1.2 Luminosity and Pile-up

The LHC mainly accelerates protons and thus produces proton-proton collisions which we
call collision events. The number of events, Nyents, produced by the LHC as a function

of instantanecous luminosity and a function of time, ¢, is given by [34]:

N, events — Oevent / Ldt = Uevent’ca (31)

where 0.yent 1S the cross-section of your given event and L is the integrated luminosity.

We define the instantaneous luminosity as:

ning

dro,0,

Where the nominal spacing between bunches is 25 ns, with a collision frequency of
f = 40MHz. The number of protons per bunch is denoted by n;,n, (one for each
direction of travel of the beams) and Nj, is the number of bunches. The height and width
of the Gaussian beam profile is given by o, and o,, respectively. The integrated lu-

minosity is used to quantify the volume of data that is collected over a given period of time.

Due to the large number of protons per bunch, more than one hard scattering in-
teraction takes place per bunch crossing. Interactions beside the interaction of interest
are called pile-up events, there are two kinds of pile-up: in-time and out-time pile-up.
We define in-time pile-up as when more than one radiation event arrives at a detector
simultaneously or very close together in time. This is usually caused by bunch crossings
at the central point of collisions. Bunch crossings that result in an extra interaction but

occur past the central crossing point are called out-time pile-up.
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3.2 The ATLAS Detector

The ATLAS Detector is a general purpose detector, meaning that it conducts a broad
range of high energy particle physics analyses, including measurements of SM properties
and searches for hints of BSM physics. The ATLAS detector is also the largest of the
major particle physics detector experiments based at CERN. It measures 44 m in length
with a 25 m diameter and weighs in at 7,000 tonnes. The LHC beam pipe travels along
the centre of the cylindrical detector with proton-proton collisions occurring at the,
geometric centre of the detector. The detector is designed in layers of sub-detectors, with

each layer designed to detect and record different types of particles.

The first layers begins 3 cm away from the beam pipe, and is designed to log the
tracks of the charged particles produced immediately after the proton-proton collision.
These charged particles then hit layers designed to measure the electromagnetic and
hadronic showers produced using dedicated calorimeters for each. Finally the outermost
layer of the ATLAS detector is designed to make precision measurements of the muons
produced after the proton-proton collisions. There are also two systems of super con-
ducting magnets, to provide magnetic fields for the tracking sub-detectors. The overall
detector subsystems are split up into a barrel and two end cap regions providing almost

full 47 coverage.
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Figure 3.2 Computer generated image of the whole ATLAS detector, identifying different
parts of the detector and two people are shown for scale [35].

3.2.1 Coordinate Systems

Given the cylindrical shape of the ATLAS detector, we use both, a right-handed Cartesian
coordinate (z,y,z) and a cylindrical polar coordinate (r,6,$). The interaction point,
which is defined as the geometrical centre of the detector and the origin of the coordinate
systems. The positive z-direction of the defined Cartesian coordinates, points towards
the centre of the LHC ring. The positive y-direction points upwards. The z-direction is
a tangent to the LHC beam pipe and is positive in the counter-clockwise direction of the

beam pipe.

Using the cylindrical polar coordinates, r is the distance from the beam line. The
azimuthal angle, ¢ is the angle around the z-axis and has a |7, —7| range. The polar

angle 6 is measured in the (z, z) plane and is the angle from the positive z-axis.

As we collide particles in the z-direction we use variables which are Lorentz invari-
ant in this direction. We define the transverse momentum of a particle as pr = 1/p2 + pZ,

which is an invariant quantity under boosts along the z-axis. The longitudinal momentum,
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p., however, changes under such boosts and is therefore replaced with rapidity, which is
defined as:

1 E+p,
— -1 .
y 2n(E_pz), (3.3)

where E is the energy of a particle. Rapidity itself is not Lorentz invariant but the
differences in rapidity are invariant under boosts along the z-direction. if we consider a
highly energetic massless particles, £ > m, rapidity reduces to pseudorapidity, which

gives us a Lorentz invariant quantity measure in terms of 6:

) »

Pseudorapidity approaches infinity as the polar angle decreases to zero. Using this set of
coordinates and variables we can define the distance between two objects in the (7, ¢)

plane as:

AR = \/(An)? + (A¢)*. (3.5)

3.2.2 Magnet System

The ATLAS detector has two superconducting magnet systems [36]: the first system is
a central solenoid magnet [37] which creates a 2T magnetic field for the inner tracking
detector. The second system uses a series of toriodal magnets [38]to create magnetic
fields for the outer muon tracker (1T), one for each endcap region, and the barrel region

(0.5T). The two magnet systems are shown in Figure 3.3.
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Figure 3.3 Computer generated image of the ATLAS magnet system [39].

3.2.3 Inner Detector

The Inner Detector [40, 41] is the section of the detector closet to the beam pipe. It
is designed to register a series of points, or hits, along the path of a passing charged
particle. These hits left by the particles are used to reconstruct the path, or track, of the
particle. Using the magnetic field of the central solenoid magnet, the ID is able to record
the direction and curvature of each track allowing it to determine the momentum and
charge of the particle. The ID is split up into three main regions: The pixel detector,
which sits at the innermost layer of the ID, the semiconductor tracker, and finally, the
Transition radiation tracker. A cross section of the ID, showing the layout of the sub

systems, is shown in Figure 3.4.

Pixel Detector

The Pixel Detector [42, 43] is the first point of contact for particles post collision. It is
made up of four layers of silicon pixel sensors in the barrel region and three layers in
the endcap regions. When the charged particles are incident on the silicon, electro-hole
pairs are created which generate an electronic signal, this is then read out and recorded.
The layer closest to the beam pipe is the Insertable B-Layer (IBL) [44, 45, 46|, this is
designed to improve the identification of secondary vertices associated with B-hadron
decays, improving the quality of data from the remaining pixel layers. The IBL has the
finest pixels with a size of 50 x 250 pm? while the remaining pixel layers have a size of

50 x 400 pm?. There are a total of 92 million pixels which cover a total of 1.9 m?, a full
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azimuthal angle and |n| < 3. It achieves a resolution of 10 um in the orthogonal direction

of the beam pipe and a resolution of 115 pm parallel to the beam pipe.

Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) [47] is the main layer of the ID and surrounds the
pixel detector with modules of long silicon strip sensors. The SCT modules are arranged
in four layers in the barrel region (|n| < 1.4) and nine planar layers discs in the endcap
regions (1.4 < |n| < 2.5). Each module contains two silicon strip sensors placed at
a slight offset, in order to improve the spatial resolution. In total, the SCT contains
4,088 modules of double sided silicon strips resulting of 60m? of silicon. The SCT has a
resolution of 17 pm in the (r — ¢) plane and 580 pum in the z-direction.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [48] is the final and largest layer of the ID, its
used for particle tracking and pion-electron separation. The TRT is constructed using
two main components: drift tubes with a diameter of 4 mm, filled with a mixture of Xe,
0, and CO, gases, and gold-plated tungsten wire with a diameter of 30 pm which is
stretched along the length of the tube. As a charged particle enters the drift tube, the
gas is then ionised releasing electrons from the gas. These electrons then drift towards
the anode wire creating a signal. The drift tubes are arranged in 73 barrel layers and
122 layers in each endcap giving an average of 30-40 position measurements per track.
The TRT is also able to track particle in the |n| < 2 region with a spatial resolution of
130 pm in the (r — ¢) plane which is notably worse than the silicon-based counterparts.
However, because of the unique construction of the TRT, it is able to provide bespoke
information in aiding to the discrimination of pions and electrons due to the differences in
the amount of transition radiation generated by these particles. The TRT also improves
the tracking performance of the ID, particularly at high transverse momentum due to

many position measurements [49)].
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Figure 3.4 Computer generated image of the ATLAS Inner Detector [50].

3.2.4 Calorimeter

After the ID, the next main set of layers in the ATLAS detector are the calorimeters.
The ATLAS calorimeters [51] are designed to measure the energy of charged and neutral
particles, namely, electrons, photons and hadrons. These are called sampling calorimeters
and are built in alternating layers of absorbing and active materials, noting that the
energy is only measured in the active layers. As high energy particles interact with
these layers, they lose energy by producing cascades of secondary lower-energy particles,
called showers. Electrons and photons lose energy with the material via electromagnetic
interactions. Electrons above 10 MeV lose energy via bremsstrahlung, while photons
undergo electron-positron production. The formation of hadronic showers is similar to
that of electromagnetic cascades but involving more complex cascades of hadronic (and

electromagnetic) showers.

There are two properties that are fundamental to the design of the calorimeter sys-
tems: the radiation length, X, which is a characteristic of a material, related to the

energy loss of high energy particles electromagnetically interacting with it. And for
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hadronic interactions we consider the nuclear interaction length, A;, of a material. For a
normal calorimeter material choice \; >> X,. This means that electrons and photons
interact much closer to the beam pipe than hadrons. So as a result, the ATLAS detector
uses two calorimeters: an electromagnetic calorimeter and a hadronic calorimeter. A

cross section showing the layout of the calorimeters is shown in Figure 3.5

Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECal) [52] uses liquid Argon (LAr) in its active layers
and lead (Pb) in its absorbing layers. The lead layers are designed to cause showering, the
resulting particles then enter a LAr layer where ionisation occurs, resulting in electronic
signals. The ECal is designed to provide a consistent amount of material in all directions,
corresponding to an interaction length of 22X, covering a pseudo rapidity range of
In| < 3.2 and the full range of ¢. The ECal is also split into the barrel region and endcap
region. The barrel region starts with an active layer, called the pre-sampler. This is
designed to measure the energy lost in the ID, after this there are then three finely

granulated layers. In the endcap region there are only two, coarser, layers. The resolution
of the ECal is:

OR 1
— =1 — . .
= o%\@@m%, (3.6)

where the first term is the stochastic term which dominates at low energies and the

second term is the constant term which dominates at high energies.

Hadronic Calorimeter

Following the ECal we have the Hadronic Calorimeter (HCal). The HCal uses steel in the
barrel region and copper in the endcap region, as the absorber layers, and scintillating

tiles [53] in the barrel region and LAr in the endcap for the active layers. The resolution
of the HCal is:

OF _ oL
== 50%\@ & 3%, (3.7)
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Forward Calorimeter

The Forward Calorimeter (FCal) is used to increase the precision of measuring missing
transverse energy and naturally covers a higher range of pseudo-rapidity, 3.2 < |n| < 4.9,
compared to the barrel or endcap regions. The sampling is done using LAr for the active
layers and copper and tungsten for absorbing layers. The FCal has three layers the first
is designed to sample electromagnetic showers and the other tow are designed to sample

hadronic showers. The resolution of the FCal is:

O'E 1
25 100% —— @ 10%. .
- 00% = 0% (3.8)
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Figure 3.5 Computer generated image of the ATLAS calorimeters [54].

3.2.5 Muon Spectrometer

The final, outer-most, sub-detector system of the ATLAS detector is the Muon Spec-
trometer (MS) [55], as muons take the longest time to decay and don’t interact with the
calorimeters. The MS is a tracking detector designed solely for the purpose of measuring

the tracks of muons. The design of MS relies on the notion that the path of the muon
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bends in a magnetic field, and so the MS is embedded in a series of barrel and end cap
torodial magnets, described in Section 3.2.2. The MS consists of four main systems:
The Monitored Drift tubes (MDTs), the Cathode Strip Chambers (CSCs), Resistive
Plate Chambers (RPCs) and Thin Gap Chambers (TGCs). The combination of these
technologies allows for this allows for the precision measurement of muon tracks over a
wide range of pr and serve as a hardware level trigger. Figure 3.6 shows the MS in the
ATLAS detector and Figure 3.7 is a schematic picture showing a quarter-section of the
MS in a plane containing the beam axis, with MDTs, CSCs chambers for momentum
determination and RPCs and thin gap TGCs chambers for triggering.

Thin-gap chambers (TGC)
| ] Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6 Computer generated image of the ATLAS muon spectrometer [56].

Monitored Drift Tubes

The MDTs [57] are cylindrical tubes filled with a mixture of Ar and CO, gases. The
tubes contain a a singular tungsten wire running down its centre. As a muon enters a
tube it ionises the gaseous mixture resulting in electrons drifting towards the anode wire
and the ionised gas drifting to the cathode tube resulting in a signal. The MDTs are
used in both the barrel and endcap region, with each region containing either three or
four layers of MDTs each, and covers a range of || < 2.7. The MDTs have excellent
spatial resolution, combined with the CSCs they allow for the precision muon tracking

and momentum determination.
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Cathode Strip Chambers

The CSCs [58] are series of cathode strips sandwiching a series of anode wires which
exist in a chamber of Ar and CO,. The orientation of the layers of the cathode strips are
flipped as you descend through the layers. Starting from the outer layer, the cathode
strip plate is parallel to the wires to provide n measurements and the subsequent layer
is perpendicular to the anode wires and provides ¢ information. There are four layers
in total. The CSCs rely on the same ionisation mechanisms as the MDTs to provide

readout information.

The CSCs are located in the at the beginning of the endcap region of the MS and
cover the high pseudorapidity range of 2.0 < |n| < 2.7. The CSCs can handle a much
higher sustained flux compared to the MDTs, 1000 Hz/cm? vs 150 Hz/cm? respectively.
Hence the CSCs, compliment the information provided by the MDTs.

Resistive-Plate Chambers

The RPCs [59] are gaseous detectors that act as the one of the main components in
the MS hardware trigger response. The RPCs are constructed by filling the gap of
two parallel plates with a mixture of CoHyF,, Iso-C,H;O and SFg gases. Similarly to
the MDTs the incident muon ionises the gas, but here an electron avalanche is caused,
providing a large unmistakable signal and an immediate response. The first two layers
are used for low pr muons triggers, while the third is used for high pr muons. The RCPs
cover a range of || < 1.05. The fast response of the RCPs allows for a trigger response

of < 3 ns but a spatial resolution of a 10 mm.

Thin-Gap Chambers

The TGCs [60] are mainly employed in the endcap region and perform a similar trigger
job to the RCPs. The TGCs have a similar construction to the CSCs, with more wires per
chamber. The TGCs allow for the MS trigger functionality to be extended to |n| = 2.4

as it provides a similar trigger response time with improved spatial resolution.
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Figure 3.7 A schematic picture showing a quarter of a cross-section of the muon system within
the ATLAS detector [61].

3.3 Trigger and Data Acquisition System

If one were to capture all the information in the events provided by the LHC (a bunch
crossing every 25 ns resulting in an event rate of 40 MHz), one would need a way of
handling 60 TB/s of data. This is too much data to handle, most of which is probably not
very interesting. Alongside the ATLAS detector systems, software systems are needed to
manage the volume of data being generated. The Trigger and Data Acquisition (TDAQ)
system was designed to solve this problem, which employs a two-level data filtering
system, one a hardware level trigger which feeds into a software level trigger, reducing
the overall data read out to a more manageable 2GB/s. The resulting data is stored for

physics analysis.

3.3.1 Level-1 Trigger

The Level-1 (L1) trigger [62] uses the information from the calorimeter and the MS’s
RPCs and TGCs to perform a coarse analysis of the event and process it in less than
2.5 ps. At this stage we do not identify the particle only that the event contains a high-ps
lepton, jet or high missing transverse energy, which would make the event potentially
interesting and so is stored for later analysis by the software trigger. The region where

these objects are located are called regions of interest (ROIs). This step reduces our event
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rate to 100 kHz. The L1 trigger runs in real time with the collision and is considered

Online’.

3.3.2 High-Level Trigger

The High-Level Trigger (HLT) [63] is a software based trigger. It looks into the stored
events and ROIs passed to it by the L1 trigger, and uses a series of algorithms to provide
initial rejection and physics object reconstruction, further reducing the event rate to

1 kHz. The HLT runs after the collisions have occurred and so runs ‘offline’.
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Figure 3.8 : The ATLAS TDAQ system in Run 2 showing the components relevant for
triggering as well as the detector read-out and data flow [64].
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3.4 Run-2 Data Taking Conditions

Figure 3.9 shows the cumulative integrated luminosity delivered by the LHC and recorded
by the ATLAS detector during Run-2 (2015-2018) at /s = 13 TeV, together with the
fraction of data certified as good for physics analyses. Over the full Run-2 period, a
total of 156 fb™" was delivered by the LHC, of which 147 b~ was successfully recorded
by ATLAS and 139 fb™! passed all detector and data-quality requirements. The close
agreement between the recorded and good-for-physics luminosities demonstrates the high
operational efficiency and stability of the ATLAS detector throughout Run-2, despite
the increasingly challenging data-taking conditions associated with rising instantaneous
luminosity and pile-up. The good-for-physics luminosity defines the dataset used in this

analysis.
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Figure 3.9 Cumulative integrated luminosity as a function of time delivered to ATLAS (green),
recorded by ATLAS (yellow), and certified as good for physics analyses (blue) during
stable-beam periods for pp collisions at a centre-of-mass energy of /s = 13 TeV in
2015-2018. The delivered luminosity corresponds to the luminosity provided by
the LHC from the start of stable beams until ATLAS is requested to enter a safe
standby mode for beam dumps or beam studies. The recorded luminosity accounts
for data-acquisition inefficiencies, including the so-called warm-start period during
which detector high voltages and front-end electronics are ramped up after the
stable-beam flag is raised. The good-for-physics luminosity reflects the application
of the ATLAS All Good data-quality criteria, which require all relevant detector
subsystems and reconstructed physics objects to be fully operational.



Chapter 4

The ITk Upgrade and Qualification
Task

“Nah man, objects are stupid. Ya just need hunners of scripts.”
— Dr. Kenneth Wraight, a rebel without a cause so he rebels against

object orientation.

The LHC, and the ATLAS detector, is currently in its Run-3 data taking stage which
will provide more data for our measurements and analyse and providing more statistics
for combination measurements across the data taking stages. The delivered luminosity
and mean crossings per bunch are higher than Run-2, these numbers are dwarfed when
compared to Run-4, where the LHC will enter its High-Luminosity era (HL-LHC). It is
anticipated to deliver an integrated luminosity of 3000 fb™" over ten years of operation
(2029-2039). With the increased luminosity, there will also be increased pile-up, readout
rates and radiation. This all means that we will be operating in a noisier environment.
Major reforms to the detector need to take place in order to benefit fully from the
HL-LHC era. The main upgrade for this time will be a new inner detector system, which

will be replaced by an all silicon inner tracker (ITk).

4.1 The ITk

The ITk is designed to replace the current ID for the HL-LHC era in Run-4. It will

be an all silicon solution, that comprises a pixel and a strip subsystem [65]. The pixel

34
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subsystem covers a pseudorapidity range of |n| < 4.0 and consists of five flat barrel
layers and five layers of inclined or vertical rings for forward region coverage. The strip
subsystem spans |n| < 2.7 and includes four strip layers in the barrel region and six disks
in the endcaps, all using double-sided modules. The layout of these subsystems can be
shown in Figure 4.1. The resulting upgrade is expected to increase the trigger rate from
100 kHz to 1 MHz [66]. Improved radiation hardness of the subsystems will allow for
the ITk to perform better in the high radiation environment of the HL-LHC. The higher
granularity of the subsystems will improve the spatial resolution over the current ID and

improve the vertex reconstruction, enhancing the b-tagging and pile-up rejection.
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Figure 4.1 A Schematic view of the ITk detector where the strip detectors are shown in blue

and the pixel detector is shown in green [65].
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4.1.1 Pixels

The 1Tk pixel subsystem upgrade will consist of around 9400 modules with 5 billion
pixels covering an area of around 13 m?. The Pixel subsystem layout is shown in Figure
4.2 and will be separated into three main zones the Inner System, Outer Rings and Outer
Barrel. The Inner System consists of the Barrel with flat staves and Ring layers. The

Pixel subsystem will use two main sensor technologies: Planar and 3D.

Planar technology is currently used in the pixel subsystem of the ID. For the 1Tk
they have been redesigned in order to make them thinner and use n-in-p doping. There
are many advantages for making the planar sensors thinner: we improve the radiation
hardness, reduce the leakage current which helps with noise suppression, Improved
response time, better track resolution, lower power consumption and reduce the amount
of material (number of radiation lengths) in front of the calorimeter [67]. Planar sensors

are incorporated in the design and will be used in the outer rings and outer barrel regions.

3D sensors are a type of silicon detector where electrodes (columns) are etched into
the silicon vertically, instead of being placed only on the surface like in planar sensors.
This design allows for charge collection to happen in three dimensions, hence the name.
As a result of the design, the 3D sensors have some unique benefits: the spacing of
the electrodes are quite small resulting in shorter drift distances which reduces charge
trapping. The charge collection time is also very short, improving time resolution and
helping with pile up rejection [68]. The 3D sensors have improved radiation hardness
compared to planar sensors making them ideal candidates for the inner-most part of the
ITk, the Inner System.
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Figure 4.2 The layout of the pixel detector. The horizontal axis is along the beam line with
zero being the nominal interaction point. The vertical axis is the radius measured
from the interaction point [65].

4.1.2 Strips

Surrounding the Pixel subsystem is the Strips subsystem, it is split into barrel and
endcap regions. The barrel is made from four concentric layers, where the two layers
closest to the collision point are made from short strip segments while the outer two

layers are made from long strip sensors.

4.2 Dual Use

The main components for the ITk: ASICs and FPGAs and all assemblies with these
components in them are classified as Dual Use, meaning that they have both civilian
and military use. After the invasion of Ukraine in 2022, FPGAs manufactured for
US companies were found in Russian missiles [69]. Following this discovery the Biden
administration imposed strict regulations on FPGAs and other high performance chips
in order to stop this from happening. As a result of these restrictions every component
or assembly must be exported from CERN and returned to CERN for final assembly or
to be destroyed even if the component fails a test. Given the high stakes of FPGAs and
the like going ‘missing’ we need to make sure all components are accounted for. This
raises a new problem: who has what and what did they do with it? Since there are 50+
institutes, which are broken up into several regions, all contributing to this upgrade, the
flow of components form one institute to an other starts to balloon in complexity. Take

for instance the UK-CHINA cluster shown in Figure 4.3. The flow of components isn’t a
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straight forward assembly line and is in fact a spider’s web of possibilities for components
to get lost in production as so we need a robust reporting tool in order to keep track of

production rates and spot when and where components might go missing.

Elgoline
(vendor)
Hees
nsers ors
1
Senscrs
v

¥ HVibs

Cambridge

UK/CHINA CLUSTER

Figure 4.3 A production flow diagram for the UK-CHINA cluster for the manufacture, testing
and assembly of parts for the I'Tk upgrade. All components are given to CERN
from the manufacturing vendors, they are then added to inventory for bookkeeping.
The relevant components are then give to RAL where they are distributed amongst
the UK institutes contributing to the upgrade for testing and assembly. The
components, if assembled or deemed unfit, they are then returned to RAL where
they are assembled into larger components and returned to CERN for final assembly
be destroyed.

4.3 1Tk Web-App

For my Qualification Task (QT) I was tasked with creating a tool in order to track
the production rates of various components for the I'Tk upgrade, the components will
undergo various tests before they are assembled into larger modules to make it into the

ITk. The official description of my task was as follows:
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The task will perform a regular query of the ATLAS ITk Production Database
to understand the parts (e.g. modules) in different sites and compare to the
production model. This information will then be used to guide the activity
coordinators and the production managers in the decisions around part flow.
For example, we will be able to see the number of modules in the different
production sites and the need for modules at the different loading sites and
compare to plan and act upon variance. A proposed weekly (frequency to be
defined) job will perform the query, tabulate the data, and generate standard
plots for the users. Access will be via a web-app. The tabulated data will be
stored so that a history file will be created to allow time dependent analysis to
be performed to understand groups production rates as well as part count on
a given week. The tool and its use will be presented at the DB meeting. This
task is useful both for Pixel and Strip.

For the remainder of this chapter I shall focus on the UK-CHINA cluster and strips
production. However, the web-app frame-work can be used for global (several clusters),

individual cluster and local institution monitoring for both strips and pixels.

4.3.1 Data Pipelines

Information about the location of the components and at which stage of testing or
assembly they are in is contained in the ITk Production Database (PD). The PD however
does not provide timestamping, which is a crucial piece of information in order to produce
the production timelines. In order to combat this short-fall we need to timestamp these
components ourselves. Timestamping the individual components would result in a lot
of data points to manage as there could be thousands of the same components at the
same testing or assembly stage. To reduce the number of data points, we consider the
population of the components per stage. This will allow us to visualise the time-line of
a batch of components going through the various stages of testing or assembly, and if
any components fail the assembly or testing stages, thus deduce the yield and rate of

production.

Influxdb [70] was used to create timestamps of component stage populations. Influxdb
is a third party timestamping data-base (db), as data is fed into the db, it is then
timestamped at the time of entry. Once the data is time-stamped it can be readout using

the inbuilt API. From here we can transform the raw timestamped data into our desired
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format and then plot. For plotting, we used Altair a python based graphing package

that offered the interactive functionality we needed to make a user friendly experience [71].

For this stage of development various versions of the interactive plot objects were
prototyped and refined with feedback from institutes in the UK-China cluster. This
refinement allowed for key performance indicators to be visualised within the plots. The
finalised plot objects were then embedded in a web-app hosted at CERN, allowing for all
the institutes in the UK-CHINA cluster to access not only their own production time
lines but also each others, meaning that all the production timeline information for each
type of strips related component at all stages in all institutes were concatenated in one
place. RedHat was used for hosting and resource management, which pulled a series of
Docker configs for containerisation. The Docker configs were stored securely on CERN’s
servers. Once the container was spun up, the web-app is able to be hosted and the
landing page can accessed by anyone on the web. However, the information can only be
accessed by users of the PD as they save passwords are required. A flowchart depicting

the data pipeline for the web-app is show in Figure 4.4.
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Figure 4.4 A simplified diagram to show the flow of data from the ITkPD to the end user.
Data is extracted from the ITkPD then time stamped in the influxDB. The time
stamped data is then transformed with a series of functions in order to extract
useful insights, this is then sent to the front end where the interactive plots are
made and embedded in the web-app where the end user can access them.

4.3.2 Example Interactive Plots

In Figure 4.5 one of the early interactive plot prototypes is shown. At the beginning
of this project the I'Tk production was still in its relative infancy so only very techni-
cal institutes could contribute to the production and testing of components. One of
these institutes was the Rutherford Appleton Laboratory (RAL). The large volume of
components at RAL allowed for it to provide an ideal data-set for the visualisation of
components populations and the stage migration of these components. We see that in
Figure 4.5 we are only plotting modules and the components associated with them. This
plot was made with an early build of the framework described in Figure 4.4, even still
we see that we managed to capture and visualise some batches of components transi-
tioning through stages. For example we see various interplay between Glued (red) and

Bonded (purple) as once the modules are glued to the stave they can be considered bonded.
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Institute: Rutherford Appleton Laboratory
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Figure 4.5 A prototype interactive plot depicting the population of components in each stage
of testing or assembly at the Rutherford Appleton Laboratory.

This plot was then modified to include more component types, their stages and if

the components had been trashed or not, as showed in Figure 4.6.
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Figure 4.6 The finalised front end of the web-app showing a final version interactive plot with
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4.4 Discussion

With the tool now deployed and the web-app is available to anyone in the [Tk upgrade
group so they can see the production rates of all components across any institute. As
mentioned earlier in this chapter this tool will help spot missing components but can
also help spot bottle necks in production allowing production managers to address these
issues and ensure components make it to their next stage or institute at a timely manner,

thus making sure the I'Tk keeps to its production deadline.

Smaller versions of this tool have been retrofitted to provide, local, in-institute monitoring
namely in TRIUMF labs. With the completion of this task I became a qualified ATLAS

author.



Chapter 5

Object Definitions

“Electrons are green.”

— Dr. Jonathan Jamieson, after years of research.

Following the trigger and data acquisition stages, the collected data is used to construct
physics objects. From the side of the experiment we only see detector signals created
by the passing of particles through various sub-detector systems. We use these signals
to reconstruct and identify the parent particle, thus deducing the physics at play in
the event. The sub-detector systems can be split up into two groups: tracking and
calorimeter information. Tracking information is provided by the ID and MS, while
the calorimeter information is provided by the ATLAS calorimeter system. The raw
data these systems provide is used in various dedicated reconstruction algorithms, which
aim to construct physics objects. The main physics objects that we will discuss in this

miss

chapter are: particle tracks, Primary Vertex (PV), jets and Ep

5.1 Tracks, Clusters and Vertices

Nearly all of the other reconstruction algorithms require track reconstruction as an
prerequisite as they rely on this process as an input. The main tracking algorithm,
illustrated in Figure 5.2 uses information from all sections of the ID, starting from the
PD and SCT then using the TRT [72, 73]. As a charged particle moves through the
layers of the ID it deposits energy, these deposits (hits) are then organised into clusters

using a Connected Component Analysis [74]. The clusters are then used to determine
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three dimension space points of where the particle pass through the detector layers. This
is done in two ways: for the PD each cluster corresponds to one space point, while in the
SCT a combination of both sides of the strip layer are used to determine space points,
which are then used to create track seeds. Track candidates are extrapolated from these

track seeds using a combinatorial Kalman filter [75].

Using the spatial data from the remaining layers of the pixel and silicon detectors,
provided they align with the initial track trajectory, results in a notably higher recon-
struction efficiency for the primary particle tracks, eliminating a substantial number of
tracks formed solely from random groupings of space points. The track reconstruction
efficiencies as a function of  and py are shown in Figure 5.1. Once all realistic combina-
tions of space-points have been identified, multiple track candidates can occur due to
overlapping or incorrectly assigned space-points. This ambiguity is resolved by ranking

the track candidates using a so-called track score [76]. After passing these criteria, hits
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Figure 5.1 Track selection efficiency as a function of truth-level n and pp for the Loose and
Tight primary track selection criteria, evaluated using simulated samples selected
with a minimum bias trigger. The shaded band indicates the total uncertainty on
the efficiency estimate, with the dominant contribution arising from uncertainties
in the known material distribution within the Inner Detector.

in the TRT are identified to further extend the track. The final stage of this inside-out
approach is a global x? fit to accurately determine the track parameters (dy, 29, 0,0, q/p)
and the proton-proton interaction reference point. Here d is the transverse impact
parameter and defines the distance of closest approach to the beamline in the (r — ¢)
plane. z; is the longitudinal impact parameter and is the distance between the closest
point of approach and the reference point, with ¢ and # being the azimuthal angle and
polar angle, respectively. Finally, ¢/p is the ratio of charge and momentum. In addition

to inside out tracking we also employ an outside-in method. Here, we start from the
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Figure 5.2 This illustration shows the track reconstruction process using pattern recognition.
Track seeds (blue) are formed from triplets of space points (yellow), with each
point coming from a different detector layer in the ID. Seeds associated with the
same track candidate are connected by a dashed blue line. Green-coloured seeds
represent those that fail to meet the requirement of originating from a charged
particle at the primary interaction vertex. Tracks rejected for the same reason are
indicated with dashed green lines. A fully reconstructed track using only silicon
hits, without a TRT extension, is shown in black. A track that includes a TRT
extension is depicted in red [77].

TRT and work inwards towards the PD and SCT. This method is particularly effective
in identifying tracks from secondary decays. The TRT tracks are disregarded if they do
not have extensions to the PD or SCT.

PVs are now reconstructed using the tracks [78], there are two main steps for this
reconstruction of vertices: finding and fitting. Once the full set of tracks are identified
we then project inwards to find a shared vertex point, if the tracks don’t fit this point
they are used to find another vertex point. with all the tracks for a particular vertex
in hand an iterative y? minimisation fit is applied to accurately determine the vertex
point’s position. We assume that charged particles that are the result of hard scattering
interactions have larger transverse momentum than those that are classified as pile up and
so the the primary vertex is the vertex which has the highest sum of squared transverse

momentum From all the associated tracks.
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5.2 Electrons
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Figure 5.3 The path of an electron through the detector. The electron passes through the
tracking system of the inner detector before depositing its energy in the EM
calorimeter [79].

Electrons are reconstructed using information from the ECal and ID. Electromagnetic
showers in the ECal are reconstructed using a topological clustering algorithm [80]. The
algorithm builds variable-size clusters dynamically and is able to recover the low energy
photons emitted from bremsstrahlung (O(100)MeV). The clustering algorithm utilises a

cell significance variable:

EM _ |E|cEel}/1[
cell — TEM

O noise,cell

(5.1)

where |E |CEQIYII is the absolute cell energy at the EM scale and ag\fseml is the expected
cell noise. The goal of this stage is to form topological clusters (topo-clusters). Initially
cells with (&) > 4 are selected to seed proto-clusters. These proto-clusters then grow by
progressively collecting neighbouring cells with ¢Z3' > 2 until no neighbouring candidates
remain. The cell significance condition is then relaxed to (il > 0 to collect all remaining
cells with energy deposits. The outputs of this procedure are the topo-clusters. For
the group of topo-clusters, the cluster with the highest p;, with a minimum 1 GeV
energy and with matching ID tracks, with at least four hits, is then selected as a seed
in a super-cluster. The remaining topo-clusters are examined for classification as a
satellite cluster of the super cluster, which can be see in Figure 5.4. Each super-cluster
with matching tracks are considered candidates for electrons, where the energy of the
electron is given by the cluster energy. Following the reconstruction of the electron

candidates, some energy calibration is required to improve the energy resolution of the
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Figure 5.4 Diagram of an example supercluster showing a seed electron cluster and a satellite
photon cluster [81].

candidates and correct for differences in the candidates’ energy scale in data and MC.
This calibration accounts for energy loss in the tracker material, energy deposition in
neighbouring cells relative to the energy cluster, and general energy loss outside the ECal.
The final correction is that of the energy scale of the candidate, where a data correction is
derived using Z — e*e” and J/¢ — eTe”. The calibrated electrons are then subject to a
a series of cut-offs in their pr,n, and the longitudinal and transverse impact parameters,
in order to refine the set of candidates further. The following conditions must be met for
a candidates to pass selection: pp > 7 GeV, |Naus| < 2.47 excluding the transition region
1.37 < [Naust| < 1.52, |do/o(dy)| < 5.0, and |zgsinf| < 0.5 mm. Electrons are further
classified using the identification quality criteria. The final step of classification involves a
using a likelihood-based discriminant built from a fit to a combination of calorimeter and
tracking information. Backgrounds to the identification consist of photon conversions,
jets with electron-like features, and non-prompt electrons from hadron decays. Fixed
values of the likelihood discriminant are used to define different Working Points (WP),
each consisting of differing signal selection and background rejection efficiencies. These

are aptly termed Loose, Medium and Tight. More details can be found in [79].
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Figure 5.5 Electron identification efficiencies using the LH method are shown for the Loose
(blue circles), Medium (red squares), and Tight (black triangles) operating points,
measured in Z — e e events. The efficiencies are plotted as a function of 7
(right) and Ep (left). Vertical error bars indicate the statistical uncertainties (inner
bars) and total uncertainties (outer bars) [79].

5.3 Muons

In the ATLAS detector, muons are unique because they can penetrate the outer layer of
the calorimeter system while still being detectable, as they are minimum-ionizing parti-
cles. This distinctive property results in clear tracks within the ID and MS, along with
characteristic energy deposits in the calorimeter. Muon reconstruction begins by using
the hits in the individual layers of the MS. These hits are used to create track segments
which are identified using a Hough transform and are used to build our initial track
candidates [82]. The process leverages precision measurements of the track’s bending
radius and information from the trigger detectors. The process intends to find a straight

line fit along the hits in a single layer of the MS.

A combinatorial search is used to build segments in the CSC in the (n — ¢) plane.
With the segments identified some refinement is required. A x? fit is applied to the
trajectory of the muon in the tarodial magnetic field in order to account for material
interactions in the MS and possible effects of misalignments. Any outlier hits along the
track trajectory are removed, and the fit is recalculated. If ambiguities occur they are
resolved by removing tracks that share hits with higher-quality tracks. These final muon

tracks are then refitted, taking into account the possible energy loss in the calorimeter
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system. With this process in hand my we identify five different types of muons: combined,

inside-out combined, segment-tagged, calorimeter-tagged, and MS extrapolated.

Combined muons are constructed by matching the tracks in the ID and MS with a
fit based on their underlying hits in their respective sub-detector. The fit also takes into
account potential energy loss from the calorimeter. Inside-out muons are reconstructed
by extrapolating tracks from the ID into the MS. If at least three MS hits can be aligned
with the track, the track is reconstructed as a muon. Segment-tagged muons are identified
using a track in the ID that tightly matches in angular distance with at least one MS
segment. Calorimeter-tagged muons do not rely on the MS. They are identified using an
ID track with an energy deposition in the calorimeter system consistent with a minimum-
ionising particle. Finally, a track is reconstructed as an MS-extrapolated muon if the
track in the MS cannot be matched to an ID track. At this stage, similarly to electrons,

the muon candidates are split up into WP points of tight medium and loose [83].

5.3.1 Prompt leptons and isolation

Prompt leptons are those produced directly in the primary hard-scattering interaction,
typically from decays of heavy bosons like W, Z, or from top quarks. These leptons are
generally clean and isolated from other particle activity. In contrast, non-prompt leptons
arise from the decays of hadrons, especially those containing heavy-flavour quarks (such
as b or ¢ quarks) and are often embedded within jets. Fake leptons are not real leptons
but are instead hadrons or other particles (like photons or jets) that are misidentified
as leptons by the detector due to overlapping signatures or reconstruction errors. To
distinguish prompt leptons from non-prompt and fake leptons, ATLAS uses lepton
isolation techniques [84]. This involves measuring the amount of additional activity,
such as tracks or calorimeter energy deposits in a cone around the lepton’s direction.
Prompt leptons, being isolated, are expected to have little surrounding activity, whereas
non-prompt and fake leptons are usually accompanied by nearby particles from jets or
hadronic decays. By applying isolation requirements either based on tracks, calorimeter

deposits, or both leptons with too much nearby activity can be rejected.
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5.4 Jets

Compared to leptons, partons require effort in order to identify as they rely upon a
definition and aren’t directly detectable. As the partons are created they begin to decay
in a cascade of secondary charged and neutral particles. This decay is cone-like in shape
and we call them jets. These jets are reconstructed using dedicated clustering algorithms,
this clustering algorithm is required to be infrared and collinear safe (IRC). The result of
the algorithm (number and direction of jets) should not change with the addition of soft
gluons to the event (infrared safe) and the outcome should also be the same if the parent
jet splits into two or more collinear child jets (collinear safe). The anti-kp jet clustering
algorithm satisfies the IRC prerequisites and is the main jet clustering algorithm used by
ATLAS [85]. The algorithm groups clusters of energy deposits left by hadronic showers

based on a distance between two entities ¢ and j with distance between these two entities,

d;;, give by:
1 1)\AR;
d;j = min (2’ 2) — (5.2)
Pri Pt R
additionally with the distance between the beam and entity i, d;z:
1
dip = —, 5.3
b Pry (5:3)

Where AR}, = (¢; — ¢;)* + (y; — y;)?, where ¢; and ¢; are the azimuthal angles, and
Y;, y; are the rapidities of ¢ and j. The transverse momenta of the particles, denoted
pr; and pp;, are also used in defining the clustering criteria. In practical applications
such as the anti-k;, algorithm, an adjustable fixed-radius parameter R is introduced,
which controls the typical size of jets. The anti-kr algorithm reconstructs jets using
topologically clustered energy deposits in the hadronic calorimeter. This topological
clustering follows the same procedure as that used for electrons, as described in Section
5.2. A cluster is identified as a jet if its distance to the beam, d;p, is smaller than all
pairwise distances, d,;. If this condition is not met, the algorithm merges cluster 7 with
the cluster or pseudo-jet j that has the smallest value of d;;. This merging process is
repeated iteratively, combining topo-clusters and pseudo-jets, until all constituents are

assembled into jets.
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anti-k,, R=1

Figure 5.6 An example parton-level event generated with HERWIG [86] in the y — ¢ plane is
shown. To this event, many random soft particles, or “ghosts,” are added. The
calorimeter cells and the deposited energy are depicted. Jets are reconstructed
using the k; algorithm (left) and the anti-k; algorithm (right). Using a radius
parameter of R = 1, one can observe the difference in jet shapes between the two
algorithms. While the jet shape produced by the k, algorithm is influenced by the
soft particles, the anti-k; algorithm yields jets whose shapes are largely determined
by the hard particles [85].

5.4.1 Particle Flow (PFlow) jets

Traditional calorimeter only jet reconstruction often led to an overestimation of the jet
energy. The Particle Flow (PFlow) algorithm and resulting object aims to reduce this
overestimation by using track and calorimeter information in the object reconstruction

process [87].

The process starts with the fact that as a charged particle passes through the detector
it leaves tracks in the ID and topo-clusters in the calorimeter. The PFlow algorithm
aims to match the tracks with topo-clusters, utilising the positional information of the
calorimeter and the momentum resolution of the ID. The expected energy deposition of
the same particle that generated the track in the calorimeter is estimated. Noting that a
single particle can often create more than one topo-cluster, the algorithm checks if more

than one topo-cluster needs to be added to the track topo-cluster pair.

With the track topo-clusters in hand the energy deposit in the topo-cluster is then
estimated with the track information and then subtracted from the topo-cluster on
a cell by cell basis, leaving behind the neutral energy (energy from neutral particles

in the shower). The last step of the algorithm is to check if the remaining neutral
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energy is consistent with what we expect of a single particle at that momentum. This
method leverages the tracker’s superior momentum resolution relative to the calorimeter’s
energy resolution, particularly for low-energy charged particles. It also enhances particle
acceptance within the detector, as the track reconstruction threshold lies below the
calorimeter’s noise level required for topological cluster seeding. Additionally, it reduces
the likelihood of missing jet constituents caused by significant track curvature in the

magnetic field, which can lead to mismatches in calorimeter-based reconstruction.

Finally, pile-up contamination is naturally suppressed through more effective identi-
fication of the primary interaction vertex and improved rejection of contributions from
secondary (pile-up) vertices. This works well for low-py jets but struggles at high-py
where jet groupings are tighter and there is more energy overlap between the topo-clusters.
In order to combat this the updated PFlow algorithm improves performance in dense,
high-energy jets by introducing a gradual transition in how it subtracts calorimeter
energy from matched clusters. For high-py tracks, less energy is subtracted, recognizing
the increased precision of calorimeter measurements at those energies. This refinement
minimizes errors in crowded jet cores and ensures a more accurate division between
track-based and calorimeter-based energy measurements. The resulting PFlow objects
are used to make PFlow jets, the main jet type used in the ttH analysis we will discuss

Chapter 9 and the high p; uncertainty extrapolation study in Chapter 7.
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Figure 5.7 A flow chart of how the particle flow algorithm proceeds, starting with track
selection and continuing until the energy associated with the selected tracks has
been removed from the calorimeter.

5.4.2 Jet Collections

A jet collection is a set of reconstructed jets in an event, built using a specific clustering
algorithm (anti-k;), input objects (PFlow) and parameter settings (R). As the anti-k; and

Pflow algorithms are pre-defined we only have one parameter to play with: R. For the
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analysis in Chapter 9 there are two main jet collections used: Small-R and Large-R jets.
Small-R jets, or more simply jets, are used to model quark and gluon jets with R = 0.4.
ATLAS calls the jet collection the anti-k;, PFlow with R = 0.4 Antikt4EMPFlowJets.

Large-R jets are slightly more complicated. They are defined with a R = 1.0 and
are used to model boosted hadronic decay products of heavy particles such as Higgs
bosons and top quarks. In boosted topologies the decay products of the parent particle
become more collimated and so the individual jets become harder to resolve individually.
Instead a re-clustering algorithm in employed in order to for the decay products to be
reconstructed as a single large-radius jet object to ensure the full hadronic decay is
captured [88].

5.4.3 Jet Calibration

As the jets are reconstructed the energy associated with them will differ from the truth-
particle jets, in order to adjust for this discrepancy several stages of calibration takes
place, which are shown in Figure 7.2. In jet reconstruction, topological clusters from the
calorimeter are initially calibrated using the electromagnetic (EM) scale, which correctly
reflects energy deposits from electromagnetic showers such as those from electrons or
photons. However, this scale underestimates the energy of hadrons. PFlow jets, the
reconstruction includes both calorimeter clusters and charged-particle tracks. Since tracks
provide more precise measurements of charged particles’ momenta, the initial calibration
of PFlow jets is closer to the true particle-level energy. To ensure consistency between
data and simulation, a final in situ calibration step is applied, aligning the jet energy

response in both data and Monte Carlo (MC) simulations.

The first step in the jet calibration is to mitigate the effects of pile-up interaction
on the jet kinematics. To account for this we estimate the pile-up energy density in
the event and subtract the product of this density and the jet area as a bigger jet picks
up more contamination. Further pile-up corrections are applied based on the average
number of interactions per bunch crossing and the number of reconstructed primary

vertices in the event.

After correcting for pile-up effects, the next step is the absolute jet energy scale (JES)

correction. This adjustment ensures that the energy of reconstructed jets in the detector
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matches the energy of the corresponding truth-level (simulated particle-level) jets. In
addition, a correction is applied to the jet’s direction of 7 to account for biases introduced
by the detector geometry, such as in the transition regions between different parts of the

calorimeter, where jet reconstruction can be less accurate.

Next, a Global Sequential Calibration (GSC) is applied to further refine the jet en-
ergy measurement and reduce its dependence on the type of particle or process that
produced the jet. Different types of partons (i.e. quarks and gluons) create jets with
different internal colour structures affecting the fragmentation which can affect how the
calorimeter responds. For example, gluon-initiated jets tend to have more soft, low-energy
particles, leading to a lower calorimeter response compared to quark jets. This variation
introduces unwanted biases. The GSC is applied in a step-by-step (sequential) manner,
using additional information from: tracks, the MS, and calorimeter shower shapes. These
inputs help correct the jet response without changing the total jet energy, but reduce

fluctuations and improve the jet energy resolution (JER).

The final step in the calibration is to account for any residual difference between the MC
and data. It relies on well-understood reference objects, such as photons or Z bosons,
whose energies are precisely measured. By comparing the pr of a jet to that of the
recoiling reference object in events like y+jet or Z+jet, any imbalance reveals a residual
miscalibration in the jet energy and the JER. The associated PFlow jet calibration
uncertainties are reliable only up until a certain pp. At this point we run out of statistical
power to perform in-situ calibration and so must extrapolate in order to extend to higher

energies. This step is discussed further in Chapter 7

Reconstructed pr-density-based Residual pile-ug Absolute MC-based
jets pile-up correction correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event pfle;up p; density dependence, as a to the garticle-level energy
calorimeter-based inputs. and jet area. function of it and Npy. scale. Both the energy and

direction are calibrated.

Global sequential Residual in situ

calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects s applied only to data
using calorimeter, track, and  to correct for data/MC
muon-segment variables. differences.

Figure 5.8 The stages of the jet energy scale calibration procedure for reconstructed jets. All
steps up until the final in-situ calibration use MC based corrections [89].
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5.5 Tau Leptons

Tau leptons decay either leptonically or hadronically. Leptonic decays are reconstructed
as electrons or muons, while hadronic decays (7,,q4) are reconstructed using a procedure
similar to that for small-R jets, with dominant decay modes involving one or three
charged pions. The primary background to one-prong decays is electron misidentification,
which is mitigated using a dedicated electron identification working point, replacing the
earlier explicit veto. To distinguish 73,4 from quark or gluon-initiated jets, a multivariate
discriminant is used, incorporating track multiplicity, kinematics, jet substructure, and
collimation [90]. The 7,4 identification employs several WP, with the medium WP used
in the ttH (bb) analysis. Ty,q candidates are vetoed to ensure orthogonality with other

ttH decay channel analyses, facilitating future combinations with minimal overlap.

5.6 Flavour Tagging

Flavour tagging is one of the more central points of the work in this thesis. It corresponds
to the identification of the flavour of the hadron that created the jet in a given hard
scattering event. This is a key part in the ttH (bl_7) analysis later on and also the backbone
for the high p; flavour tagging uncertainty extrapolation study described in Chapter 7,
which in turn helps the overall systematic treatment of the high py of the regions of the
ttH (bb) analysis.

Flavour tagging is done using specialised algorithms [91]. Where jets containing a
b-hadron are called b-jets and jets containing a c-hadron are called c-jets. If the jet
contains neither then it is designated a light-jet. The algorithms use the significant mean
lifetime, mass and distinct fragmentation patterns of b-hadrons in order to distinguish
between the flavours. As the energetic b-hadrons decay after =~ 1.5 ps they can be
identified by the presence of a displaced or secondary vertex shortly after the collision
point where the initial hard scattering event occurred. This is shown in Figure 5.9, where
the b-jet has a secondary vertex and the light jet does not. The track impact parameter

information is used to reconstruct these vertices.

The current king of the hill in the flavour tagging algorithm world is the DL1 group of
algorithms. They incorporate a two-stage approach, the first stage (low-level algorithms)

utilises low-level track features to build and reconstruct the tell-tail secondary vertex of
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Figure 5.9 An illustration depicting the signature b-hadron decay with a b-jet containing
a secondary vertex after a decay length from an initial hard scattering event,
compared to a light-jet with no secondary vertex or decay length post hard

scattering event [92].

a b-hadron jet structure. The second stage uses deep-learning methods to deduce the

optimum combination of the low-level algorithm outputs.
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5.6.1 Low-level Algorithms

The main inputs for the low-level algorithm are: charged-particle tracks, the primary-
vertex, and hadronic jets. Tracks are matched to jets via the angular separation of
the track momentum and jet axis, AR, this is dependent on pp of the jet as higher

momentum decay products tend to be more collimated and so will have a smaller AR.

The three main low-level algorithms are IP2D, IP3D and RNNIP [93, 94]. IP2D and
IP3D build likelihood based discriminants using the impact parameter significance of
tracks (impact parameter divided by its uncertainty). IP2D uses just the transverse
impact parameter, while IP3D uses both transverse and longitudinal components. Each
track’s information is evaluated under different flavour hypotheses (b-jet, c-jet, light jet),
and a likelihood score is built from the sum of individual track probabilities. They also
use expected ID hit patterns to refine the likelihood. RNNIP s a machine learning approach
using a Recurrent Neural Network (RNN), Unlike the previous methods, RNNIP captures
correlations between tracks. Including, how multiple decay products from a b-hadron
behave together. The main input features are: impact parameter significances, track
momentum fractions relative to the jet pp, hit multiplicities in the inner detector and
AR. The RNNIP model outputs class probabilities (i.e., how likely a jet is to be a b-jet,
c-jet, or light-flavour jet), and these are combined into a b-tagging discriminant. This
approach outperforms the previous algorithms as it does not assume independence of

per-track features in the jet.

The reconstruction of the secondary vertices is done using the SV1 algorithm in an
iterative approach as it examines all possible two-track vertex combinations using a x*
fit to evaluate all possible combinations [95]. The final step is applying a multi-vertex
finding algorithm, JetFitter [96], which uses a Kalman filter to reconstruct multiple
decay vertices inside a jet, capturing the full decay chain of b and c-hadrons. This
improves the determination of the decay topology and enhances the accuracy of b-jet

identification.

5.6.2 High-level Algorithms

The high-level algorithms use the outputs of the low-level ones as inputs into a multi-class
feed-forward deep neural network. There are three main b-tagging algorithms worth

mentioning DL1, DLir (which uses the same inputs as DL1 in addition to the RNNIP



Object Definitions 59

algorithm [97]. and MV2c10 (an older tagging algorithm which is used in the previous
version of the ttH (bb) analysis and uses a boosted decision tree (BDT) approach) [98].
The algorithms are trained on an enhanced tt sample set which incorporates a large
number of high mass Z' — ¢ events in order to boost the statistics of high py jets [99].
Similar samples are used in the the high py uncertainty extrapolation study in Chapter
7.

In order to further discriminate between jet flavours, D11r uses the output probabilities

to create a discriminate:

—1 by . .
Dora: n(fc'pc+(1—fc)'Plight> (5:4)

Here py, p. and pyg, represent the jet-flavour probabilities and f, is the fraction of c-jets.
f. is was specifically tuned to optimise performance at the level of an analysis, with many
analyses taken into consideration including t#H (bb). Figure 5.10 displays the distribution
of the b-tagging discriminant, with annotations indicating the tagging score bins used to
define the pseudo-continuous b-tagging (PCBT).

Before we proceed with the discussion of the taggers lets briefly explain PCBT. Tra-
ditionally fixed cut WPs were employed for b-tagging meaning that anything below
the cut off threshold was thrown out. This meant, there were jets slightly below the
threshold that with a relatively high b-tagged score that were thrown out, reducing
the overall statistics. For analyses that are statistically limited this is a suboptimal

approach. PCBT aims to use the whole the full output of a b-tagging algorithm, typically
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Figure 5.10 Distribution of the DLI1r discriminant output for b, ¢, and light-flavour jets,
assuming a charm-jet fraction of f. = 0.018 in the sample.



Object Definitions 60

a continuous discriminant score ranging from 0 to 1, to characterize how likely a jet is
to originate from a b-quark. Instead of applying a single threshold to classify jets as
b-tagged or not, the score is divided into multiple bins, often defined by standard fixed
WP thresholds (e.g. 60%, 70%, 77%, 85% b-tagging efficiency). This approach retains
more information about the jet’s flavour probability, allowing analyses to include jets with
varying degrees of b-likeness. These bins can then be used in template fits or multivariate
classifiers, improving sensitivity to processes involving b-jets by making better use of the

available statistics and exploiting differences in flavour composition across the score range.

Returning to the performance evaluations of the three b-tagging algorithms, which
can be seen in Figure 5.11. The performance evaluation was conducted using a c-jet frac-
tion of f, = 0.018, and focuses on two key metrics: the b-jet tagging efficiency (e,)—the
probability of correctly identifying a b-jet, and the background rejection factor (1/e;),
where j represents either light-flavour or charm jets. This rejection factor quantifies the
inverse of the mistag rate for non-b-jets. Figure 5.11 presents the rejection performance
of light and charm-jet backgrounds as a function of b-jet efficiency, comparing three
algorithms: DL1, DL1r, and MV2c10. The lower panels of the figure provide a direct
comparison of the rejection achieved by DL1 and DL1r relative to the previously used

MV2c10, illustrating significant improvements in flavour rejection.

The DL1r continued to outperform the other two algorithms when it came to using
PFlow jets. Figure 5.12 presents the performance of the Run 2 flavour-tagging algorithms,
evaluated as a function of jet transverse momentum py, using simulated ¢t and Z events

for the 77% b-tagging efficiency working point.

The results use PFlow jets in two pp intervals: 20 GeV < ppr < 250 GeV and 250 GeV <
pr < 3000 GeV, with pseudorapidity restricted to |n| < 2.5. The tagging performance is

shown in terms of light and c-jet rejection rates, with the DL1r algorithm indicated in blue.

The top left and right plots show light-jet rejection, where a degradation in perfor-
mance is observed at high py, particularly evident in the Z’ events on the right. This
decline is attributed to increased jet fragmentation at high momentum, resulting in more
reconstructed fake secondary vertices, as well as genuine secondary vertices in boosted

light-flavour jets that can mimic heavy-flavour decays.

A more pronounced drop in light-jet rejection, visible around pp ~ 175 GeV ~ my,, in
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Figure 5.11 Comparison of light and c-jet mis-tag rates as a function of b-jet efficiency for
the MV2c10, DL1, and DL1r taggers. The lower ratio panels show the light- and
c-jet rejection relative to the MV2c10 tagger [98].

the top-left plot, is linked to overlapping decay products in boosted tt events, where

these effects become especially prominent.

Charm-jet rejection performance is shown in the lower plots, with Z’ events on the
right. Unlike the light-jet case, the ability to distinguish b-jets from charm-jets remains
relatively stable across the py range. In Z’ events, the DL1r algorithm’s performance
improves with increasing jet pp, due to higher track multiplicity and more displaced
vertex topologies in boosted jets. These features enhance the algorithm’s ability to

separate ¢ from b initiated jets.
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Figure 5.12 Performance of the Run 2 jet flavour-tagging algorithms as a function of jet
transverse momentum (pr) and pseudorapidity (), illustrated through light-jet
and c-jet rejection factors .

5.7 Overlap Removal

When an electron’s energy deposits are used in jet reconstruction, occasionally the signal
detector response of the calorimeter may misconstrue the deposits as more than one
physics object per event. To avoid this double counting, overlap removal procedures
are implemented. The overlap removal algorithm proceeds in a sequential manner,
where at each stage only the objects that have not been rejected by earlier steps are
considered. This approach ensures that each detector signature is attributed to only
one reconstructed object, such as a lepton or a jet. The process begins by identifying
cases where electrons and muons share a common inner detector track; in such instances,
the electron is discarded. Next, jets located within a distance AR < 0.2 of an electron
are removed, as they are likely to be electromagnetic in origin. If an additional jet lies
within AR < 0.4 of an electron, the electron is instead removed to avoid ambiguities in
reconstruction. Muon candidates are excluded if they are found within AR < 0.4 of a
jet, in order to suppress muons produced from in-jet decays of heavy-flavour hadrons.
However, if the associated jet has fewer than three tracks, the muon is retained and

the jet is removed—this exception accounts for energetic muons depositing significant
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energy in the calorimeter. Hadronic tau candidates (7,,q4) are eliminated if they lie within
AR < 0.2 of a selected electron or muon, while no overlap removal is performed between

jets and tau candidates.

5.8 Missing Transverse Momentum

As the particles collide along the beam axis, we expect the total transverse momentum
of all calibrated event objects to sum to zero. Any significant imbalance suggests the
presence of weakly interacting particles (neutrinos) or it could be attributed to detector
imperfections. Either way, we need to account for this imbalance and so we introduce a

miss

new "observable", missing transverse momentum pp " [100]. We can deduce two main
quantities from this: the first is missing transverse energy, Ex™ which is defined as
the magnitude of the negative vector sum of all detected final-state object transverse
momenta, including an additional soft-term derived from tracks reconstructed in the ID
that are matched to the primary interaction vertex but not associated to any object, as

shown in:

EFs=—| Y prt > Pyl (5.5)

1€0Dbjects j€ESoft-term

miss

The azimuthal angle of pp™ given by:
™ = arctan(p"* /pi*). (5.6)

These objects lay the foundation for the analysis which we will discuss in Chapter 9.



Chapter 6

Monte-Carlo Simulations

“You're always one spin away form winning. Don’t stop...”

— lain Mclean, when asked about healthy habits.

MC simulations are a key part of any ATLAS physics analysis as they provide a reference to
data with defined physics inputs in order to understand the detector response. Generation
of the MC events start: the Matrix Element (ME) for the hard-scattering process of
interest. However, with any hard-scattering event comes soft emissions that if would
be too computationally intensive to calculate in the same way as the hard scattering
events and so these emissions are simulated using a Parton Shower (PS). The resulting
partons then under go hadronization, using a non-perturbative model. Remnants of the
protons after collisions can also enter the detector volume and interact further, or decay
forming part of the underlying event. As each bunch crossing results in around 30-40
other interactions, pile-up also needs to be modelled. Lastly the detectors effects must be
taken into account and the final-state particles must be passed through a simulation of

the ATLAS detector geometry. An illustration of these stages can be seen in Figure 6.1.
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Figure 6.1 Schematic illustration of a semi-leptonic t#H event generated with a Monte Carlo
event generator. The incoming proton partons are indicated by dark green blobs
with parallel arrows pointing towards the interaction point. The hard-scattering
process, produced via gluon—gluon fusion, is shown as a large red blob. The parton
shower is depicted in blue. The decays of the top quarks and Higgs boson are
represented by smaller red blobs, corresponding to the t¢H — bqq blv bb final state.
Additional hard QCD radiation is shown in red, while secondary interactions
from the underlying event are shown in purple. Particles prior to hadronisation
are shown in light green, with hadrons after hadronisation shown in dark green.
Photon radiation is depicted in yellow. [101].
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6.1 Matrix Element Generation

The cross section of all QCD interactions requires knowledge of the strong coupling
constant, o which is inversely proportional to the logarithm of the to the energy of a given
interaction. Considering a pp collision, these collisions involve a mix of interactions at
different energy scales. At low energies (c, > 1) higher-order perturbative contributions
to the collision cross-section do not converge and thus the calculation cannot be solved

using Equation 6.1.
6ab—>X :6O+&561+a§62 + .. (61)

where 6 describes the Leading Order (LO) (or tree level) contribution, agd, are the
Next-to-Leading Order (NLO) corrections and so on. At the next stage, in the PS,
the real emissions from the higher order ag term are described either as Initial State
Radiation (ISR) or Final State Radiation (FSR) we discuss this more in Section 6.2.

6.1.1 Factorisation Theorem

In order to combat the non-perturbative nature of high order ag terms, the factorisation
theorem is deployed [102]. This states that by defining a factorisation energy scale (yif) as
a crossing point between perturbative and non-perturbative behaviour the cross-section
calculation can be factorised into high-energy and low-energy and so can be solved
independently. A production cross-section of some process X from a proton-proton

collision can be given by:

Opp—sX = Z /dxl/dx2fi(xlvM?‘)fj(l‘%u?‘)&ija (6.2)

i’]E{q7q7g}

where ¢ and j denote the parton species of the incident particle, f;i;)(z1(2), ufc) is the
Parton Distribution Function (PDFs), and &;; is the partonic cross-section for parton i, j

to produce X.

6.1.2 Parton Distribution Functions

In a proton we have three valance quarks (uud) and a sea of other miscellaneous quarks

and gluons which aren’t fully bound at high energies. Each one of these partons carry



Monte-Carlo Simulations 67

some fraction of the protons total momentum in order to describe the "who has what"
problem this description of a proton faces, we introduce the PDF. The PDF, P;(z), gives
the probability for finding a parton of type ¢ carrying a fraction x of the proton’s momen-
tum. These distributions are relevant at interaction scales typically ranging from 100 to
1000 GeV, where high-energy collisions probe the internal structure of the proton. Since
PDFs arise from non-perturbative QCD dynamics, they cannot be calculated directly
from first principles and are instead parametrised using experimental data. However,
their dependence on the energy scale is predictable and is governed by the DGLAP
evolution equations, which describe how PDFs change as the probing scale increases [103,
104, 105].

An important part of the factorisation scheme is how b-quarks are treated in QCD
processes. There are two main approaches. In the Four Flavour Scheme (4FS), b-quarks
are considered massive and too heavy to appear in the initial state. As a result, they
don’t have a parton distribution function (PDF) and are excluded from the running of
ag. This approach is better for low-energy processes where the b-quark mass matters.
In contrast, the Five Flavour Scheme (5FS) is used at higher energies, where the b-quark
mass becomes negligible. Here, b-quarks are treated as massless, included in the proton’s

structure via a PDF| and contribute to aig running like the lighter quarks.

6.2 Parton Shower

Once we have generated our hard scattering process, we then need to apply parton shower
effects, where the high-energy quarks and gluons produced begin to radiate further
particles. Each parton has a finite probability of splitting, such as a gluon decaying
into a quark-antiquark pair (¢ — ¢q), a quark emitting a gluon (¢ — gq), or a gluon
splitting into two gluons (g — gg). Parton shower generators calculate these probabilities
at different scales, simulating the step-by-step radiation as partons lose energy. This
process continues until the evolution reaches scales of order 1 GeV, where perturbative
QCD is no longer valid and the simulation hands over to hadronisation models to form
stable particles. Radiation is typically modelled as two separate but conceptually similar
cascades FSR and ISR.

FSR occurs after the hard scattering, where outgoing high-virtuality partons branch as

they propagate towards lower energies. The probability that a parton does not emit
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further radiation between two evolution scales () and (), is given by the Sudakov form

factor,

Q" dk?

A@ Q) e |- [ [a: ). (63)
Q@ k

where P(z) is the relevant Altarelli-Parisi splitting function [106]. Where the emission

probability grows as the scale decreases, and the Sudakov factor acts as a survival

probability against emission.

ISR describes radiation from the incoming partons before the hard scattering. ISR
is typically implemented via backward evolution, starting from the hard-scattering scale
and evolving to lower scales, reconstructing possible emissions in reverse. The emission
probability is again governed by a Sudakov factor, but here the splitting probabilities are
weighted by the ratio of parton distribution functions (PDFs). This accounts for the fact
that, when evolving backward, certain branchings are suppressed if the required parent

parton is rare in the proton at the relevant momentum fraction.

In both cases, the Sudakov form factor ensures the probabilistic consistency of the
shower: it enforces that exactly one branching occurs at each step, with the intervals
between emissions determined by the no-emission probability. The shower evolution thus
resums large logarithms associated with soft and collinear radiation, providing a bridge

between the hard process and the hadronisation stage.

6.3 Hadronisation

Once we have reached the showering threshold, the parton energy is low enough that
quarks begin to form bound states, resulting in the formation of hadrons, a process
known as hadronisation. There are two main models used to simulate hadronisation: the
cluster fragmentation model and the Lund string model [107]. The cluster fragmentation
model, used by SHERPA, works by first forcing gluons to split into quark—antiquark
pairs [108]. These quarks then group into colour-neutral clusters, which subsequently
decay into hadrons. In contrast, the Lund string model, used by PYTHIA, treats the
colour field between partons as a string that stretches as they move apart. When the
string’s potential energy becomes large enough, it breaks, creating new quark-antiquark

pairs. This process repeats until all partons are converted into colourless hadrons. Both
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models are based on the principle of Local Parton—Hadron Duality, which assumes that
the momentum and quantum number flow at the hadron level follows that of the parton
level [109].

6.4 Underlying Event and Multi-Parton Interactions

The Underlying Event (UE) refers to all the activity in a proton—proton collision that is
not part of the main hard scattering, including remnants of the incoming protons, soft
radiation, and additional parton—parton scatterings known as Multi-Parton Interactions
(MPI). These MPIs occur when multiple partons from each proton interact simultaneously,
often producing low-momentum particles. Like the products of the hard scatter, the
partons from the UE and MPI also carry colour charge and therefore must form colour-
bound states. They undergo hadronisation through the same mechanisms, such as the
Lund string or cluster model—forming hadrons that contribute to the soft particle activity

observed in the final state of a collision event.

6.5 Pile Up

Pile-up is modelled by overlaying additional soft minimum-bias events (representing
random pp collisions) on top of the hard-scatter event, These are generated using PYTHIAS
[110]. The number of contributions can sometimes not match data and so need to be

re-weighted to do so, this is called pile-up re-weighting.

6.6 Detector Simulation

The final step in the Monte Carlo event generation process is to pass the simulated events
through a detector simulation, which models how the final-state particles interact with
the detector hardware. For the ATLAS experiment, this is done using GEANT4, a detailed
toolkit that simulates the passage of particles through the detector systems [111, 112].
The tools includes simulating: interactions with materials, energy loss, scattering, and
detector responses. Accurately modelling these effects requires significant computational
effort. As a result, the full GEANT4-based simulation is often the most time-consuming

part of the entire MC workflow, representing the dominant share of CPU resources used
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in sample production for ATLAS analyses.

An intermediate option is ATLFAST-II, which combines full GEANT4 simulation for the
inner detector and muon spectrometer with the parameterised calorimeter simulation
FastCaloSim, typically interfaced via FATRAS. This hybrid approach delivers an order of
magnitude reduction in CPU time compared to the full simulation, while maintaining
significantly higher accuracy than the fully parameterised ATLFAST model [113, 114, 115].

More recently, ATLFAST3 has been developed as the next-generation fast simulation
platform. By combining traditional FastCaloSim techniques with machine-learning based
calorimeter shower models, it achieves accuracy closer to full GEANT4 simulation while

preserving the high-speed performance needed for large event samples [116].



Chapter 7

Uncertainty Extrapolation for
High-p7r PFlow Jets

“I'm all energy, no technique.”

— Dr. Dwayne Spiteri, referring to his squash ability.

High-p flavour tagging uncertainties are essential for analyses involving boosted regions.
At high transverse momentum, the kinematic properties and structure of jets evolve
significantly: jets become more collimated, substructure variables are altered, and the
performance of flavour tagging algorithms begins to deviate from their behaviour in the
lower-py regime. Since PFlow jets combine calorimeter and tracking information, their
response and tagging behaviour at high-p; are sensitive to detector effects and modelling
limitations that may not be fully captured by simulations. Without properly quantified
uncertainties, the scale factors (SFs) applied to match data and simulation could be
miss-estimated, directly impacting signal efficiencies and background rates in searches

for boosted objects, like the Higgs bosons, or new resonances.

The PCBT approach, which allows finer granularity in the b-tagging decision by treating
the tagger output score in efficiency bins, is particularly powerful but introduces com-
plexity in calibration. As it treats b-tagging as a continuous observable rather than a
binary one, the uncertainties must account not just for the b-tag efficiency in pp, but
also for the shape and migration across score bins. This shape sensitivity becomes even
more crucial at high pp, where the tagger response may shift due to changes in the

underlying jet composition or detector resolution. As a result, PCBT requires a detailed
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and reliable propagation of uncertainties, especially for PFlow jets, which are more
sensitive to tracking performance and pileup effects, both of which are more variable at

high energies.

Moreover, many physics analyses using PFlow jets and PCBT are designed to ex-
plore boosted topologies, where the sensitivity relies on correctly identifying high-pp
b-jets. In these regions, flavour tagging uncertainties often dominate the total systematic
uncertainty budget. If the uncertainties in this regime are not well modelled or are overly
simplified (e.g. due to pruning or insufficient calibration coverage), it can lead to biased
estimates of signal strengths or artificial sensitivity in limits. Accurate high-pr flavour
tagging uncertainties ensure robust uncertainty propagation and enable consistent treat-
ment across different analyses, working points, and jet definitions. This is particularly
important for combinations or reinterpretations that span a wide p; range and depend

on the integrity of uncertainty correlations.

Here, we define the high-p, uncertainty extrapolation method used in the ttH (bB)
Legacy analysis as this analysis used PFlow jets and PCBT. This piece of work was done
solely to improve the uncertainty handling in the high-p; resolved and boosted regions
of the ttH (bb) Legacy analysis but was later implemented in a calibration data interface
(CDI) for software release 21. This means, that any analysis, using PFlow jets and PCBT
in high-py regions, across the ATLAS collaboration would benefit from this work.

7.1 Extrapolation Uncertainty

Flavour tagging requires the use of data-to-simulation scale factors because the per-
formance of the tagging algorithms in Monte Carlo simulations rarely matches that
observed in real data. These differences arise due to imperfect modelling of detector
responses, the complexity of hadronization processes, and various systematic effects
inherent in the simulation of physics processes. By deriving scale factors that represent
the ratio of the tagging efficiency in data to that in simulation, physicists can correct
for these discrepancies. This calibration ensures that analyses relying on flavour tagging
have accurate efficiencies and background estimates, ultimately leading to more reliable
physical measurements and limits. Hence the first ingredient in our extrapolation recipe

are these scale factors.
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In order to establish the data-to-simulation scale factor for a given flavour of jet we
need an abundance of events within a given pp range. For example, to generate the
efficiency scale factors used in b-tagging, both an enriched MC sample of ¢t events was
used and well understood reference objects to provide in-situ calibration and uncertainties.
However this approach sets a limit in which the efficiency scale factors can be reliably
generated as the limited data statistics means there are py regions beyond which the
data-to-simulation scale factor cannot be reliably determined. For b-tagged Pflow jets
the upper limit is pr = 400 GeV, this sets an in-situ calibration threshold on b-jets. The
calibration threshold for each flavour of jet can be seen in Figure 7.1. The uncertainties
need to then be extrapolated to 3 TeV.

In order to effectively derive accurate systematic uncertainties that assume the scale
factors are constant, beyond the calibration threshold, an extrapolation method must
be used. The employed flavour tagging uncertainty extrapolation method for PCBT
has a heavy reliance on data-to-simulation scale factors. Let us briefly describe the
extrapolation method for Pflow b-jets [117]. This method can be extended to all flavours
of jets and jet types and for this study is extended to ¢ and light jets. This method has
already been used in the high-p; uncertainty extrapolation of VR-jets [118].

The b-tagging efficiency is defined as:

#of jets that are b-tagged
€, =
b Total # of truth b jets

We use this to then define our data-to-simulation scale factors (SF) e.g for b-jets as:

Edata

b,w

SFb,w = TMC»>
€b,w

where e}}f},ﬂa and elgd,f represent the efficiency obtained by data and simulation, respectively.

the sub-script of b, w represent the flavour and working point (60%, 70%, 77%, 85% and
100%), respectively.

In principle if we sum the efficiencies for a particular flavour in a single pr bin across all

working points, we should reach a closure point of 1. For this example we will assume a
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b-jet using one working point to simplify the notation:
Z E;T =1
i

However, approaching and beyond the calibration threshold of a particular flavour, this
closure is not achieved. We introduce the data-to-simulation scale factor in-order to

correct the efficiency, but closure is still not met:
Z E;TSF;T =1
i

Attempting to bring us closer to closure, we proceed to expand the scale factor to include

the relative scale factor corrected efficiency, A, .SF,,
Z e, SFh, (1—A,,SF, ) =1
Expanding A,,SF,, we find:

Arel<SFpt) = Arel<SFpt,ref) + A7"ef(‘EMC,;m‘/> - Aref(EMC,pt,ref)v (71>

where, A, (SF,,cr) is the in-situ calibration SF relative uncertainty at the calibration
threshold pr for our desired flavour and A,..¢(€nrcpr) —Are(€rrcprrer) is Our extrapolation
uncertainty which is purely based on simulation, and contains the simulation efficiency
evaluated at our desired py and the simulation efficiency at our calibration threshold
pr, respectively. The relative uncertainty, A,.f(€pc ), for tracking, jet calibration,

modelling and global is shown in Figures 7.1, 7.2, 7.3 and 7.4.

Flavour | Calibration threshold (GeV)
b 400
c 250
light 300

Table 7.1 The in-situ calibration thresholds for b, ¢ and light Pflow jets.

For our desired flavour of Pflow jet we need to use the extrapolation uncertainty contained
in Equation 7.1 and extrapolate all systematic uncertainties to evaluate them past the

calibration threshold. The following plots are for b-jets at a 60% WP and generated using
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7’ samples, which is a MC sample that is enriched with #£ events in order to effectively

evaluate the SFs at their desired p; beyond any calibration threshold.

7.1.1 Tracking Uncertainties

As we see in Figures 7.1, the relative tracking uncertainties, the contributions to the
overall extrapolation tracking uncertainty are minimal, peaking at ~ 0.03 at 3 TeV.
The tracking-related uncertainties are as follows: TRK_FAKE RATE LOOSE_TIDE and
TRK_FAKE_RATE_LOOSE account for uncertainties in the fake track rate in data and
simulation, with TIDE referring to a dedicated tuning for dense environments. The
remaining uncertainties correspond to different sources of uncertainty in the track re-
construction efficiency for tracks passing loose quality criteria. TRK_EFF_LOOSE_TIDE
and TRK_EFF_LOOSE_PPO stem from data-driven corrections and pileup modelling in the
efficiency determination. TRK_EFF_LOOSE PHYSMODEL addresses uncertainties from the
underlying physics modelling used in simulation. TRK_EFF_LOOSE_GLOBAL represents a
global uncertainty in track reconstruction efficiency applied across the detector. Finally,
TRK_EFF_LOOSE_IBL captures potential miss-modelling of the IBL, which is particularly
relevant for high-p; tracks near the beamline. These components are combined in

quadrature to form the total tracking uncertainty.
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Figure 7.1 Decomposed tracking uncertainty: fake rate in dense (red) and non-dense (orange)
environments; tracking efficiencies from various sources including dense environ-
ments (dark green), primary particles (light green), physical model (light blue),
global (dark blue), IBL (light blue); total (black) for PFlow b-jets with DL1r at
60% efficiency.
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7.1.2 Jet Calibration Uncertainties

Much like the tracking uncertainties, the jet calibration and jet calibration extrapolation
uncertainties show in Figures 7.2 are similarly quite minimal. The peak of the distri-
bution seen to be ~ 0.05 at 3 TeV. The jet calibration uncertainties shown in Figure
7.2 is comprised of: JET_SingleParticle_ HighPt arises from studies comparing data
and simulation for isolated high-pr tracks and assessing the accuracy of momentum
reconstruction. JET_EffectiveNP_x* represents compressed nuisance parameters derived
from a combination of sources such as pileup, flavour composition, and detector mod-
elling. These are obtained via diagonalization techniques to reduce the dimensionality
of systematic uncertainties. JET_JER_* accounts for mismatches in the jet energy res-
olution between data and Monte Carlo, impacting smearing and unfolding procedures.
JET _Etalntercalibration_x* captures uncertainties in the relative calibration between
jets in different pseudorapidity regions, typically derived from di-jet balance techniques.
Together, these uncertainties are combined in quadrature to form the total Jet-calibration
uncertainty, which grows significantly in the high-p; regime due to tracking-based effects
[89].
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Figure 7.2 Decomposed jet calibration uncertainty: single particle at high py (dark blue),
effective nuisance parameters (light blue), jet energy resolution (JER, green),
n-intercalibration (orange), and total (black) for PFlow b-jets with DL1r at 60%
efficiency.
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7.1.3 Modelling Uncertainties

Compared to the systematics described in Sections 7.1.1 and 7.1.2 the modelling un-
certainties are considerably larger as seen in Figure 7.3. With the main contributions
coming from the parton shower and B-hadron interactions. When these are propagated in
to the extrapolation uncertainty these significantly inflate the overall value at any pp bin,
peaking at 0.36 at 3 TeV. The modelling uncertainties are: FSR corresponds to the uncer-
tainty from final-state radiation modelling and is typically assessed by varying the QCD
radiation parameters or using alternative parton shower configurations. parton shower
represents uncertainties associated with different choices of parton shower generators
(e.g., PYTHIA vs HERWIG), which affect the development of the jet and the kinematics
of the b-hadron. B-hadron interaction accounts for mismodelling of b-hadron decays
and their interactions with the detector material, which can influence the reconstruction
of secondary vertices and impact parameter significance. The Total uncertainty is the

quadrature sum of all modelling components.
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Figure 7.3 Decomposed modelling uncertainty: FSR (light grey), B-hadron interaction (yel-
low), parton shower (dark grey), and total (green) for PFlow b-jets with DL1r at
60% efficiency.
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7.1.4 Global Uncertainty

As discussed in Section 7.1.3 the modelling uncertainties are the dominant contributors

for the extrapolation uncertainty, this is confirmed in Figure 7.4.
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Figure 7.4 Nominal global uncertainty: modelling (green), tracking (orange), jet calibration
(blue), and total (black) for PFlow b-jets with DL1r at 60% efficiency.

7.2 Eigenvector Decomposition

Folding the full set of extrapolated uncertainties into any analysis would result in a
very bloated fit model, as we would have several nuisance parameters, per flavour of
jet. To get around this issue, we can construct a matrix containing the contribution
of each uncertainty per py bin for one flavour of jet. Conducting an eigenvector (EV)
decomposition on this matrix, resulting in a set of EVs were the leading EVs are encoded
with the majority of the information from the initial matrix, selecting these leading EVs
while pruning the rest folding these into our analysis would greatly reduce the bloat in
our fit model while still capturing effects of the extrapolated uncertainties.

Let us denote by N the number of py bins under consideration, and by M the number
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of systematic uncertainty sources (e.g., tracking, pile-up, modelling, etc.) for one flavour

of jet. The uncertainty contributions can be represented in a matrix
U e RVM

where the element u;;, represents the contribution of the k-th systematic source to the
uncertainty in the i-th py bin. Each column u; of U encodes the shape of the k-th

uncertainty across all bins.

Covariance Matrix Construction

To study the correlations between the total uncertainties across py bins, we construct

the covariance matrix
V=UU" e RV,

with components
M
Vij = Z Uik Uj -
k=1

Eigenvector Decomposition

We perform an eigenvector decomposition (EVD) on the covariance matrix V:

V=QAQ',
where:
e Q=[0,0,,...,Uy] is an orthogonal matrix containing the eigenvectors of V,
o A =diag(\],...,\}) is the diagonal matrix of eigenvalues.

Each eigenvector satisfies:

— 2 —
Vi, = A0,
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and the orthonormality condition
U, =06, = Q' Q=L
We then define a new matrix of eigenvector uncertainties:
U =QAY?

with elements

Wi, = AgVig-

Variance Preservation and Truncation

The total variance in each bin ¢ is preserved under this transformation:
M N
2 -9
Zuz’k = Zuzk = V.
k=1 k=1

Since the eigenvalues \i are typically ordered such that A > A3 > .- > A%, most of the
information is contained in the first few eigenvectors. Therefore, we can truncate the

expansion by retaining only the leading L. < N components:
L
VD IPY IR
k=1

This yields a reduced eigenvector uncertainty matrix:

2
Ureduced = Q(L)A%[/,)a

where Q) contains only the first L eigenvectors, and Ay the corresponding eigenvalues.

In practice, this technique allows us to include only the dominant L orthogonal modes as
nuisance parameters in the analysis, dramatically reducing the dimensionality of the fit

model while faithfully preserving the core features of the extrapolated uncertainty space.
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7.3 Post Truncation Validation

After some discussion, with the internal flavour tagging group of ATLAS (FTAG), the
number of EVs to keep after truncation were settled on per flavour and are shown
in table 7.2. The question remains: if the number of EVs retained contain enough

information to effectively encapsulate uncertainties evaluated thus far.

Flavour | Number of eigenvectors kept after truncation, L
b
c
light

Table 7.2 Number of eigenvectors kept after truncation per flavour.

Figures 7.5, 7.6 and 7.7 show the full uncertainties for each py bin, from immediately after
calibration to 3 Tev, for each PCBT WP, (black) and the uncertainties evaluated only
using the truncated set of EVs (red). As we see in Figure 7.5, referring to b-jets, there is
a max loss of information of &~ 6%. However, this is a 6% loss of an overall uncertainty
value of = 5, leading to an overall precision loss of < 0.3 in our final uncertainty value.
Similarly, in Figure 7.6, referring to c-jets, we see a maximum loss of information of ~ 4%
of an original uncertainty value of 10 leading to an overall loss of 0.4. Finally, Figure 7.7,
referring to light-jets, we see a maximum information loss of ~ 20%. This is much larger
than the previous flavours, however following the same logic as before, this is a &~ 20%
loss of 16 resulting in an overall loss of 3.2 from our final uncertainty. The high level
takeaway from this discussion is that: The bins immediately after calibration suffer the
most from information loss in the truncated regime across all flavours. However, the
magnitude of their information loss is minimal due to the relative low value of the raw

uncertainty, hence considered acceptable.

After considering the information loss with the truncated set of EVs, the loss was
deemed minor and FTAG accepted the recommendation to reduce the number of EVs
detailed in 7.2. With this recommendation in hand, FTAG propagated this work into
the final CDI of release 21 and so any analysis using PFlow jets and the PCBT methods
with high-ps regions could benefit from this extrapolation method and will provide more

reliable flavour-tagging uncertainties past the calibration threshold.
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Chapter 8

Analysis Techniques

“Hesitation is defeat, my dear Sekiro.”
— Isshin Ashina

Thus far in this thesis, we have covered the theory of particle physics, how we detect
and reconstruct the particles and the MC techniques. Yet some questions still remain,
such as: How do we separate events the into a signal and background event? And
how do we construct a statistically robust framework, using our signal and background
events? To answer the first question, usually a multivariate analysis incorporating a
machine learning technique is used. For the t£H (bb) analysis a multi-class neural network
based on a permutation-invariant transformer architecture with attention mechanism
is used [119]. Using the output of this framework a combined profile likelihood fit that
simultaneously determines the event yields for the signal and for the most important
background components, while constraining the overall background model within the

assigned systematic uncertainties is constructed.

This chapter will serve as a general introduction to the transformer architecture and

profile likelihood fit construction before we apply these concepts in Chapter 9.

86
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8.1 Profile Likelihoods

8.1.1 Poisson Distributions

In each pp collision at the LHC, the final state may originate from the signal process
or from a variety of background processes. These cannot be separated event-by-event
with perfect accuracy, but their relative contributions can be inferred statistically using
the measured distributions in signal- and control-enriched regions. The data in these
regions are organized into histograms of discriminant variables, such as the output of a
neural network classifier or a reconstructed invariant mass or Higgs boson pp. Each of
these events has a small probability of producing the final state of interest. This matches
the conditions under which the Poisson distribution applies: rare independent trials
with a constant rate. The Poisson model correctly describes both low-statistics bins and
high-statistics bins (where it smoothly approximates a Gaussian distribution). Therefore,
the likelihood in each bin is taken as the Poisson probability of the observed count given

the predicted mean from signal and background. We define the Poisson distribution as:

Ve "

P(n|v) = , (8.1)

n!

where v is the expected mean yield in the bin, determined from the signal and background
model. n is the observed number of events in the bin. e™” ensures that the total probability
over allm € {0,1,2, ...} sums to one. The factorial n! accounts for the number of distinct

permutations of n indistinguishable events.

8.1.2 The Likelihood Function

The likelihood function, denoted £(®), quantifies the probability of observing the data
x given a set of model parameters ®. In other words, it measures the degree to which a
model, parametrised by ©, agrees with the observed data. For a set of n statistically

independent measurements x, T, . . . , x,,, each described by a probability density function

f(z;©), the likelihood is given by:

n

L£©)=1]] f(z; | ©). (8.2)

i=1
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The assumption of independence allows the likelihood to factorise as a product of the
individual PDFs, such that:

n

i=1
In practice, it is more convenient to work with the logarithm of the likelihood. Taking

the logarithm converts the product into a sum:

n

In£(©) => In f(z;]0©). (8.4)

i=1

It is standard in high-energy physics to minimise the negative log-likelihood:
—InL£(®) = - > In f(z]0©), (8.5)
i=1

since optimisation algorithms are typically designed to locate minima of functions.

Minimising the negative log-likelihood is mathematically equivalent to maximising the
likelihood'.

8.1.3 The Likelihood Function With Binned Data

For the ttH (bE) legacy analysis in Chapter 9 the model parameters are: signal strength
i, normalisation factors k and the set of Nuisance Parameters (NPs) 6 (these are
usually modelled as Gaussian priors), which we use to describe the effects of systematic
uncertainties in the expectations and treated as extra degrees of freedom inside the fit.
For a binned distribution, the number of expected events for bin ¢ can be expressed using

the experimentally observed number of events in bin 4, given by:
Niexp(lu“a ka 0) = Z:U“s : NSSig,i(e) + Z kb : Ngkg,i(e)a (86)
s b

where g, ; is the number of expected signal events from a signal process s in bin . Ngk&i
is the number of background events for a given background process b in bin 7. u, and
k; are the signal strength and background normalisation factor for a given background
process. These background normalisation factor(s) can either be set to one, assuming

exactly SM like behaviour or left to freely float with an initial value of one, allowing

Tts always easier to differentiate a sum than a product.
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the fit to then adapt to observed and expected number of events. The signal strength is

given by:

s = ——, (8.7)

where o° is the observed cross-section of the measured signal process, s and ogy is the
expected SM cross-section for the same process. When quoting signal strength for an
inclusive measurement only one p is used. For a Simplified Template Cross-Section”
(STXS) measurement a p is used for each STXS region. The resulting binned likelihood

function is given my:

MONTP (1, ke, )N e
Lp k,0) =]~ (lfv’,,’) e Nk,

i

(8.8)

where M is the total number of bins and N; is the number of events in bin 7. Equation 8.7
shows that large or small values of cross-section can lead to speculation of the presence
of new physics, provided no large systematic or modelling uncertainty dominates this
potential deviation. A change of bias (u —Wilson Coefficient) in Equation 8.8 can be

used to re-interpret a SM measurement in the EFT framework discussed in Section 2.8.

8.1.4 Profile Likelihoods and Test Statistic

The profile likelihood fit is the statistical framework used to extract the best-fit value of
a Parameter Of Interest (POI). Here its u, while consistently incorporating the effects
of systematic uncertainties, NPs and normalisation factors. In this approach, for each
tested value of p, the likelihood is maximized with respect to all nuisance parameters,

yielding the profile likelihood:
L(p) = Lp, k,0), (8.9)

where 6 is the value of a given NP that maximizes the likelihood for a fixed value of .
The value of p that maximizes the full likelihood function is the best-fit signal strength

i1, and the shape of the profile likelihood around /i determines the statistical uncertainty.

UThis is an agreed framework that partitions Higgs production processes into kinematic regions to
enable precise, model-independent, measurements of Higgs properties.
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The ratio of these two likelihood methods is given by A,:

D>
N—

o Lk,

L,

| T
D>
SN—

(8.10)
To quantify the compatibility of different p values with the observed data, the test

statistic is defined as:
g, = —2In), (8.11)

This test statistic is used both to construct confidence intervals for p, and to quantify the
level of compatibility between the observed data and the hypothesis parameter setting .
Larger values of g, correspond to observed data is less compatible with the hypothesised

value of p.

8.1.5 Significance

The deviation from the background-only hypothesis is quantified by the signal significance
S, defined as:

S = (8.12)

where )\ is the likelihood ratio evaluated at p = 0 (background only). The significance
expresses how strongly the observed result deviates from the background-only expectation,
typically quoted in units of standard deviations (o). In particle physics, two common
thresholds are used: a significance of at least 3o is referred to as evidence, corresponding
to a p-value of approximately 0.3%, while a significance of 50 is required for a discovery,
corresponding to a p-value of about 3 x 10" Here, the p-value represents the probability
of observing a deviation as large as, or larger than, the measured result under the

assumption that the background-only hypothesis is true.

8.1.6 Nuisance Parameter Pulls

NPs nominally have a central value of # = 0, describing the best possible value associated

with a given systematic uncertainty. If this central value were to shift we call this a pull
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in our fit, which is described as:

A

b — 0,

Pull =
A N

(8.13)

where 0 is the fitted value of the NP, 6, is the nominal (pre-fit) value and A# is the
uncertainty of that NP (pre-fit or post-fit, depending on convention). These pulls
can indicate potentially problematic modelling parameters or tensions in the fit. As a
diagnostic tool a significant pull is usually the first step in any statistical detective work

when trying to understand problems in the fit.

8.1.7 Asimov Data Sets

An Asimov fit is performed using a specially constructed dataset where each bin contains
exactly the expected yield from the model without any statistical fluctuations. This
dataset represents the median expectation under a given hypothesis (often the SM signal
strength 1 = 1 or the background-only case p = 0). Fitting the Asimov dataset allows one
to evaluate the expected performance of the analysis, such as the anticipated uncertainty
on the signal strength, the ranking of nuisance parameters, and the pulls on NPs, in
the absence of statistical noise. By comparing the results of an Asimov fit to the fit on
real data, one can identify deviations in nuisance parameter pulls or impacts that may
indicate tensions between data and the model or underestimated systematic uncertainties.

These comparisons are another key tool in the statistical detective’s repertoire.

8.1.8 Tools Used

To use the statistical framework we have described thus far a number of tools are used.
Namely tools provided by the RooStat framework [120, 121], which is applied using
the TRExFitter framework, and is based on the HistFactory framework [122]. The
minimisation is performed using the Minuit library implemented in ROOT [123, 124].

8.2 Transformer Neural Networks

HEP experiments produce vast and complex datasets describing the properties and

interactions of subatomic particles. Extracting meaningful patterns from these data has
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long been a central challenge, historically addressed using carefully engineered features
and domain-specific algorithms. In recent years, advances in machine learning (ML) have
transformed the analysis landscape, enabling models to learn directly from raw detector
outputs and simulation data. Techniques such as boosted decision trees, convolutional
neural networks (CNNs), and graph neural networks (GNNs) have all demonstrated

remarkable performance in classification, reconstruction, and anomaly detection tasks.

Transformers represent the next stage in this evolution. Originally developed for natural
language processing, transformers replace sequential recurrence with a global attention
mechanism, allowing the model to capture long-range and complex dependencies between
input elements. This architecture is highly flexible: by treating the input as a set of
feature vectors rather than an ordered sequence, transformers can naturally operate in a

permutation-invariant fashion.

In this section, we present the core components of the transformer architecture, with
emphasis on the attention mechanism and its adaptation to HEP data. We describe
how input particle features are embedded, how self and cross-attention layers propagate
information, and how the overall architecture can be constructed to preserve physical
symmetries. The goal is to illustrate why transformers are a powerful method for the
classification and reconstruction problems faced by the t£H (bb) analysis. All components

of this discussion are taken from [125].

8.2.1 The Attention Mechanism

The Transformer architecture uses attention mechanisms to capture connection between
the input representations™. These connections are derived via dot-product self-attention
which transforms the input data into queries, keys and values, with attention weights to
computed according to the feature in question. The final architecture for the transformer
is represented by a stack of shallow networks with blocks of self-attention to allow for
the exchange of relevant information, giving rise to a more expressive model compare to
traditional neural networks. Let us begin to build the concepts for this architecture and

start with dot-product self-attention.

iiiinpu‘u representations are just input features, which is our raw data, post embedding.
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Dot-Product Self-Attention

The core operation of self-attention, denoted sa[e], is to determine the relevance of
one input object to another via a similarity measure. Given a set of N input vectors
{z1,29,..., 2y}, where x,, € RP*! ¥ we first compute a query vector ¢, for the object

and a key vector k,, for each object in the set:

Qn = by + Quz,, k= by + Uy, (8.14)

where Q,,Q € RP*P

are learnable weight matrices and b,,0;, € RP are biases. The
layman’s understanding of the query is simply “what this input object is looking for” in
the other input objects. Similarly, a key can be thought of as “what an input object has
to offer” for comparison, while the value is the actual information that will be shared if
that object is deemed relevant. The similarity between the query of one object and the

key of another is computed using the scaled dot product between ¢, and k,,:

.
In F,

Snm = Y
vy,

where d;, is the dimensionality of the keys. The scaling factor 1/1/d; prevents the dot

(8.15)

products from becoming large in magnitude, which would otherwise push the softmax
into regions with small gradients’. These similarity scores form the basis for comput-
ing attention weights, which determine how strongly each input object incorporates

information from all others.

Computing the Attention Weights

The raw similarity scores s,,,, quantify how closely the query vector of object n matches
the key vector of object m. However, these scores are unbounded real numbers and
cannot be used directly to weight the values. To convert them into a set of interpretable,

non-negative coefficients that sum to one, we apply the softmax function across the m

“In the context of the t#H (bg) analysis the inputs will be particle objects such as pr, mass, PCBT
bin and so on.

VThe scaling factor 1/d;, prevents dot products from growing with dj,, which would otherwise drive
the softmax into saturation, producing vanishing gradients through the attention weights.
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index for each fixed n:

exp(Spum)

—_— 8.16
S explsn) (510

alz,,, x,] =
The softmax function has two important effects: It exponentiates the scores, which
accentuates differences between high and low similarity values, thereby sharpening the
focus of the attention mechanism. It also normalises the set of scores for each n so that

they form a valid probability distribution over the N input objects. These weights satisfy:

N
alty,, ,] >0, > a[r,, ) =1, (8.17)
m=1

meaning they can be interpreted as the fraction of “attention” that the updated repre-
sentation of object n assigns to the information coming from object m. A large value
of a[z,,, x,] indicates that the features of m are highly relevant to updating n, whereas
a small value indicates limited influence. In the context of the t£H (bb) analysis, these
weights encode learned, event-specific relationships between different reconstructed ob-
jects, enabling the network to dynamically decide which inputs are most informative for

a given event interpretation.

From Dot-Product Attention to the Self-Attention Block

In addition to the queries and keys, each input object x,, is also projected into a value

vector:
Uy = by + Qs (8.18)

where Q, € RP”*? and b, € R” are learnable parameters. This transformation is
analogous to the affine mapping in a standard feed-forward layer, but here no non-linear
activation is applied. The values represent the raw information content associated with
each input object that will be shared with others once the attention weights have been
determined. The output representation for object n is then computed as a weighted sum

over the value vectors of all N input objects:

N
s, [T, .., xn] = Y a[T,, T,) U (8.19)

m=1
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Here, a|x,,, x,] controls how much of v, is incorporated into the updated representation
of z,. A high attention weight means that the information from object m is strongly
relevant to updating n, while a low weight means it contributes very little. In this way,
the self-attention block enables each object to gather contextual information from every
other object in the event, producing context-aware representations that are dynamically

tailored to the specific event being processed.

8.2.2 Multi-Headed Attention and Matrix Formulation

Up to this point, the description of self-attention has been expressed in terms of individual
input objects and their corresponding query, key, and value vectors. While this view is
useful for building intuition, in practice the computation is implemented more efficiently
using a matriz representation. Instead of processing each input z,, separately, all N

input representations are arranged into a single matrix:

T
T

-
Tg

X=|"|eRY™P (8.20)

T
TN

The queries, keys, and values for all inputs are then computed in parallel by multiplying

X with learned weight matrices and adding a basis matrix:
Q=XQ,+1b), K=XQ,+1bg, V=XQ+1by, (8.21)

where Wq, Wi, Wy, € RP*% are learnable parameter matrices. Here, Q, K, and V have
shapes RV*% and each row corresponds to the query, key, or value of one input object.

The attention mechanism in matrix form can then be written as:

Attention(Q, K, V) ft (QKT> Vv (8.22)

ention(Q, K, V) = softmax , )
Vdy

where the matrix QK' € RV contains all pairwise similarity scores between queries

and keys, the softmax is applied row-wise, and the resulting attention weight matrix

multiplies V to produce the updated representations.
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Multi-Headed Attention

A single attention head uses one set of parameters (Qq, Q, 2y, bg, bk, by ), which
limits it to learning one type of relationship at a time. Multi-headed attention overcomes

this by introducing H parallel attention heads, each with its own parameters:
QW =xw, K" =xwl, v®=xw h=1,.. H (8.23)
Each head computes its own attention output:
head;, = Attention (Q(h), K", V(h)> . (8.24)

These outputs are concatenated along the feature dimension and projected back to the

model dimension D:
MultiHead(X) = Concat (head;, ..., heady) Wy, (8.25)

where W, € RHF4)XD g o learned projection matrix. Multi-headed attention allows
each head to specialise, some may focus on local relationships between similar objects,
while others capture global event-wide correlations. By combining these complementary
perspectives, the transformer can model complex dependencies more effectively than

with a single attention head.

Cross-Attention

Self-attention operates on a single set of input representations, using the same source for
queries, keys, and values. In some cases, however, it is necessary to relate information
from two distinct sets of representations. This is achieved with cross-attention. Let
X@ e RYe*P denote the matrix of query-side input representations (the “target”
sequence or set) and XEV) ¢ RN&*P the matrix of key /value-side representations (the
“source” sequence or set). The query set might represent, for example, the intermediate
hidden states of a decoder network, while the key/value set could represent encoded

detector data or reconstructed event objects. The projections for cross-attention are
defined as:

Q=X9Q,+1b), K=XEQ, +1bg, v=XEQ, +1b}. (8.26)
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Note that Q is derived exclusively from the query-side inputs, while K and V are derived
from the key/value-side inputs. The cross-attention operation then proceeds exactly as

in self-attention:

. QK' )
CrossAttention(Q, K, V) = softmax ( V. 8.27
QK.V) Vo (527

In this setting:
« FEach query object attends to all objects in the key/value set.

« The attention weights represent the relevance of each key/value-side object to the

query-side object.

o The resulting output is an updated version of the query-side representations, enriched

with information drawn from the key/value side.

In the context of the ttH (bl_7) analysis, cross-attention provides a mechanism to relate
two distinct representations of the event. The query-side inputs can represent high-level
event or hypothesis-level embeddings, such as a candidate ttH system formed from
a preliminary aggregation of event features. The key/value-side inputs are the set of
reconstructed objects in the event for example, jets, leptons, and missing transverse

energy each described by its own learned representation.

In this setup, the query vectors pose the question: “Which reconstructed objects are most
relevant for refining my current event-level hypothesis?” The keys encode each object’s
properties, allowing the network to determine their relevance, and the values carry the

information that will be incorporated into the updated event-level representation.

Through training, the attention mechanism learns to focus on objects that are most
informative for distinguishing t£H (bb) signal events from background processes, such as
identifying b-jets from the Higgs boson decay or leptons from top quark decays. In this
way, cross-attention enables a targeted, learned transfer of information from the object

level to the hypothesis level, improving the network’s discriminative power.
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Multi-Headed Cross-Attention

As with self-attention, cross-attention can be extended to multiple heads, with each head

using its own parameter set:

Q(h) - xX@ ng) +1 bgl)T, K® — x(KV) Q%) +1 bg?)T, v — xEV) le) +1 bgL)T.

(8.28)
Each head produces:
head;, = CrossAttention (Q(h), K", V(h)> , (8.29)
and the heads are concatenated and projected back to the model dimension:
MultiHead Cross(X'@, X 5:V)) = Concat (heady, . .., head;) Wo. (8.30)

Multi-headed cross-attention allows the network to learn multiple complementary ways
of relating the two input sets, which is especially useful when the sources encode different
modalities or levels of abstraction. In the ttH (bb) analysis, each attention head can
specialise in a different aspect of the relationship between the event-level hypothesis
and the reconstructed object set. For example, one head may focus on identifying
b-jets consistent from a Higgs boson decay, another may emphasise correlations between
leptons and jets from top quark decays, while a third could capture global event features
such as missing transverse momentum patterns. By combining these complementary
attention patterns, multi-headed cross-attention allows the network to integrate diverse
and potentially weak signals into a coherent, high-quality event-level representation,

improving discrimination between t£H (bb) signal and background events.

Input Embedding

Before an event’s reconstructed objects can be processed by the attention mechanism,
their raw features must be transformed into a common embedding space of dimension
D. Let f,, € R" denote the raw feature vector of object m, where F is the number of
input features (e.g., pr, mass, 7, ¢, particle identification scores, categorical bins such

as PCBT, etc.). These features are mapped into the model space via a learned affine
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transformation:
Xm = bemb + Qemb fma (831)

where Q,;, € RF*? is the embedding basis matrix and b,,,;, € R” is a bias vector.
The result x,, € R” is the initial input representation of object m that will serve as
the starting point for subsequent attention layers. This embedding step serves several

purposes:

o It projects heterogeneous input features into a uniform representation space, enabling

efficient batch processing.

o It allows the network to learn optimal combinations of raw features, rather than

relying on fixed physics-derived variables.

o It provides the dimensionality D required for compatibility with the learned basis

matrices in the query, key, and value projections.

In the ttH (bl_)) analysis, this means that jets, leptons, and other reconstructed objects
are all expressed in the same learned representation space, allowing the transformer to

treat them uniformly while still preserving the physics content of their raw features.

8.2.3 The Transformer Architecture

The transformer architecture consists of stacked layers that combine multi-headed atten-
tion with position-wise feed-forward networks, operating on a set of input embeddings,
each mapped to a D-dimensional embedding vector via a learned affine transformation.

These embeddings form the input matrix X to the first transformer layer.

Within each layer, a multi-headed self-attention block updates each object’s representa-
tion by aggregating information from all others, weighted according to learned attention
scores. For tasks requiring integration between different levels of representation, such as
refining an event-level hypothesis using object-level data, cross-attention is employed,

with queries drawn from the hypothesis representation and keys/values from the object set.

The output of the attention block is passed through a feed-forward sublayer, which
applies an affine transformation and non-linear activation independently to each object

representation. Residual connections and layer normalisation are applied around both
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the attention and feed-forward sublayers to improve gradient flow and stabilise training.

A visual representation of this work flow is shown in Figure 8.1.

By stacking multiple such layers, the transformer progressively builds rich, context-
aware representations that capture both local and global relationships within the event.
The final representation can then be pooled or otherwise aggregated to produce a compact
event-level feature vector, which is passed to a classification head to distinguish t£H (bb)

signal events from background processes.

Transformer layer

Residual connection Residual connection

Py Eg E Pa
D D |E§ E N

Input Multi-head LayerNorm Parallel neural LayerNorm Output
self-attention networks (x N)

Figure 8.1 The transformer takes as input a D x N matrix, where each of the N columns is
the D-dimensional embedding of an input object. The output has the same shape.
Each transformer layer applies a sequence of operations. First, a multi-headed
attention block allows the embeddings to exchange information, producing updated
representations for each object. This is done within a residual block, so the original
inputs are added back to the attention output. Second, layer normalisation is
applied. Third, a second residual block applies the same fully connected feed-
forward network independently to each of the IV object representations. Finally,
layer normalisation is applied again [125].



Chapter 9

tt H (bb) Legacy Analysis

“12 and 57
— Dr. Elliot Watton, on whisky and burgers.

We now arrive at the first of two main results and analyses presented in this thesis; the
measurement of the Higgs boson production in association with a pair of top quarks (ttH),
focusing on the decay channel H — bb, using data recorded by the ATLAS detector. The
analysis is based on the full Run 2 dataset, collected between 2015 and 2018, corresponding
to an integrated luminosity of 140 fb™" at a centre-of-mass energy of /s = 13 TeV. This
same dataset was previously used to measure the ttH (bB) production cross-section, which
yielded a signal strength of ju,7; = 0.357035 [16]. That result indicated a shortfall in the
H — bb decay channel compared with expectations from other Higgs decays, creating
some tension that motivated a more refined re-analysis. We will refer to the current

analysis as the legacy analysis and the previous analysis as the 2022 result.

9.1 Overview

Before we can delve into the legacy analysis lets recap the 2022 result, which will allow
us to discuss some of its shortfalls and how they are improved for the legacy analysis.

This enables the key differences in the legacy analysis to be highlighted.

101
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(a) (b)

Figure 9.1 Single-lepton topology for tZH with H — bb signal (a) and ttbb background (b).

9.1.1 Previous Result

The 2022 result was given as an Inclusive measurement and a Simplified Template

Cross-Section (STXS) result, where the signal event are split by Higgs py.

Inclusive Measurement

The ttH (bb) process has three main final states dictated by the decay modes of the W*
bosons from the ¢t decay. The decay mode with the largest branching ratio (about 45.7%)
is the fully hadronic channel, where both W* bosons decay into quarks. Although this
mode is the most common, it is also the hardest to analyse because of the overwhelming
background from QCD-driven multi-jet production. For this reason, this final state has

been excluded from both the 2022 result and the legacy analysis.

The next mode is the semi-leptonic (or single-lepton) channel, in which one W= boson
decays to quarks while the other decays to a lepton and a neutrino. This topology
benefits from a high branching fraction (43.8%) and the presence of a charged lepton,
which helps separate signal from background. Since only one neutrino appears in the
final state, its momentum can be inferred from the missing transverse energy (EF™),
making the reconstruction comparatively straightforward. The sizable branching ratio
also ensures good statistics and a favourable signal-to-background ratio, even at high pp.
To optimize the analysis, this channel is divided into resolved and boosted categories,

where reclustered jets are employed to capture both b-quarks from the Higgs decay within
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a single jet.

Finally, the dileptonic (or di-lepton) channel involves both W* bosons decaying leptoni-
cally. This channel has the smallest branching fraction (around 10.5%) and includes two
neutrinos, which makes reconstruction more difficult. Nevertheless, it is still considered
because the two final-state leptons strongly suppress multi-jet backgrounds, yielding the

cleanest experimental signature of all the channels.

The inclusive measurement of the 2022 result used single lepton resolved and boosted
channels along with a di-lepton resolved channel. The final inclusive measurement was
seen to be gy = 0.35703% with an observed (expected) significance 1.0 (2.7) standard

deviations. The per channel breakdown can be see in Figure 9.2.

ATLAS (s=13 TeV, 139 fo, m =125 GeV
SM compatibility: 8.5%
=— Total Stat. Tot. ( Stat. Syst.)
[+jets resolved e 0.30 fg_'jf f8§f fg:g}
- +0.61 (+0.45 +0.41
[+jets boosted F=0=1 0.32 57 (Z022 038
: +0.69 ,+0.40 +0.56
Dilepton F-o—-H 0.60 065 \-0.39 052
0.35 0% (9% 9
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Figure 9.2 The inclusive result for 2022 result [16].

The overall uncertainty of the result is largely driven by systematic effects, with the
dominant contribution originating from the modelling of the tt+ > 1b background. A
detailed decomposition of the uncertainties and their impact on pu,zy is presented in
Table 9.1.
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Uncertainty source Ap

Process modelling

ttH modelling +0.13  —0.05
tt+ > 1b modelling
tt+ > 1b NLO matching +0.21  —0.20
tt+ > 1b fractions +0.12  —0.12
tt+ > 1b FSR +0.10 —0.11
tt+ > 1b PS & hadronisation +0.09 —0.08
tt+ > 1b pé’f’ shape +0.04 —0.04
tt+ > 1b ISR +0.04  —0.04
tt + ¢ modelling +0.03  —0.04
tt + light modelling +0.03  —0.03
tW modelling +0.08 —0.07

Background-model statistical uncertainty +0.04  —0.05

b-tagging efficiency and mis-tag rates

b-tagging efficiency +0.03 —0.02
c-mis-tag rates +0.03 —0.03
[-mis-tag rates +0.02 —0.02
Jet energy scale and resolution
b-jet energy scale 4+0.00 —0.01
Jet energy scale (flavour) +0.01 —0.01
Jet energy scale (pile-up) +0.00 —0.01
Jet energy scale (remaining) +0.01 —0.01
Jet energy resolution +0.02  —0.02
Luminosity +0.01 0.00
Other sources +0.03 —0.03
Total systematic uncertainty +0.30 —0.28
tt+ > 1b normalisation +0.04 —0.07
Total statistical uncertainty +0.20  —0.20
Total uncertainty +0.36 —0.34

Table 9.1 A breakdown of the contributions to the uncertainty in p is shown from the 2022
result [16]. The impact of each source of uncertainty is evaluated after performing
the fit. Showing the overall uncertainties are dominated by the tt+ > 1b modelling.

Simplified Template Cross-Section

The STXS framework [126, 127] was developed in close collaboration between theorists

and the LHC experiments. It enables the measurement of signal strengths in exclusive
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kinematic regions of phase space, referred to as STXS bins. These bins are designed
to minimise dependence on theoretical modelling assumptions while facilitating the
combination of results across different experiments and analysis channels. In Higgs boson
measurements, the framework is particularly useful because many decay channels can be
fully reconstructed, allowing the transverse momentum of the Higgs boson (p¥ ) to be
measured. Accordingly, STXS bins are typically defined as a function of p¥. To ensure
compatibility across measurements, the classification is based on the truth-level p¥ (ﬁ¥ )
from Monte Carlo predictions rather than the reconstructed p%. For the measurement
of ttH, the LHC experiments have agreed upon the common set of STXS bins listed in
Table 9.2.

STXS Bin p# range [GeV]
STXS1 0 <pr <60
STXS2 60 < pi <120
STXS3 120 < pi <200
STXS4 200 < p < 300
STXS5 300 < pi < 450
STXS6 pi > 450

Table 9.2 Commonly agreed STXS bins for ttH measurements, as defined by the LHC working
group.
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Figure 9.3 The differential result 2022 result for y as a function of p¥ [16].

9.1.2 Improvements on the Previous analysis

A number of significant updates have been introduced in this re-analysis compared to
the most recent public ATLAS result [16]. These changes span detector reconstruction,
event selection, signal discrimination, and background modelling, each contributing to

improved sensitivity to the t£H (bb) process.

First, the analysis is based on Athena release 21, which incorporates a new ATLAS
detector reconstruction framework. This includes refined particle-flow (PFlow) jet re-
construction and the DL1r b-tagging algorithm, together with updated calibrations [97].
As a consequence, the full jet energy resolution model is employed, accompanied by
an improved treatment of b-tagging uncertainties, including the recommended high-py

extrapolations.

The event pre-selections have also been relaxed to increase statistics. In the single-
lepton channel, events are accepted with at least five jets (pr > 25 GeV, |n| < 2.5),
of which at least three must be b-tagged at the 70% working point (WP) of the DL1r
algorithm. For the dilepton channel, the requirement is reduced to at least three jets,
with at least three tagged at the 85% WP and two at the 70% WP. Additionally, a
dedicated boosted selection is introduced in the single-lepton channel, requiring at least
four jets, with three b-tagged at the 85% WP, and one reclustered jet with p; > 300 GeV.
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The reconstruction of the H — bb candidate has been substantially revised. Events are
categorised into six regions (signal and five control regions: tt+light, ttc, tt1b, tt2b, and
ttB) using a newly developed attention-based transformer model. This network exploits
only the particle four-vectors (jets, leptons, and missing transverse energy) as inputs, with
b-tagging WP information included. The b-jet kinematics are further corrected using
soft-muon information within jets. The model is trained on both nominal and systematic
variations of the signal and background samples, ensuring robustness to theoretical and
detector uncertainties. A dedicated boosted signal region is also defined in the (+jets
channel using the transformer output, and the boosted DNN has been retrained without
relying on variables sensitive to differences between At1Fast and full simulation, ensuring

stability without degrading performance.

On the background side, major improvements have been made to the tt + bb mod-
elling. A consistent description based on four-flavour scheme matrix-element calculations
is employed, with a corresponding systematic model that fully accounts for the theoretical
uncertainties in both the #tb and tt+light /ttc categories (the latter derived from inclusive
tt five-flavour scheme predictions). Thanks to good pre-fit data—MC agreement, most
modelling uncertainties are now correlated across analysis regions. The Hp reweighting
of inclusive t¢ samples is applied, and the normalisations of the ¢t + ¢ and tt-+light
backgrounds are left free-floating in the fit, facilitated by the newly defined dedicated

control regions.

Additional updates include the introduction of fake-lepton estimates to account for
the looser pre-selections: in the {+jets channel these are derived with the fake-factor
method, while in the dilepton channel they are taken from simulation. The single-top
background and its uncertainties are evaluated using the latest dynamic-scale samples.
Furthermore, the output of the transformer classifier is used directly as the fit observable

in both signal and control regions, providing maximal separation power.

Finally, the signal region definition incorporates refinements motivated by the Higgs
simplified template cross-section (STXS) framework: the lowest-py bin is now split into
the [0,60] GeV and [60, 120] GeV intervals, as in STXS version 1.2, ensuring consistency
with other Higgs decay channels such as H — ~~.

Taken together, these methodological developments substantially improve both the
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statistical reach and the systematic control of the analysis, enabling a more precise deter-
mination of the ¢£H (bb) production rate than in previous studies. These improvements

are detailed below.

9.2 Event Selection

There are four main stages to the event selection that define the phase space for these
analyses, these stages are designed to increase the selection for possible ttH events while
also reducing the background. The four main stages are: the raw ATLAS Run-2 dataset,
the trigger selection, objects definitions and finally channel and region definitions. This

section provides an overview on these stages.

9.2.1 ATLAS Run-2 Dataset

This analysis uses the full ATLAS Run-2 dataset. The dataset was recorded during the
2015-2018 data taking stage and consists of proton-proton collision events at a centre
of mass energy /s = 13 TeV with a total integrated luminosity of 140fb~*. The events
considered for analysis are required to pass the ATLAS data quality criteria, meaning
that at the time of recording all detector subsystems were required to be operational and
performing at a high level. Runs that pass this criteria are consider for the Good Run

List (GRL) which concatenates blocks of data together to be used in physics analyses.

9.2.2 Trigger Selection

The events selected for this analysis, for both the single and di-lepton channels, are
required to pass a set of un-prescaled single-lepton triggers that have different pp
thresholds. Only single-lepton triggers are used in order to remain orthogonal with
multi-lepton events. Un-prescaled refers to the absence of a trigger rate scale factor,
so all events that pass the criteria are used. The trigger system employs a logical OR
combination, allowing an event to be recorded if it satisfies at least one of the available
triggers. This strategy maintains high efficiency across the relevant thresholds, ensuring,
for instance, that high-py leptons which do not meet isolation requirements are still
retained. To be selected, an event must either pass a low-py trigger with an isolation

condition on the lepton, or a higher-pr trigger with looser identification and no isolation
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requirement. For electrons, the lowest threshold corresponds to pr = 24 GeV, paired with
a medium identification working point and no isolation. The highest electron threshold
is pr = 120 GeV, where a loose identification and no isolation are required. For muons,
the lowest threshold is py = 20 GeV, with medium identification and a loose isolation
requirement, while the highest threshold is p; = 50 GeV, with medium identification and
no isolation. Table 9.3 shows a summary of the single-lepton triggers used the Run-2

data analyses.

lepton pr (GeV) Identification Isolation
2015 2016-2018 2015  2016-2018 | 2015 2016-2018
electrons 24 26 medium tight - loose
60 60 medium  medium - —
120 140 loose loose — —
muons 20 26 medium  medium | loose  medium
50 50 medium  medium — —

Table 9.3 Summary of the single-lepton triggers used in the analysis Run 2 data. The lower
pr thresholds and looser identification and isolation requirements present for the
2015 data are due to the decreased pile-up conditions with respect to 2016-18 data.

9.2.3 Object Definitions

Events are required to contain at least one reconstructed vertex with at least two associ-
ated tracks of pr > 500 MeV. The primary vertex is chosen as the one with the largest
summed squared transverse momentum of its associated tracks, provided it is consistent

with the average beam-spot position.

Electrons must have py > 10 GeV and be reconstructed within |n| < 2.47, exclud-
ing the transition region 1.37 < |n| < 1.52. Muons are required to have py > 10 GeV and
In| < 2.5. Electron (muon) candidates must satisfy the MEDIUM (LOOSE) identification
criteria. Impact parameter requirements are imposed: |z;| < 0.5 mm for both, and

|do|/o(dy) < 5 (3) for electrons (muons), respectively.

Jets are reconstructed using the anti-kp algorithm with radius R = 0.4 and must

satisfy pp > 25 GeV and |n| < 2.5. Events containing jets that fail quality requirements,
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designed to reject non-collision backgrounds or detector noise, are discarded. For jets
with pr < 60 GeV, the tight working point of the jet vertex tagging algorithm [96] is

applied to suppress pile-up contributions.

b-jets are identified with the DL1r algorithm, a neural-network method that exploits
track impact parameters, displaced vertices, and jet kinematics. Each jet is assigned a
pseudo-continuous score, enabling classification at multiple efficiency working points (85%,
77%, 70%, and 60%). Scale factors are applied to simulation to correct for differences

between data and Monte Carlo in tagging efficiencies and mis-tag rates.

In boosted single-lepton topologies, reclustered jets are built from the small-R jets
using the anti-kp algorithm with R = 1.0. These jets are required to have pr > 200 GeV
and |n| < 2.0, an invariant mass M > 50 GeV, at least two constituent small-R sub-jets,

and an angular separation AR > 1.0 from all selected electrons.

9.2.4 Channel Definitions

The final stage of the event selection is categorising the channels based on the decay
mode of the W-bosons produced in the top-quark decays. The relaxation of the b-tagging
requirements on this iteration of the analysis, results in more signal and background
events and to allow better control of their subsequent modelling, and improved statistics
for the training of the machine-learning algorithms used to classify the events. The

channel selection criteria are summarised in Table 9.4.

Di-lepton Channel

In the di-lepton channel, events must contain exactly two electrons or muons satisfying
the baseline lepton criteria. At least one lepton is required to have py > 27 GeV and
to match a trigger lepton within AR < 0.15. The di-lepton invariant mass must exceed
15 GeV to suppress low-mass Drell-Yan backgrounds, and events with 83 < my, < 99 GeV
are excluded to reduce Z-boson contributions. In the ee channel, the sub-leading electron
must have pr > 15 GeV, while for ppu and pe channels the threshold is pr > 10 GeV.
Events containing hadronic 7 candidates are vetoed to preserve orthogonality with other
ttH analyses. Selected events must include at least three jets, with at least three b-tagged

at the 85% efficiency working point and at least two at the 70% working point.
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Single-lepton Channel

The single-lepton channel, events are categorized into resolved and boosted topologies.
The resolved selection requires at least five jets, with a minimum of three b-tagged at the
70% efficiency working point, and exactly one electron or muon with py > 27 GeV. At
most one hadronic 7 candidate is allowed. The boosted selection requires at least four
small-R jets, one large-R jet with pr > 300 GeV, and at least three b-tagged jets at the
85% efficiency working point. Events not satisfying the boosted criteria are assigned
to the resolved category. These pre-selections are designed to enhance sensitivity to
ttH events with leptonic tt decays and H — bb final states. The selection efficiency for
ttH (bb) is 6.3%, corresponding to a signal acceptance more than three times larger than
in the previous iteration of the analysis, while simultaneously suppressing the dominant
Standard Model backgrounds.

Channel # Jets # b-tags (DLI1r) #elu F# Taa # RC Jets
70% WP 85% WP

dilepton >3 > 2 >3 2 0 -

(+jets resolved >5 >3 >3 1 <1 -

{+jets boosted >4 — >3 1 <1 >1

Table 9.4 Object selection requirements for both the di-lepton and single-lepton channels, with
the latter divided into resolved and boosted categories. Shown are the minimum
number of jets, the number of b-tagged jets at 70% WP and 85% WP, the number
of selected electrons or muons (e/u), the number of hadronic tau candidates (7y,,4),
and the number of RC jets. RC jets must additionally satisfy pp > 300 GeV.

9.3 Event Modelling

In order to model the signal and background events, MC generators are used. The
generators used to create the particular MC samples are shown in Table 9.5. This
section highlights the differences of each MC sample and so provides an insight to their

generation.
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9.3.1 Signal Modelling

The ttH signal is modelled using the POWHEG-BOX V2 generator [128] at NLO accuracy
with the NNPDF3.0NLO set of parton distribution functions [129] in the five-flavour

scheme. The hg,n, parameter is set to %(mt +m;+mpy) = 352.5 GeV, while the renormal-

isation and factorisation scales are chosen as up = up = \7 my(t) mp(t) me(H), where
mqp denotes the transverse mass. Parton showering and hadronisation are simulated with

PyTHIA 8.230 [110].

To evaluate systematic uncertainties associated with the parton shower and match-
ing scheme, two alternative samples are produced. In one case, POWHEG-B0OX V2 is
interfaced with HERWIG 7.04 [86] instead of PYTHIA. In the other, the nominal generator
settings are retained but interfaced with PyTHIA 8.230 using pthard=1, modifying the

definition of the hardness scale in the matching procedure.

All ttH decay modes are generated, although only a small contribution from non-H — bb
channels survives the analysis selection. The simulated samples are normalised to the
predicted inclusive ttH cross section, o, = 50739 fb, which includes both NLO QCD

and electroweak corrections.

9.3.2 Background Modelling
tt + bb

To reduce the modelling uncertainties previously observed in the ¢t + bb processes, dedi-
cated samples are generated at NLO in the four-flavour scheme using the POwHEG-Box
RES generator [130] interfaced with OPENLoOPS [131]. The NNPDF3.1nlo n; = 4 PDF
set is employed, and parton showering and hadronisation are provided by PYTHIA 8.244.
Both the matrix-element and shower generators are configured with specialised settings
to further constrain the associated uncertainties. The renormalisation and factorisation

scales are defined as:

NR:% Z mry; (9.1)

i=t,t,b,b,j
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i = 2/ me(t) me(B) me (b) me (5), 9.2)

while the damping parameter is set to:

hdamp :% Z mry. (93)

i=t,t,b,b

In addition to the nominal sample, three dedicated variations are produced to assess
systematic effects. These probe the choice of parton-shower and hadronisation model
(using HERWIG 7.04 instead of PYTHIA), the matrix-element—shower matching scheme
(varying the pthard setting in PYTHIA 8.244 to 1), and the recoil model (switching from
global to dipole recoil in PYTHIA 8.244).

A b-quark mass of m, = 4.95 GeV is used, consistent with the b quarks produced
in top decays. In addition to the nominal sample, three variations are generated to
probe systematic uncertainties. The first tests the parton-shower and hadronisation
model by replacing PYTHIA 8.244 with HERWIG 7.04. The second explores the matrix-
element—parton-shower matching by setting pthard=1 in PYTHIA 8.244. The final
variation alters the recoil scheme, switching from the global recoil configuration used in

the nominal sample to the dipole recoil option in PYTHIA 8.244.

tt Inclusive modelling

In addition to the dedicated tf + bb samples, the remaining tf+jets background is taken
from inclusive five-flavour scheme ¢t samples, excluding events classified as ¢t > 1b. The
inclusive tt process is generated with POWHEG-Box V2 at NLO QCD accuracy and
interfaced with PyTHIA 8.230 for parton showering and hadronisation, using settings
similar to those of the ttH signal samples. The hdamp parameter is set to 1.5m,, and

the renormalisation and factorisation scales are defined as:

fig = pp = \/mi + pr.

Three additional variations are produced to assess modelling uncertainties. The first two
test the parton-shower and hadronisation model (by replacing PYTHIA with HERWIG)
and the matching scheme between matrix element and shower (via the pthard setting),
following the same strategy as for the signal process. The third variation changes the

damping parameter to hg,m,, = 3m; to probe its impact on the event kinematics.
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Process ME Generator ME PDF PS Normalisation
Signal and other Higgs samples
ttH Powheg Box V2 NNPDF3.0nlo Pythia 8.230  NLO+NLO (EW)
Powheg Box V2 NNPDF3.0nlo Herwig 7.04 NLO+NLO (EW)

tHjb MadGraphb5__aMCQ@QNLO v2.6.2 NNPDF3.0nlo nf4 Pythia 8.230 -

tWH MadGraph5_ aMCQNLO v2.8.2 NNPDF3.0nlo Pythia 8.245 -
MadGraph5 aMC@NLO v2.8.2 [DR] NNPDF3.0nlo Pythia 8.245 -

tt+ jets background

tt Powheg Box V2 NNPDF3.0nlo Pythia 8.230  NNLO-+NNLL
Powheg Box V2 NNPDF3.0nlo Herwig 7.04 NNLO+NNLL
Sherpa 2.2.10 NNPDF3.0nlo Sherpa NNLO+NNLL

tt + bb Powheg Box Res NNPDF3.1nlo nf4 Pythia 8.230 —
Powheg Box V2 NNPDF3.1nlo nf4 Herwig 7.1.6 NNLO+NNLL
Sherpa 2.2.10 NNPDF3.0nlo nf4  Sherpa -

Other backgrounds

tw Powheg Box V2 [DR] NNPDF3.0nlo Pythia 8.309 NNLO+NNLL
Powheg Box V2 [DS] NNPDF3.0nlo Pythia 8.309  NNLO+NNLL
Powheg Box V2 [DS] NNPDF3.0nlo Herwig 7.2.3 ~ NNLO+NNLL

t-channel Powheg Box V2 NNPDF3.0nlo nf4 Pythia 8.230 NLO

s-channel Powheg Box V2 NNPDF3.0nlo Pythia 8.230  NLO

tHw Sherpa 2.2.10 (NLO[1j], LO[2j]) NNPDF3.0nlo Sherpa NLO+NLO (EW)
MadGraph5_ aMC@NLO v2.3.3 NNPDF3.0nlo Pythia 8.210 NLO+NLO (EW)

ttZ(qq,vv) MadGraph5_aMC@NLO v2.8.1 NNPDF3.0nlo Pythia 8.244p NLO+NLO (EW)
MadGraphb5 aMC@NLO v2.8.1 NNPDF3.0nlo Herwig 7.2.1 ~ NLO+NLO (EW)

W+jets Sherpa 2.2.11 (NLO [2j], LO[5]]) NNPDF3.0nlo Sherpa NNLO

Z+jets Sherpa 2.2.11 (NLO [2j], LO[5j]) NNPDF3.0nlo Sherpa NNLO

Z(T7)+jets Sherpa 2.2.14 (NLO [2j], LO[5]]) NNPDF3.0nlo Sherpa NNLO

VV (had.) Sherpa 2.2 NNPDF3.0nlo Sherpa -

VV (lep.) Sherpa 2.2 NNPDF3.0nlo Sherpa -

VV +jj (EW) Sherpa 2.2 (LO[EWI]) NNPDF3.0nlo Sherpa -

tttt MadGraph5_aMC@NLO v2.3.3 NNPDF3. 1nlo Pythia 8.230  NLO+NLO (EW)

twWZz MadGraphb5_aMC@NLO v2.6.2 [DR] NNPDF3.0nlo Pythia 8.235  —

tZq MadGraphb5 aMC@NLO v2.6.0 NNPDF3.0nlo Pythia 8.230  —

Table 9.5 Summary of the MC simulated samples used in the analysis, including the ME
generator, PDF set, parton shower, and normalisation scheme. The nominal samples
are listed first, followed by alternative samples used for systematic variations in
signal and background modelling. The label “nf4” denotes the Ny = 4 scheme of
the NNPDF3.0 set [129]. Higher-order cross-sections applied for normalisation are
shown in the final column. Empty entries indicate that no additional K-factor was

applied.
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9.4 Multivariate Analysis Techniques

In order to classify events into signal or background, advanced Multivariate Analysis
(MVA) techniques are used. Similar MVA techniques are used to reconstruct Higgs boson
candidates from the b-jets in an event through an explicit matching procedure. This
allows us to then categories the Higgs events into STXS bins based on the reconstructed
Higgs pr. For the classification and reconstruction tasks required of this analysis, the

transformer architecture outlined in Chapter 8.

9.4.1 Event Classification and Higgs Reconstruction
Network Overview Inputs

The multi-class classification transformer is trained to assign probabilities p; for an event
to originate from either the ttH signal or one of five tt background categories, yielding
six output classes: ttH, tt+ > 2b, tt + 1b, tt + 1B, tt+ > 1c, and tt+light. The flavour

categorise are defined according to the number of additional b-, c-, or light jets in the event.

The network input consists of reconstructed physics objects such as: jets, leptons,
and the missing transverse momentum E3**. Each object is represented by a vector of
low-level kinematic features, primarily its four-momentum, supplemented by additional
information. The features include the Cartesian momentum components (p,,p,,p.), the
energy, transverse momentum pz, mass, pseudorapidity 7, and azimuthal angle ¢. To
improve convergence, redundant features such as sin ¢ and cos ¢ are provided explicitly,
encoding the periodicity of the azimuthal angle. Jet-specific inputs include the DL1r
pseudo-continuous b-tagging score, while leptons are augmented with type, charge, and
object-type flags. Where applicable, feature distributions are standardised to zero mean

and unit variance, as summarised in Table 9.6.

The classifier is trained on nominal tH signal and tt-+jets background samples, supple-
mented with alternative simulated datasets to enhance training statistics and stabilise
convergence. In parallel, a reconstruction network is trained exclusively on ttH events,

requiring two jets to be truth-matched to the Higgs decay products.
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Feature Description Standardisation
Kinematics
Da Object momentum in z-direction. u=0 =1
Dy Object momentum in y-direction. uw=0 =1
D, Object momentum in z-direction. u=0,0=1
energy Object energy. u=0,0=1
pr Object transverse momentum. uw=0, o=
mass Object mass. uw=0,o=1
n Object pseudo-rapidity. u=0,0=1
10) Object azimuthal angle. p=0 0c=1
cos ¢ Cosine of object azimuthal angle. u=0 0c=1
sin ¢ Sine of object azimuthal angle. u=0 =1
Identification
PCBT score  DLI1r pseudo-continuous b-tagging score assigned to jets. None

1, if un-tagged,

2, if tagged at [85%, 7T7%],

Score = ¢ 3, if tagged at [77%, T0%],

4, if tagged at [70%, 60%)],

5, if tagged at 60%.
lepton type Lepton type of input objects. (e =1, u = 2). None.
lepton charge Charge of lepton objects. u=0,o0=1.
EFSS flag Whether input object is Ef™ (1) or not (0). None.

Table 9.6 Kinematic and identification features used as inputs to the classification network,
together with the corresponding preprocessing standardisation.

9.4.2 Network architecture

The architectures of the transformer networks is shown in Figure 9.4. Both models
adopt the encoder structure of the transformer, differing only in their treatment of the
final layers. Input features are first embedded into a latent space through n..q fully
connected layers, producing d-dimensional latent vectors. These are processed by niipiock
transformer blocks, each consisting of a multi-headed self-attention mechanism followed
by a feed-forward neural network. The latent dimension d is held constant to allow the
use of residual connections, whereby the block input is added to the transformed output.

This technique improves gradient flow and stabilises training.

In the classification network, the output of the final attention block is aggregated
by a cross-attention pooling layer, which outperforms other pooling strategies such as
max- and mean-pooling. The pooled features are mapped through a softmax layer to

produce class probabilities, satisfying >, p;, = 1. The reconstruction network instead
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applies a jet-pairing layer to identify jets associated with the Higgs boson decay. A
pairing score .S;; is computed for each jet pair (7, j) using the dot product of their latent
feature vectors. The pair with the highest score, restricted to j > 7, is taken as the Higgs
candidate. The corresponding four-vector is then reconstructed, from which quantities

H
such as py are extracted.

To improve class separation, the classification probabilities p;, are transformed into

discriminant observables d; defined as:

dyj=—" (9.4)
> j#iDj Nij
where,
R N,
Ny= — 9.5
T s Ny 9-5)

and N; denotes the predicted yield of class j. This weighting prevents high-yield back-
grounds from dominating and yields more balanced discriminants, enabling effective
separation of processes with very different cross-sections. These observables are used in

the definition of the signal and control regions.

An alternative set of observables, the so-called fractions, were also studied, defined

as

pi IV;
fi=

= 9.6
21 N; (56)

Although this construction provides a natural yield-weighted probability, it was found to
penalise classes with smaller yields. In contrast, the discriminants d; not only offered
slightly better classification performance, but also ensured more balanced control regions.
For this reason, they were chosen as the final template variables in the profile likelihood

fit used to extract the signal strength and cross-section.
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Figure 9.4 Schematic of the classification and reconstruction networks based on a permutation-
invariant transformer. Input features are embedded into latent representations
and processed through multi-headed attention blocks. For classification, outputs
are aggregated via a cross-attention layer, while for p;,b«I reconstruction, a pairing
layer identifies the Higgs-decay jets [132].
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9.4.3 Boosted Higgs Candidates Reconstruction

The boosted Higgs reconstruction uses a separate set of NNs from our transformer
network. The boosted classification DNN is designed to distinguish RC-jets into three
categories: Higgs, top, and QCD, and serves as the primary algorithm for Higgs candidate
identification. Its architecture comprises three fully connected hidden layers, each with
100 neurons, employing the ReLLU activation function. A final softmax layer produces class
probabilities P(H ), P(t), and P(QCD), constrained such that: P(H)+P(t)+P(QCD) ~
1. The model is trained using the categorical cross-entropy loss function and optimised
with stochastic gradient descent (SGD). Seventeen input features are provided, with jets
ordered in py within each event. These features are constructed using physics-motivated
RC-jet substructure observables chosen for their known discriminating power between
Higgs, top, and QCD jets. Overtraining is controlled through odd—even event splitting,
early stopping based on training—validation divergence. Validated by stable retraining
performance and good Data/MC agreement of both inputs and network outputs [133].
The network is trained with 17 input features, constructed from pr-ordered subjets within
each RC-jet:

1. invariant mass of the RC-jet,
2. number of subjets contained in the RC-jet,
3. b-tagging working point (WP) of the leading subjet,
4. b-tagging WP of the sub-leading subjet,
5. maximum b-tagging WP among all subjets in the RC-jet,
6. minimum b-tagging WP among all subjets in the RC-jet,
7. sum of b-tagging WPs of all subjets, excluding the leading and sub-leading subjets,
8. transverse momentum pr of the leading subjet,
9. transverse momentum pr of the sub-leading subjet,

10. substructure variable d;,,

11. substructure variable dos,

12. substructure variable @,,,

13. invariant mass of all b-tagged subjets at the loosest 85% WP,
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14. invariant mass of all non-b-tagged subjets,
15. angular separation AR between the leading and sub-leading subjets,
16. maximum AR separation among subjets in the RC-jet,

17. minimum AR separation among subjets in the RC-jet.

9.5 Analysis Regions and Pre-Fit modelling

Once the events pass the kinematic preselection, events are classified into their respective
channels and regions. In the single-lepton (dilepton) channel, the selection is further
divided into eight (five) control regions and six (six) resolved signal regions, defined
according to the STXS binning scheme. The single-lepton channel also benefits from
a dedicated boosted selection, whose events are subsequently included in the STXS 5
and 6 regions. In contrast, no boosted signal region is defined for the di-lepton channel,
owing to the limited statistical power of this decay mode. The signal and background

region septation for the single lepton channel is shown in Figure 9.5.

The assignment of events to analysis regions follows a hierarchical procedure. The
first step is to check whether an event passes the ttH classifier requirement, defined by
dyy > 4.072 (9.031) for single-lepton (dilepton) events.

Events failing this requirement are classified into background control regions. Single-
lepton events are further split into resolved or boosted categories. Resolved single-lepton
and di-lepton events are assigned to background regions according to the maximum
discriminant output of the flavour classifiers. This ensures that each region is enriched in
a specific tt+jets flavour component. For instance, events in the ¢t + 1b regions must
have the ¢t + 1b discriminant value greater than all competing background discriminants.

Boosted events, on the other hand, are collected into a dedicated control region.

For single-lepton events with a tt+ > 2b maximum classifier, an additional split is
applied in bins of the reconstructed Higgs transverse momentum, p% . This improves the
modelling of the tt+ > 2b background and facilitates a more reliable extrapolation to
the STXS signal regions. In the dilepton channel, the t£4+ > 2b region is kept inclusive in

p4 due to limited statistics.
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Events passing the ttH classifier threshold are directed to signal regions. Here, the
reconstruction transformer network provides the estimate of p4', and events are assigned
to bins optimised to maximise purity with respect to the truth p%. This binning strategy
enhances the fraction of correctly assigned events, particularly in the highest p¥ bins
(p¥ > 300 GeV), where this analysis provides unique sensitivity within the global Higgs

combinations. The reconstructed p¥ boundaries used are:
« Single-lepton channel: [0, 60, 114, 192, 282, 408, co] GeV,
« Dilepton channel: [0, 60, 114, 186, 270, 402, co] GeV.

For the single-lepton tt+ > 2b control regions, a coarser split is used: [0, 114, 282,

oo] GeV, matching the corresponding signal region binning.

With events split into their assumed classes by the MVA strategy, pre-fit checks can occur
to inspect the in order to validate the MVA strategy and catch any major mis-modelling
issues that occurred. This is accomplished with Data/MC comparisons to check region
purity or simply checking the truth MC fractions would suffice, using these methods the
Higgs reconstruction and event classification can be checked for all regions, signal and

background, and for both channels single lepton and di-lepton.

In all distributions presented figures below, the tt-+jets normalisation scaling factors are
applied together with the Hp re-weighting factors. The data/MC comparisons include
the full uncertainty envelope from all systematic variations, with the exception of the
free-floating tt+jets normalisation factors, which carry no predefined pre-fit uncertainty.
All discriminant outputs shown in the distributions are rescaled to the range [0, 1] by

applying a logistic transformation, defined as

fz) = - (9.7)
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9.5.1 Higgs Reconstruction Performance

The performance of the reconstruction transformer and boosted DNN is shown in Figure
9.6. This is particularly important for differential measurements and demonstrates

improved separation power as indicated by the high fraction of truth MC in their correct
STXS bin.

ATLAS Simulation Vs =13TeV ATLAS simulation VS =13TeV ATLAS Simulation Vs =13TeV

Single-lepton resolved incl. SR Dilepton incl. SR Single-lepton boosted SR
100 100 ) 100

Truth Higgs pt [GeV]
Truth Higgs pt [GeV]
Truth Higgs pt [GeV]

Fraction of truth pr sample [%)]

Fraction of truth pr sample [%]
Fraction of truth pr sample [%]

Sx S Sx S Sy Sy S S
o Ao o o Sk ok o o
S, 8, T, TS, e T8 R S5
Reconstruction Reconstruction Reconstruction
(a) Single Lepton (b) Di-lepton (c) Single lepton boosted

Figure 9.6 Migration matrices illustrating the performance of the reconstruction transformer in
assigning the Higgs boson candidate p¥ , to the truth bins of the STXS framework.
Each matrix element corresponds to the fraction of events from a given truth bin
that are reconstructed in a particular reconstructed bin.

9.5.2 Pre-Fit Modelling

For this section only the single lepton pre-fit modelling distributions are shown, the
di-lepton pre-fit modelling can be found in Appendix A.1. The single lepton pre-fit
modelling validation can be broken up into two main sets of plots: the region composition
plots, shown in Figure 9.26 and the data/MC distribution plots for both signal, shown in
Figure A.5 and background regions, shown in Figure 9.28.

Each CR is enriched in the targeted tt-+jets flavour component. In particular, the
tt+light regions are very pure, with more than 50% of events originating from the
tt+light process. The tt+ > 2b and tt+ > 1c regions are also found to be relatively pure,
with around 50% of the events coming from the respective processes. In the signal SR,
the tt+ > 2b background dominates, while the ¢t + 1b process provides the second largest
contribution in the lower p¥ bins. Other background categories only become significant

at higher p¥.



ttH (bb) Legacy Analysis 124

In the single-lepton channel, the signal regions are presented in Figure A.5, consist-
ing of six resolved regions and one boosted region. The pre-fit agreement with data is
excellent across all regions, with the lower ratio panels showing the data-to-MC ratio
within the defined uncertainties. The boosted signal region is binned in pit. with bin
boundaries aligned to the two highest STXS bins.

A total of eight control regions are also defined, as shown in Figure 9.28. These are
constructed to target the main tt+jets flavour components, and the pre-fit agreement

with data is again good.
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Figure 9.7 Composition of the signal and control regions of the single-lepton channel. The
pie charts indicate the relative contributions of all processes, with one chart per
analysis region. Each control region is enriched in the corresponding output class
of the transformer network, while the signal region is subdivided into six bins of

H
pr-
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Figure 9.8 Pre-fit distributions of the seven signal regions in the single-lepton channel: (a)
STXS 1, (b) STXS 2, (¢) STXS 3, (d) STXS 4, (e) STXS 5, (f) STXS 6, (g) boosted
signal region. The uncertainty band consists of all statistical and systematic
uncertainties, excluding the free-floating normalisations of the individual tt+jets
flavour components. All discriminant scores are rescaled to the interval [0, 1] using
a logistic function. The boosted region is binned in pr_l;l , with boundaries aligned
to the two highest STXS bins [127].
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Figure 9.9 Pre-fit distributions of the eight control regions in the single-lepton channel: (a)
tt+ > 20 STXS 12, (b) tt+ > 2b STXS 34, (c) tt+ > 2b STXS 56, (d) tt + 1b, (e)
tt + 1B, (f) tt+light, (g) tt+ > 1c, (h) boosted ttH control region. Each region is
constructed to be enriched in the corresponding flavour component of the additional
jets in the dominant tt+4jets background. The uncertainty band includes both
statistical and systematic contributions, excluding the free-floating normalisations
of the individual tt+jets flavour components. All discriminant scores are rescaled
to the interval [0, 1] using a logistic function. The boosted signal region is binned
in pr.
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9.6 Systematic Uncertainties

Various sources of systematic uncertainties are taken into account in the ttH(H — bb)
legacy analysis. These include experimental uncertainties associated with the recon-
struction and identification of physics objects, as well as modelling uncertainties, which
are estimated using alternative samples produced with different generators or generator
settings. In this section, the systematic uncertainties considered in the analysis are briefly
discussed, with emphasis on modelling uncertainties due to their dominant impact on

the measurement.

9.6.1 Experimental Uncertainties
Luminosity and Pile-Up Modelling

The luminosity of the full Run 2 dataset, collected between 2015 and 2018, is measured to
be 140.141.2 fb~!, corresponding to a relative uncertainty of 0.83% [134]. The uncertainty
in pile-up modelling is estimated using a reweighting-based procedure, achieved by varying

the nominal scale factors (SFs) applied to the pile-up distribution in data.

Leptons

For leptons, systematic uncertainties arise from the trigger, reconstruction, identifica-
tion, and isolation procedures. Both electrons and muons exhibit efficiency differences
between simulation and data, which are corrected using scale factors derived with the
tag-and-probe method on Z° — £7¢~ events [83] The SFs are accounted for using four

(ten) independent nuisance parameters (NPs) for electrons (muons).

Additional uncertainties stem from corrections to the energy and momentum scale and
resolution of leptons. These corrections are obtained using Z° — £7¢~ and J/¢ — ¢T¢~
events, with further corrections for electrons derived from the E/p ratio measured in

W* — ev events [135]. In total, three (four) NPs are considered for electrons (muons).
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Jet Energy Scale (JES)

JES uncertainties are derived by combining information from test-beam data, collision
data, and simulation. Among the NPs there are, three flavour-specific: the b-jet energy
scale, the flavour response, and the flavour composition. A more detailed description of

all sources and their associated NPs is provided in [89].

Jet Energy Resolution (JER)

JER uncertainties are determined using dijet events in both data and simulation, where
the balance in jet p; and 7 is studied [89]. Thirteen independent uncertainty sources are
considered, represented by 12 effective terms plus one term for the comparison between
data and Monte Carlo.

b-Tagging

Systematic uncertainties in b-tagging arise from the efficiency calibration for b-jets and
from the mis-tag rates for ¢- and light-flavour jets in the DL1r algorithm. Uncertainties
are evaluated through a principal component analysis, yielding a total of 45 eigenvalues for
b-jets, 20 for c-jets, and 20 for light-flavour jets. Additional uncertainties are introduced
at high py due to the limited kinematic coverage of the calibrations. These extrapolation

uncertainties are the same derived in Chapter 7.

Missing Transverse Momentum

All uncertainties related to the energy scale and resolution of the reconstructed physics
objects described above are propagated to the E3™ algorithms. In addition to these
hard contributions, extra uncertainties are included for the soft terms to account for
discrepancies between data and simulation [100]. In total, three independent nuisance

parameters are considered.

9.6.2 Signal Modelling Uncertainties

The impact of parton distribution function and «a, variations on the total ttH cross-
section is estimated to be about +3.6% [106], while the effect on the pi! distribution is
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found to be negligible. Additional theoretical uncertainties on the ttH cross-section are

considered from possible migrations between STXS bins.

To probe the uncertainty from initial-state radiation (ISR), dedicated weights are used
in the matrix element and parton shower simulations. The renormalisation and factori-
sation scales, up and pup, are varied by a factor of 0.5 in combination with the Var3c
up tune [110], corresponding to enhanced parton radiation, and by a factor of 2 with
the Var3c down tune to simulate reduced radiation. A similar approach is applied for
final-state radiation (FSR), where the renormalisation scale of the QCD emission in the

parton shower is varied by factors of 0.5 and 2.

The overall theoretical uncertainty on the ttH cross-section due to higher-order QCD
corrections is evaluated by the LHC Higgs Cross-Section Working Group and amounts
to 9.2%. For the Higgs boson branching fractions, uncertainties of (+1.2/ — 1.3)% are
applied for H — bb, (+1.6/ — 1.5)% for H — W*W¥, and +5% for other decay modes.

To account for uncertainties from NLO matching, the nominal sample is compared
to a POWHEG-BoOX V2 sample interfaced with PYTHIA 8 with the pthard parameter
set to 1, shown in Table 9.5. A similar comparison is performed for parton shower and
hadronisation modelling, where the nominal setup is tested against a POWHEG-Box V2
sample interfaced with HERWIG 7.04.

9.6.3 Background Modelling Uncertainties
tt-+jets

The treatment of tt+jets uncertainties is tailored to the different subprocesses. The
tt+light contribution is relatively well constrained in data, owing to its distinct diagram-
matic structure compared to tt + 1b and tt + lc. In contrast, the tt 4+ 1b and tt + lc
processes can receive additional contributions depending on the chosen flavour scheme
of the parton distribution functions. Moreover, the mass difference between the ¢- and

b-quarks introduces further distinctions for the heavy-flavour (¢t+HF) components.
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Acceptance And Shape Uncertainties

Uncertainties in acceptance and shapes are evaluated by comparing the nominal predic-
tions with alternative setups. For the tt + 1b subprocess, the use of a profile likelihood
fit (PLF) to determine normalisation factors in data complicates this comparison, as
unmodified alternatives would strongly distort the fraction of ¢t 4+ 1b events within the
analysis phase space. To mitigate this, the alternative predictions are reweighted to

preserve the same tt + 1b fraction as in the nominal sample.

Parton Shower And Radiation Modelling

ISR and FSR uncertainties are assessed using a weight-based method, varying the
renormalisation and factorisation scales by factors of 0.5 and 2. To probe the impact of
the parton shower and hadronisation model, the nominal sample is compared against
a POWHEG-BOX V2 sample with identical settings interfaced to HERWIG 7.16. An
additional variation is produced to test recoil modelling in the initial-state shower,

replacing the global recoil scheme in PYTHIA 8 with dipole recoil.

NLO Matching And hgamp

NLO matching uncertainties are evaluated by comparing the nominal setup with a
PowHEG-BoxX V2 sample interfaced with PYTHIA 8 where the pthard parameter is
set to 1. In addition, variations of the hg,,, parameter are included, as described in
Chapter 5.

Hp; Reweighting

Uncertainties associated with the Hp reweighting are evaluated in both channels. Two
variations are considered: (i) alternative reweightings obtained using adapted post-
fit normalisation factors for tt + 1c and tt+light, with central values shifted by their
uncertainties, and (ii) switching the reweighting on and off entirely. The on/off variation
is applied independently to each N reweighting, while the adapted post-fit variation

affects the overall Hy reweighting.



ttH (bb) Legacy Analysis 132

Fake And Non-Prompt Leptons

For the single-lepton channel, fake and non-prompt leptons are assigned an overall
normalisation uncertainty of 50%. In addition, variations are derived using an alternative
parametrisation of the two-dimensional fake efficiencies, binned in lepton py and |n|. For

the di-lepton channel, a single overall normalisation uncertainty of 50% is applied.

Other Backgrounds

In addition to the tt+jets processes, further background contributions are taken into
account. For these processes, the associated systematic uncertainties and their sources

are summarised in Table 9.7.

Process

Source of Systematic Uncertainty

Description

£tV [136]

Cross-section
NLO matching
PS and hadronisation

+15%
MadGraph5_aMC@NLO + Pythia 8 vs Sherpa
MadGraph5_aMC@NLO + Pythia 8 vs Sherpa

Single-t [137, 138, 139]

NLO cross-section

NLO matching

PS and hadronisation

tW and tt interference [140]

+5%

Powheg-Box V2 + Pythia 8 vs Powheg-Box V2 + Pythia 8 (pthard)
Powheg-Box V2 + Pythia 8 vs Powheg-Box V2 + Herwig 7
Diagram Removal (DR) vs Diagram Subtraction (DS) scheme

W +jets Cross-section +40%
Cross-section +30%

Z+jets Normalisation +35%

Diboson [141] Cross-section and additional jet production | £50%

tZq [142] Cross-section (PDFs) +0.9%
Factorisation and normalisation +7.9%

tWZ [142] Cross-section +£50%

tHjb Cross-section (PDFs) +£3.7%
Factorisation and normalisation +6.5%/ — 14.9%

tWH Cross-section (PDFs) +3.7%
Factorisation and normalisation +6.5%/ — 6.7%

tttt Normalisation +50%

Table 9.7 List of all systematic uncertainties considered for the other background processes,
together with their source and description.

9.7 Statistical Model and Fit Studies

The analysis is performed under a blinded strategy to avoid bias in the interpretation
of the results. This means that the data in the most sensitive signal regions is not

inspected until the statistical model has been fully validated. Before unblinding, a series
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of dedicated fit studies is carried out using the blinded model to ensure that the any pulls
in the model are understood and not a result of mis-modelling, and that the systematic
uncertainties are properly implemented. After these studies we proceeded with the

unblinding to reveal our signal contributions.

This section will discuss the construction of statistical model and the fit studies conducted.
A large number of fit studies were carried out between myself and the analysis team
to validate the statistical model. I will briefly summarise a selection of these studies
to illustrate the methodology and complexity of these studies. Finally, I present the

validated, unblinded model that forms the basis of the measurement.

9.7.1 Constructing the Model

As mentioned in Chapter 8 the likelihood function is created within the RooStat framework
[120, 121], which is applied using TRExFitter, which is based on HistFactory [122]. The
minimisation is performed using the Minuit library implemented in ROOT [123, 124]. The
likelihood function used in this analysis is defined as the product of Poisson probabilities
for each bin of the signal and background templates, given the observed data, together
with Gaussian constraint terms that encode systematic uncertainties. Explicitly, the
likelihood takes the form:

—

k) =TI | II Plrwilve(uk.0)] x II G@16,).  (98)
re{SR, CR} [i€bins jEsyst.

where n,; denotes the observed number of events in bin i of region r, and v,; the
corresponding expected yield, which depends on the signal strength p, the background
normalisation factors /;, and the nuisance parameters 0. All nuisance parameters 0,
are defined such that their best-fit values correspond to éj = 9? = 0, with associated
uncertainties normalised to unity (0; = Af = 1). This convention effectively calibrates
the likelihood. Finally, statistical uncertainties from the limited size of Monte Carlo

simulated samples are included as additional Poisson terms.

9.7.2 Fit Studies

Here we detail two example fit studies conducted during the validation of the statistical

model of the analysis which required additional investigation. These studies were
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performed on various versions of the fit. As such, steps were taken to relax tensions
and pulls in the initial fits prior to the final fit. As, shown in Section 9.7.3, some pulls
were relaxed. If pulls remain in the final fit these pull were well enough understood.
Many other minor fit studies were conducted during this time most of which were simple
decorrelations of NP to identify problem regions. The systematic variation plots were
then inspected and either a change to the smoothing algorithm or implementing a newer
version of CDI, which resulted in a relaxation of the pull. These minor studies are

omitted for the sake of brevity.

tt > 2b PS PH7 Pull In The Single Lepton Channel

A significant pull was observed in the single-lepton channel for the t¢ > 2b parton-shower
PH7 (Powheg + Herwig 7) systematic. The presence of this pull indicated that the
fit was using the nuisance parameter aggressively, suggesting non-trivial mismodelling
effects. To identify the source, a systematic de-correlation across analysis regions was
performed. This showed that the ¢t + ¢ control region was the principal driver of the

tension. The plots showing the pulls are shown below in Figure 9.10.

+22b PS PH7 (tt+ 21c region)
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Figure 9.10 Pull plots showing the ¢t + 2b PS PH7 and tt + ¢ FSR pull (a) the region
decorrelation of the ¢t + 2b PS PH7 pull (b).

Inspection of the NP in this region revealed that the systematic had a pronounced
shape effect rather than acting as a pure normalization shift. Comparison of pre- and
post-fit distributions confirmed that data—MC discrepancies persisted even after the fit,
reinforcing the hypothesis that the pull was rooted in shape mismodelling. To probe this
further, the behaviour of ¢t + 2b events within the t£ + ¢ control region was examined

shown in Figure 9.11.

The tt > 2b contribution exhibited a clear shape modification: the yield was enhanced at

low NN(tt + ¢) scores in a way that closely followed the behaviour of the PH7 systematic.
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Figure 9.11 The systematic variation plot t¢ > 2b parton-shower PH7 systematic in the t£+2b
sample in the tt + c.

At higher NN scores, additional systematics appeared to be involved, indicating that the
tension was not attributable to a single nuisance. Several candidate systematics, acting
both on tt + ¢ and tt + 2b samples, were identified as capable of amplifying the apparent

tt + 2b contribution, particularly in the high-NN bins. Further evidence came from

tt+2b sample in the tt+c region
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Figure 9.12 A distribution of the ¢t + 2b sample in the tt + ¢ region as a function of NN ¢ + ¢
score.

the tt + ¢ FSR systematic, which also showed a strong pull and introduced noticeable
shape distortions shown in Figure 9.10. This suggests that multiple, entangled nuisance

parameters propagate through the fit, combining to produce the observed PH7 pull. In
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short, the t£ + 2b PHT7 systematic does not reflect a single isolated modelling issue but
rather the interplay of overlapping systematics in the tt + ¢ control region. We also see
that the raw systematic variation plots for ¢£ + 2b FSR and dipole systematics, shown
in Figure 9.13, for the tt + 2b sample in the ¢t + ¢ region, show the possible increase in
tt + 2b events in the ¢t + ¢ region at high ¢t + ¢ NN score bins. This plays into the non
trivial nature of the ¢t + 2b PS PH7 systematic.
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Figure 9.13 The systematic variation plots for ¢£ + 2b FSR (a) and dipole (b) systematics for
the tt + 2b sample in the tt + ¢ region.

Flavour Tagging Light EV0 Pull

In the combined fit, a moderate but non-negligible pull was observed in the light-jet
EVO0 systematic, shown in Figure 9.14. Importantly, this behaviour was absent in the
individual single-lepton and di-lepton fits, but appeared only in the combination. The
presence of such a pull indicates that the fit is using this nuisance parameter to absorb

tension between channels, rather than correcting a feature of the data.

bRy o e e oa

bTag c-jets EV 16

bTag light-jels EV O
bTag light-jeis EV 1
bTag light-jets EV 2
bTag light-je1s EV 3

Figure 9.14 Pull plots showing the flavour tagging light jet EVO pull in the combination fit.

The first step was to inspect the pre-fit and post-fit behaviour of the tt + light control

region. The di-lepton channel showed higher yield and larger variation than the single
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lepton channel, suggesting that the fit was exploiting the EV0 nuisance to balance the
two. At first this was thought to be an implementation error. However, considering
the event definition of each channel revealed an important difference: in the single
lepton selection, the hadronic W decay can proceed via W — c¢s, introducing a charm
quark that is more likely to be mis-tagged as a b-jet. This mechanism effectively re-
duces the relative rate of light-jet mis-tags in the single lepton sample. By contrast,
in the di-lepton channel both W bosons decay leptonically, so this source of charm
contamination is absent, making the di-lepton channel more sensitive to genuine light-jet
mis-tagging. The result is an intrinsic difference between the two channels in their
response to the EV0 systematic. The systematic variation plots for the light EV0 system-
atic in the single and di-lepton channel for in the ¢¢+light region is shown in Figure 9.15.
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Figure 9.15 The systematic variation plots for the light EV0 systematic in the single (a) and
di-lepton (b) channel for the tt+light region.
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Comparing the behaviour of the c-jet EV0 nuisance across channels. Indeed, the single
lepton channel showed stronger sensitivity to c-jet mis-tags, consistent with the W — ¢s
contribution, whereas the di-lepton channel retained a stronger dependence on light-

jet mistagging. This confirmed that the channel-specific physics was driving the tension.

Finally, we explored whether the pull could be relaxed by de-correlating the k-factors
associated with the t¢ + light background across the two channels. Allowing k¥ tight and
k‘tzf ignt t0 float independently reduced the combined light-jet EVO pull to below one
standard deviation. This shows that the nuisance parameter was previously acting as a
proxy to reconcile mismodelling differences between the channels, rather than indicating
a fundamental problem with the flavour-tagging implementation. This study was shown

to the flavour tagging group who agreed that this was a feature of the fit and not a bug
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Figure 9.16 The systematic variation plots for the c-jets EV0 systematic in the single (a) and
di-lepton (b) channel in the tt+light region.
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Figure 9.17 The relaxed pull of the light EV0 systematic.

This decorrelated k-factor approach, based on my recommendation, was adopted as

in the final fit as shown in Figure 9.18.

9.7.3 Finalised Statistical Model

The finalised statistical model represented by the S + B fit showing the background
normalisation factors in Figure 9.18. The tf specific background modelling systematic
pulls in Figure 9.19. The flavour tagging systematic pulls, Figure 9.20. The number of
finalised extrapolation uncertainties presented in Chapter 7 and seen in the final fit are
different due to some being pruned out. Finally, we have the other modelling systematic

parameters shown in Figure 9.21.
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Figure 9.19 The tt specific background modelling parameters pull plots for the final fit.
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Figure 9.20 The flavour tagging systematic pulls.
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Figure 9.21 Nuisance parameter pulls across modelling categories: (a) Other processes, (b)
tH, (c) ttH, and (d) tt.
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9.8 Results

The results are presented in two categories. The inclusive measurement refers to results
where the STXS regions are combined, either across both signal channels or within each
channel separately, by combining the STXS regions. This provides a single measurement
of the overall £ H signal strength without resolving the individual kinematic regions or an
overall per channel result. The differential measurement instead keeps the STXS regions
separate, while combining the single-lepton and di-lepton channels. This allows the
signal strength to be determined as a function of the Higgs boson transverse momentum,
thereby probing the kinematic dependence of the ttH production process. The global
goodness of fit is 87% for the o, /0y measurement in pr bins, highlighting that good

post-fit modelling is achieved.

9.8.1 Inclusive

An excess of events over the background is observed (expected) with a significance of
4.6 (5.4) standard deviations, from a combined profile-likelihood fit to data across all

signal and control regions. The measured ttH signal strength for my = 125.09 is:
g = 0.817038 = 0.81 £ 0.11(stat.) T078(syst.). (9.9)

The statistical component of the uncertainty is defined as the variation in p;;z when
all nuisance parameters associated with systematics are fixed to their best-fit values.
The systematic component is then obtained as the difference in quadrature between the
total and statistical uncertainties. The systematic contribution includes the theoretical
uncertainties in the SM ttH cross-section described in Section 9.6. The measured signal

strength in the single-lepton channel is:
i = 0.72 £0.12 (stat.) 103 (syst.), (9.10)
and in the di-lepton channel is:

i = 1.03 £0.26 (stat.) 7035 (syst.). (9.11)
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The combined 77 can be converted into an inclusive cross-section using the SM prediction
of 507%35 b for my = 125.09 , the result is:

oy = 4117501 fb = 411 + 54 (stat.) *52 (syst.) fb, (9.12)
with a relative uncertainty of tggﬁfg, consistent with the SM expectation. The overall
sensitivity is driven by the single-lepton channel, where systematic uncertainties dominate.

In contrast, the di-lepton channel is primarily limited by the available dataset size.

The fitted normalisation factors for the ¢t + jets background processes, which are treated
as free parameters in the likelihood fit, are listed in Table 9.8. The normalisation
factors for the tt + 1b, tt+ > 1lc, and tt+light backgrounds are allowed to float inde-
pendently in the single-lepton and di-lepton channels, while those for the tt+ > 2b
and tt + 1B processes are constrained to be correlated across the two channels. This
configuration is motivated by dedicated studies of different correlation assumptions
in the combined fit. The adopted setup provides sufficient flexibility in the fit model
while simultaneously minimising pulls and constraints on nuisance parameters when
fitting to data. These values are consistent between the single-lepton and di-lepton
channels within two standard deviations. For the tt 4 1b process, the normalisation fac-

tor is found to be slightly larger in the di-lepton channel than in the single-lepton channel.

Relative to the previous analysis of the same dataset, the current strategy selects
64% (29%) new events in the single-lepton (di-lepton) signal regions. The statistical
correlation between the two analyses is estimated using a bootstrap method to be 19%,
assuming independent systematic uncertainties. This assumption is justified by the fact
that the dominant tt + > 1b background is treated with a different systematic model, and
that experimental uncertainties have been updated. Based on this, the probability that
the current measurement is compatible with the result reported in [16] is estimated to be
21%. The fitted normalisation factors for the tt+jets background processes, treated as free
parameters in the likelihood fit, are summarised in Table 9.8. The values are consistent
between the single-lepton and di-lepton channels within two standard deviations. For
the tt + 1b process, the normalisation factor is found to be slightly larger in the di-lepton

channel than in the single lepton channel.

Figure 9.22 shows the measured values of 0,7 /0gy in bins of the Higgs boson transverse

momentum, p4, obtained from a combined profile-likelihood fit to data with an inde-
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pendent ttH signal strength parameter in each bin. The measurement is consistent with
the SM prediction, with a p-value of 89% including theoretical uncertainties in the SM
ttH cross-section. The inclusive signal strength is also shown. The measurements in the
300, 450) GeV and [450, oo) GeV p¥ bins are limited by statistical uncertainties, while
in the remaining bins the statistical and systematic contributions are comparable. The
definition of boosted regions improves sensitivity in the [450, co) GeV bin by about 15%
relative to an analysis based solely on resolved selections. The correlations between the
parameters of interest are shown in Figure 9.23, where they remain below 30% and are

larger at low pit.

Normalisation factor tt-+light tt+>1c tt+1b tt+1B tt+>2b
Single-lepton 078550 1515008 1065500 |\ hors g, +008
Dilepton 0.887015 1367030 124790y T T

Table 9.8 Best-fit values of the tt+jets normalisation factors obtained from the fit to data
with a single inclusive ttH signal strength parameter. Independent normalisation
factors for tt 4 1b, tt+ > 1lc and tt+light components are used in the dilepton
and single-lepton channels. Before the fit, the t¢+light and tt+ > 1lc components
are normalised to the tt cross-section computed at NNLO in QCD including the
resummation of NNLL soft-gluon terms, while the t{4+ > 1b normalisation is taken
from the ttbb MC simulation.
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Figure 9.22 The ttH cross-sections measured in bins of the truth Higgs boson transverse
momentum, quv[ , for |y| < 2.5, and inclusively in the full phase space. All results
are normalised to their SM predictions and obtained from a combined profile-
likelihood fit to data in all signal and control regions. Uncertainties are shown
separately for the measurement and for the theoretical prediction.
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Figure 9.23 Post-fit correlations between the measured values of the ttH cross-section, o,zy,

in bins of the truth Higgs boson transverse momentum, p¥ .
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9.8.2 Differential

The individual channel fit with STXS breakdown is shown in Figure 9.24. The di-lepton
channel is dominated by statistical uncertainties across all bins, demonstrating the weak

statistical power of the channel.
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Figure 9.24 The measured ttH cross-sections in bins of the Higgs boson transverse momentum,
qu{ , for |y| < 2.5, following the full STXS stage 1.2 binning scheme, together
with the inclusive cross-section. All results are normalised to the SM prediction
and obtained from a profile-likelihood fit to data in the single-lepton channel (a)
and di-lepton channel (b), including all corresponding signal and control regions.
The total uncertainty on each measured cross-section is indicated by the black
error bar, with statistical and systematic components shown in yellow and blue,
respectively. Theoretical uncertainties on the SM prediction are represented by
the hashed grey band.
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9.8.3 Summary Distribution

Post-fit yields of the ¢tH signal (S) and total background (B) are shown in Figure
9.25. They are shown as a function of log;,(S/B). Bins from all resolved and boosted
regions in the single-lepton and di-lepton channels are merged according to their signal-
to-background ratio. The signal is shown normalised to the best-fit result (red) and to
the SM prediction (yellow), stacked on top of the total background. The lower panel
displays the ratio of data to background compared with the best-fit prediction (solid
red) and the SM expectation (dashed orange). The shaded band represents the total

background uncertainty. Underflow and overflow bins are included.
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Figure 9.25 Observed and expected event yields as a function of log,,(S/B), where S and B
denote the post-fit signal and total background yields, respectively. All bins from
the fitted regions are ordered and merged according to their value of log;,(S/B).
The signal is shown for both the best-fit signal strength, © = 0.81, and the
Standard Model prediction, p = 1.0. The lower panel presents the ratio of
the data to the post-fit background expectation, compared with the signal-plus-
background prediction for the best-fit and SM signal strengths. The shaded band
represents the total uncertainty in the background estimate. The first and last
bins include the underflow and overflow contributions, respectively.
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9.8.4 Post-Fit Modelling

The post-fit summary plots for the control regions and signal regions of the analysis are
shown in the following distributions. Data is shown as black points, with the ttH signal
contributions in red, scaled by og,s/0gm. The shaded uncertainty band represents the
total statistical and systematic uncertainties, including their correlations. The lower
panels display the ratio of data to the total post-fit yield. Excellent post-fit agreement is

observed within the quoted uncertainties.
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{s=13Tev Biti>on Bt >1c
Single lepton mW +jets

STXS 1 STXS 2 STXS 3

o
8

STXS 5 STXS 6 Boosted SR

5

tt + 1b region tf + B region tT + > 2b STXS 1/2 tt + > 2b STXS 3/4

&

tT + > 2b STXS 5/6 tT + > 1c region tT + light region Boosted CR

Figure 9.26 Composition of the signal and control regions of the single-lepton channel. The
pie charts indicate the relative contributions of all processes, with one chart per
analysis region. Each control region is enriched in the corresponding output class
og the transformer network, while the signal region is subdivided into six bins of

pr-
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Figure 9.27 Post-Fit distributions of the seven signal regions in the single-lepton channel:
(a) STXS 1, (b) STXS 2, (c) STXS 3, (d) STXS 4, (e) STXS 5, (f) STXS 6, (g)
boosted signal region.
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Figure 9.28 Post-fit distributions of the eight control regions in the single-lepton channel: (a)
tt+ > 2b STXS 12, (b) tt+ > 2b STXS 34, (c) tt+ > 2b STXS 56, (d) tt + 1b, (e)
tt + 1B, (f) tt+light, (g) tt+ > 1¢, (h) boosted ttH control region.
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9.8.5 Uncertainty Breakdown

The absolute and relative systematic uncertainties in the measurement of 0,7, grouped by
category, are summarised in Table 9.9, while the impact of individual nuisance parameters
on the inclusive 0,7 /0gy is shown in Figure 9.29. The dominant contributions arise
from signal modelling, followed by the modelling of the tt+ > 2b background. In both
cases, the largest effects are associated with FSR and the choice of parton-shower model.
Among the experimental uncertainties, the leading contributions come from b-tagging

and the jet energy scale.

Among the eight most influential nuisance parameters, the strongest constraints are
observed for the tt4+ > 2b background uncertainties linked to the dipole shower model
and the choice of matching scheme. These constraints originate primarily from the
single-lepton channel, particularly in the signal regions and the tt+ > 2b control region
where this background is most significant. The constraints are further enhanced when
the tt+ > 2b control region is split into three subregions in the single-lepton channel,
allowing the modelling to be probed in bins of the reconstructed Higgs boson transverse

momentum.
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Uncertainty source Aoy (fb) Aoy /o (%)
Process modelling
ttH modelling
ttH radiation +35 —21 +9 —5
ttH parton shower +32 —19 +8 )
ttH matching <0.1 —0.3 <0.1 —0.1
ttH theory +25 —17 +6 —4
tt + > 1b modelling
tt + > 1b radiation +31 +8
tt + > 1b parton shower +29 +7
tt + > 1b matching +19 +5
tt+ > 1c modelling +18 +4
tt + light modelling +5 +1
tW modelling +16 +4
Minor background modelling +19 +5
Flavour tagging +36 +9
Jet modelling +22 +5
Monte-Carlo statistics +17 +4
Other instrumental +10 +2
Total systematic uncertainty +85 —75 +21 —18
Normalisation factors +21 +5
Total statistical uncertainty +54 +13
Total uncertainty +101 —92 +25 —22

Table 9.9 Absolute and relative uncertainties in the measured o,77. Each entry corresponds
to a distinct group of uncertainties, evaluated by re-running the fit with groups of
nuisance parameters fixed to their best-fit values. Theoretical uncertainties include
ISR/FSR, renormalisation and factorisation scale variations, STXS migrations, and
H — bb branching fraction. The total statistical uncertainty includes contributions
from the free-floating tf+jets normalisation factors.
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Figure 9.29 Ranking of the 20 modelling and experimental systematic uncertainties with
the largest post-fit impact on the inclusive cross-section. The empty (filled)
blue rectangles indicate the pre-fit (post-fit) impact on o,z /0gy and correspond
to the upper axis. The impact of each nuisance parameter, A(ozy/0sMm), 1S
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axis.



Chapter 10

tt H (bb) EFT Interpretation

“The SEP 500 is my favourite meme coin.”
— Hannah Mehravari, after the Trump tariffs, April 2025.

With the ttH (bl_)) legacy analysis producing the most precise measurement of its kind to
date, a SMEFT interpretation was used to test for the potential presence of BSM effects.
Using this analysis we can update the precision on the Wilson Coefficients (WC), which
determine the strength of the SMEFT operators.

10.1 Early Run-2 Results

Before we proceed with the analysis, we briefly review the tt HH EFT precision measurement
landscape. The main point of comparison for our results will be a early run-2 result
from 2016 [143]. The analysis in question used a combination of results from both the
CMS and ATLAS collaboration. In order to break the degeneracy between the operators
the authors used H, H + j and ttH analyses: the pp — H measurements used are the
following: in the diphoton channel we use [144, 145] at 8 TeV and [146] at 13 TeV; in the
WW/ZZ /77 channels we use [147, 148, 149, 150, 151, 152]; measurements of pp — ttH
at 8 TeV in the diphoton channel are given in [153, 154], while in the multilepton and bb
channels we use [153, 155, 156]. Finally, 13 TeV measurements of t¢H in the multilepton
and bb channels are also included [157, 158]. Both processes depend on the three operators
discussed in Chapter 2. The result of this combination and re-interpretation, in terms

of the most relevant operators for ttH, is shown in Table 10.1. From these results we

156
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observe constraints of ¢, ¢y and ¢, from singular WC fits, known as individual fits,
and a combination of all three WCs known as combined fits. Comparing individual and
combined fits we see that there is loss in precision when trying to fit more than one WC
at a time, This can be attributed to the inherent degeneracy between the WCs. This
degeneracy occurs when there is a set of observables and a set of operators that are
correlated. This correlation leads to a loss in precision as we don’t have the statistical
power to separate the effects of each operator. With the addition of H and H + j data,

this study managed to reduce the loss in precision'.

Individual ¢ Fixed Combined
Ct [-3.9,4.0] [-12,20] -14,31]
coe  [-0.0072,-0.0063] [-0.022,0.031] [-0.021,0.054]
Ca [-0.68,0.62] - [-1.8,1.6]

Table 10.1 The final precision obtained by the early Run-2 EFT analysis [143]. Levels of
precision are presented for fits of individual parameters (left), a two parameter fit
where ¢, is fixed (middle) and all three parameters left free in the fit (right).

'A total loss in precision would be a statement such as: I have 15 coins in my hand +500. A
physicists guttural reaction would of course be: negative coins are unphysical and not even a gorilla
could hold 500 coins in their hand.
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10.2 Analysis Methodology

For any EFT fit we first need a Monte Carlo sample with an EFT prediction in order to
fit our data on to it. This is usually performed with dedicated samples created using a
generator of choice. However, as we are using the finalised published analysis we can
modify the provided SM samples to include an EFT prediction. We plan to re-interpret
our SM result in the SMEFT framework, which can be summarised as a change of basis
from p (signal strength) to our desired WC and so our WC becomes our POI. Using
cross-section weights, which provide different values per STXS region, provided by the
ATLAS global EFT analysis we can read these into our signal samples and create an
EFT prediction for our desired EFT WC per STXS bin [159]. With these predictions in
hand we can then fit our data and extract the values of a given WC or multiple WCs in

a combined fit. A flow diagram of this workflow can be seen in Figure 10.1.

When performing the fit we use TRExFitter just as in ttH (bl_)) legacy analysis. The same
TRExFitter configuration file is also used with minimal changes made to it in order to
incorporate the EFT weights and change of POI from p to WC.

Figure 10.1 The stages of processing (orange), fitting (blue) and results (green) for the EFT
fits.

10.2.1 EFT Weights

The EFT weights are used to modify the cross section as described in Equation 2.23. We
read these weights into the SM sample are split by STXS bin and if they are linear or
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quadratic in nature. The linear weights only include the SM-EFT mixing contributions
where as the quadratic weights include contributions from both the mixing term and pure
BSM term. The weights themselves are extracted from existing MC samples containing
EFT predictions in them and are provided by the ATLAS global EFT analysis. The
samples are generated using MadGraph5_aMC@NLO with two different Universal FeynRules
Output (UFO) models: SMEFTsim for tree-level diagrams and most production/decay
processes and SMEFTatNLO for ggF', computed at NLO in QCD. Pythia8 is used for
parton showering, hadronization, and Higgs decay modelling. A Rivet framework (with
modifications) is used for the classification of events into STXS regions. The effects of
each operator per STXS bin can be isolated and extracted as a weight on the SM STXS
bin (either increasing or suppressing the cross-section). Throughout the fits presented,
many validation and compatibility studies were conducted. No significant deviation
in background normalisation factors were observed, nor were there noticeable pulls or

deviations in nuisance parameters that weren’t present in the baseline SM fit.

10.3 Results

10.3.1 Linear

The following results presented are the linear only fits for individual WCs and finally a
combination of all three WCs. Each bin in each region requires a fit to the prediction
and then a fit to the data to provide the final result. The EFT prediction is fit to a linear

function in the form of y = mx + ¢, where y is the ratio of EFT and SM cross-sections

(O’(WC)
o(SM)

all linear fits ¢ will always be 1, as

), « is the WC, m is the modification to the WC and c¢ is the y-axis intercept. For
oc(WC=0) __ o(SM)

a(SM) — o(SM)
a signal (background) region can be seen in Figure 10.2a (Figure 10.2b). The results for

= 1. An example plot of linear fit for

these individual fits will be summarised in tables for the remainder of the linear results
section. Background results are omitted from this discussion as they aren’t relevant to
the discussion at hand but served as a cross-check that the fits were behaving as expected.
The linear fits will serve as a test as to whether or not we can resolve the contributions
of the three main WCs in combination. As such the results provide a window on the
effect of the improved ttH analysis on the relevant WCs to be compared to the early
Run-2 results shown in Table 10.1.
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(b) Example background region linear fit for c4q, tt > 2b STXS 34.

Figure 10.2 Linear fits of cy; to the EFT prediction in representative signal (top) and
background (bottom) regions fitted to the discriminant. The black points are the
ratio o(cyi)/o(SM), and the red line shows the linear fit.

Cd)G

0.40

The fitted value of ¢4 in the linear regime is —0.501:38.

As discussed earlier ¢, isn’t
solely constrained by the ttH production process and can be more constrained further
in global fits [159]. As such we don’t come close to the early Run-2 result, in terms of

precision, due to the inherent low statistics of our single analysis fit.

(&6

+0.40

The fitted value of ¢, in the linear regime is 0.35" 3.

As with cyq, ¢ is better served

in global fits as other production modes with will contribute to its precision.
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Ct¢

For ¢4 the fit yields a central value of 2.351 142 is observed. While also consistent with

the SM, the precision here is significantly improved that with early Run-2 results shown
in Table 10.1. This is fit is still however still in the linear regime and not fit to the full
theory.

Combined Results

Having examined the impact of each Wilson coefficient individually, we now perform
a simultaneous fit to cs¢, ¢;¢ and ¢, within the linear approximation. This allows us
to assess the interplay between the operators and quantify the correlations that arise
when they are floated together. The combined fit provides a more realistic picture of
the sensitivity achievable in ttH alone. However, we observe a loss of precision for all
WCs compared to their individual fits as seen in Table 10.2. This is due to degeneracy
observed in Figure 10.4. All combinations of two WCs were tested but with a similar

loss in precision due to this degeneracy.

WC | Central Value | Uncertainty
CoG 1.88 [-7.57,7.64]
ciq 3.05 [-0.50,0.50]
Cto -9.80 [-31.70,31.18]

Table 10.2 The results for a linear three WC combination fit.
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Figure 10.3 The correlations of the three WCs in the combination fit.

10.3.2 Degeneracy in the Combined Fit

Figure 10.4 shows the predicted EF'T modifications to the Higgs transverse-momentum
spectrum, do/ dp¥. Although ¢, and ¢t enter the theory in different ways, their impact
on do/dpa'% is highly similar across the range probed here. In particular, both act
largely as rescaling of the spectrum with only modest shape variations at moderate p4 .
Within the current statistical uncertainties these distortions overlap, so the likelihood
can be equally well described by a positive shift in ¢,; compensated by a negative shift
in ¢, (and vice versa). This trade-off produces the strong anti-correlation seen in Figure
10.3 and leads to the loss of precision for both coefficients in the simultaneous fit. While
¢t is most affected, showing a substantial broadening of its allowed interval, ¢, also
suffers reduced precision compared to its individual fit, underscoring the difficulty of
disentangling their contributions via t¢H alone. In contrast, cs; generates a harder
spectrum at high it providing a distinct handle that reduces its degeneracy with the

other operators.

In contrast, the early Run-2 EFT interpretations combined information from several
analyses, including inclusive t, single-top, and Higgs production channels. By exploiting
the complementary sensitivities of these processes, the fits were able to break the degen-
eracy between ¢, and ¢4 that is evident in ¢ZH alone. This highlights the role of global

analyses in disentangling correlated operators and achieving tighter overall constraints.
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Figure 10.4 Comparing the effects of different WCs to the Higgs pr: unweighted Higgs pr
(SM, Black), cy (red), ¢ (blue) and ¢y (green).

10.3.3 Quadratic

For the quadratic fits the full EFT dependence is taken into account, and these results
should be regarded as the final values for comparison. As already seen in the linear case,
attempting to extract all three coefficients simultaneously leads to a sharp loss of precision
because of the strong degeneracies between them. The early Run-2 interpretations
alleviated this by combining several processes, which provided additional handles to
separate the operator effects. In contrast, the present study relies only on the single-lepton
ttH dataset and therefore lacks the statistical power needed to break these correlations.
For this reason no combined quadratic fit is presented; the discussion instead centres on
the individual WC fits and on comparing their achieved precision with the corresponding
early Run-2 results. The following fits were evaluated using the saturated model goodness
of fit method [160].
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C¢G

Coc = —0.16703% = —0.161073(stat.) To07(syst.). (10.1)

The precision obtained in this analysis is lower than that achieved in the early Run-2 EFT
studies. The main reason is the limited by the statistics of the single dataset considered
here, restricted to the single-lepton ttH channel. The goodness of fit was found to be
0.80.

(&6l

e = 0.20703 = 0.2045,° (stat.) Too7 (syst.). (10.2)

In contrast to the behaviour of ¢y, the individual quadratic fit for ¢;; shows a noticeable
improvement over the early Run-2 results. The gain in precision comes from two
main factors: the larger dataset now available in the single-lepton ttH analysis, and
a more refined treatment of the high-py regions that are especially sensitive to the
chromomagnetic operator. Together these enhancements shrink the uncertainty interval
on ¢ relative to the Run-2 study and highlight the improved discriminating power of this
channel on its own. Although global fits are still required to cleanly separate the effects
of different operators, these results emphasise the growing impact of the ttH channel
in directly constraining c;,;. When splitting the final uncertainty into statistical and
systematic contribution, as shown in Table 10.5, we see that the statistical contributions

are the dominant factor. The goodness of fit was found to be 0.81

Cy @

o = 2.5515 72 = 2,557 150 (stat.) T1go(syst.). (10.3)

The quadratic fit to ¢, shows a clear gain in precision compared with the early Run-2
results. This is a notable outcome, since ttH is the only channel that provides direct
sensitivity to ¢,;, making the improvement both unique and valuable. In other words, the
stronger constraint achieved here highlights the growing role of ttH in testing the top-

Higgs Yukawa interaction. Looking at the breakdown of the uncertainty, the statistical
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and systematic components are now of similar size. That balance shows the measurement
is no longer limited purely by the amount of data, but is equally shaped by systematic
effects. This is an encouraging sign of maturity for the ttH analysis, and a pointer to

where future improvements will need to focus. The goodness of fit was found to be 0.83.

10.3.4 Omitting the High p, Regions

As the weights provided are split by STXS region, the created predictions are also split
into STXS regions. Doing so reveals how each region evolves and their regime changes
from being dominated by the linear coefficient to the quadratic coefficient becoming more
present as shown in Table 10.3. Thus, is worth investigating how different STXS regions
contribute to the sensitivity of the fitted WC. Intuition would suggest that the higher
STXS region EFT predictions would contain a more dominant quadratic regime and
hence these regions would be a more sensitive, as discussed earlier. A quick test for this
would be to remove these regions (STXS 5,6 and Boosted) from our fit and see if the
affect on the central value and precision of our fitted WC. We expect ¢, and ¢y to show
a shift in central value and a significant loss in precision as they become more sensitive
to the quadratic regime at higher py. Notably, ¢4 is unaffected in this regard, as we do

not observe a shift in the linear or quadratic modifications as we increase in py.
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Region | Bin fo6 Ctp e
Lin Quad | Lin Quad | Lin Quad
1 ]-0.845 0.589 | -0.123 0.004 | 0.465 0.296
STXS 1 2 -0.843 0.579 |-0.123 0.004 | 0.462 0.287
3 1-0.843 0.579 | -0.123 0.004 | 0.463 0.287
4 1-0.845 0.587 | -0.123 0.004 | 0.464 0.291
1 ]-0.881 0.688 |-0.123 0.004 | 0.498 0.363
2 | -0. 684 | -0.12 .004 4 )
STXS 9 0.880 0.68 0.123 0.004 | 0.498 0.360
3 1-0.879 0.678 | -0.123 0.004 | 0.497 0.353
4 1-0.881 0.684 | -0.123 0.004 | 0.499 0.356
1 1-0.935 0.940 | -0.123 0.004 | 0.554 0.561
2 1-0.938 0.948 | -0.123 0.004 | 0.556 0.565
STXS 3
3 1-0.941 0.956 |-0.123 0.004 | 0.559 0.568
4 1-0.948 0.980 |-0.123 0.004 | 0.566 0.581
1 1-0.982 1.452 |-0.123 0.004 | 0.607 1.014
STXS 4 2 [-0.988 1.504 |-0.123 0.004 | 0.614 1.056
3 1-0.995 1.564 |-0.123 0.004 | 0.621 1.106
4 1-1.010 1.669 |-0.123 0.004 | 0.636 1.190
1 ]-0.988 2424 |-0.123 0.004 | 0.644 2.170
2 1-0.990 2.545 | -0.123 0.004 | 0.651 2.282
STXS 5
3 1-0.997 2.694 | -0.123 0.004 | 0.663 2.427
4 1-1.005 2958 |-0.123 0.004 | 0.679 2.700
1 [-1.032 4.937 | -0.122 0.004 | 0.696 6.436
2 | -1.041 5.377 | -0.122 0.004 | 0.708 7.147
STXS 6
3 |-1.0561 5.788 |-0.122 0.004 | 0.724 7.742
4 1-1.073 6.792 | -0.122 0.004 | 0.755 9.315

Table 10.3 Merged linear and quadratic modifications for cyq, ¢, and ¢4 in all signal regions.

Cqu

Central Value

Uncertainty

Stat.

Syst.

cd)G

-0.17

[-0.27, 0.27]

:0.26,0.25] | [-0.08,0.08]

Table 10.4 EFT fit to data for the cy WC, central value and precision.
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For c4¢, the fit after removing the high-py regions yields a central value of —0.17
with an uncertainty of £0.27. The shift in the best-fit point relative to the full fit is
small, indicating that the central value remains stable. However, as expected, the overall
precision is reduced when the boosted STXS bins are excluded, reflecting the important
role of those regions in constraining c,;. The decomposition of the uncertainty shows
that both statistical and systematic components contribute at a similar level, with the
statistical term dominating but systematics already playing a non-negligible role. This
confirms that the boosted categories provide unique sensitivity to quadratic effects in

Cyi» and that removing them leads directly to a measurable loss in precision.

(&6

Central Value | Uncertainty Stat. Syst.
0.21 [:0.24, 0.27] | [0.22,0.25] | [-0.11,0.11]

(&6l

Table 10.5 EFT fit to data for the ¢, WC, central value and precision.

For ¢;,; compared to the full fit, the central value is relatively stable, but the uncertainty
band broadens, showing a clear loss of precision once the high-pr regions are removed.
This behaviour matches the expectation that ¢, is particularly sensitive to the higher-
pr bins, where quadratic contributions become more significant. The breakdown of
the uncertainty reveals comparable contributions from the statistical and systematic
components, with systematics already limiting the precision at a level similar to the
data statistics. Overall, this result demonstrates that the high-p; regions provide unique

discriminating power for ¢,, and that excluding them reduces the effectiveness of the fit.

Cy @

Central Value | Uncertainty Stat. Syst.
241 [-2.27, 2.38] | [-1.47,1.61] | [-1.73,1.75]

Ct¢

Table 10.6 EFT fit to data for the ¢, WC, central value and precision.

For ¢4, the fit after removing the high-p; regions yields a central value of 2.41 with

an uncertainty of T235. In contrast to cy and ¢, the precision here does not show a
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significant loss when the boosted categories are excluded. This behaviour is consistent
with expectations, as the impact of ¢4 is largely rate-like and does not become more
pronounced at higher Higgs pr. The decomposition of the uncertainty shows that the
statistical and systematic contributions are of comparable size, with both effects limiting
the overall precision. This result confirms that, unlike the other operators, ¢;, does not
rely strongly on the high-pr bins for sensitivity, and the stability of the fit reflects the

different nature of its modification to the ttH process.

10.4 Discussion

The results presented in this chapter demonstrate that the t£H (bb) channel has advanced
into a new regime of sensitivity for constraining dimension-six operators in the SMEFT
framework, most notably for ¢, and ¢,,. While the early Run-2 EFT interpretations
already highlighted the potential of t#H, the present analysis pushes the precision of
these measurements further, thanks to both the increased dataset and the explicit im-

provements of the inclusion of high-p; boosted and resolved Higgs signal regions.

For ¢,;, the chromomagnetic operator, the improvement is particularly interesting.
The central value remains close to the SM expectation, but the allowed interval has
contracted relative to the early Run-2 results, indicating a genuine gain in precision.
This enhancement can be traced to the high-pr STXS bins (STXS 5, 6 and the boosted
category), where the quadratic contributions of ¢,; become increasingly important. By
improving the treatment of these signal regions, the analysis adds statistical power to
improve the overall precision. The resulting constraints on ¢, establish tH as one of
the most sensitive direct probes of this operator, and underscore the value of exploiting

the boosted Higgs phase space despite its lower event yield.

The situation for ¢;4, the Yukawa-like operator, is more nuanced. Here too the precision
obtained represents a significant advance over the early Run-2 results, and this constitutes
one of the most important outcomes of the present study. Since ¢, modifies the Higgs-top
Yukawa interaction directly, the ttH process is essentially unique in its ability to constrain
this coefficient. The tighter limits achieved here therefore reflect an exclusive strength of
this channel. However, the gain does not originate from the boosted bins in the same way
as for ¢;;. Within the kinematic reach and statistical power of the current dataset, the

effect of ¢;4 continues to appear largely as a rescaling of the overall ttH rate. Although
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in principle this operator can induce shape modifications at very high energies, these
are not resolved in the Run-2 dataset. The apparent insensitivity of ¢, to the high-pr
bins is thus a reflection of the limited statistics and energy range probed, rather than a
fundamental property of the operator itself. In this sense, the improvement in precision
is driven primarily by the increased dataset and refined systematic treatment, rather

than by the addition of the boosted categories.

In a broader context, these findings highlight both the promise and the limitations
of using single-channels alone to constrain SMEFT operators, such as our t£H (bb) single
lepton channel used here. On the one hand, the improvements in ¢, and ¢;, demonstrate
that this channel can independently deliver meaningful constraints on operators that
directly probe the top-Higgs sector. On the other hand, the degeneracies observed in
the simultaneous fits underline the necessity of global combinations across multiple
production and decay channels in order to fully disentangle correlated operator effects
and break the degeneracy. Early Run-2 studies made this point by showing how combined
analyses could break degeneracies that are unavoidable in single-channel fits. The present
results extend that narrative: t£H (bb) alone has now reached a level of precision where
its contribution to global fits is not only complementary, but competitive for two of the

three variables.

Looking forward, the lessons from this analysis point clearly to the HL-LHC. With
an order-of-magnitude increase in statistics, boosted Higgs categories will become densely
populated, and the shape effects of ¢, at the TeV scale may finally emerge. At the same
time, systematic uncertainties, already comparable to statistical errors in the present
study, will become a sigficant limitation. Continued advances in theoretical modelling,
Monte Carlo generation, and experimental techniques will therefore be essential. Never-
theless, the progress achieved here demonstrates that the t£H (bb) channel is not only a
unique probe of the Higgs-top Yukawa interaction, but also a vital component in the

precision SMEFT programme at the high-energy frontier.



Chapter 11

Conclusion and Outlook

“When you do things right, people won’t be sure you’ve done anything
at all.”
— Space God, providing perspective to Bender the robot.

The associated production of a Higgs boson with a top-quark pair was measured in the
H — bb decay channel, using the full Run 2 ATLAS dataset of 140 fb™" of pp collisions at
Vs = 13 TeV. Final states with one or two leptons were analysed, leading to an inclusive

cross-section measurement of:
oy = 411 £ 54 (stat.) T22 (syst.) fb,

for a Higgs boson mass of 125.09 GeV, consistent with the Standard Model prediction
of 507135 fb. An excess of events over the background expectation was observed with
a significance of 4.6 standard deviations (5.4 expected). The cross-section was also
measured differentially in bins of p¥ within the STXS framework, with the highest bin
probing Higgs bosons above 450 GeV. These measurements establish the t£H (bb) channel

as one of the most precise single-channel probes of the Higgs—top interaction.

This precision is enabled by several key improvements compared to earlier analyses.
Looser selection requirements and enhanced b-tagging raised the overall signal acceptance,
while a powerful multiclass neural network was used to define control regions enriched in
different tt+jets components. Dedicated simulation and systematic models for the ¢t + 1b
background, along with data-driven corrections for the tt 4+ 1c and tt+light categories.

New high pr extrapolation uncertainties were also implemented providing more robust

170
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statistical treatment for PFlow jets above their respective flavour calibration threshold.
These provided greater control of backgrounds and significantly improved sensitivity.
These developments not only delivered the most precise inclusive and differential t H mea-
surement in this channel to date, but also enabled competitive SMEFT re-interpretations,

particularly constraining the chromomagnetic operator:

e = 0.20703% = 0.204 953 (stat.) To0r(syst.),
and the Yukawa-like operator:

o = 2.557532 = 2.55 155 (stat.) T1 0o (syst.),

which sees an improvement in its precision by a factor of 2. At the same time, the analysis
highlights important limitations. The t£H (bb) measurement is dominated by systematic
uncertainties, especially those from ttH signal modelling and tt+jets backgrounds. In the
EFT interpretation, the gain in ¢, precision originates from boosted and high-pr bins,
where quadratic contributions become relevant, whereas ¢, remains largely constrained
through rate effects due to the limited statistical reach of Run 2 data. This shows that
while t£H (bb) alone provides meaningful constraints, it does not provide the high energy
statistical power needed to resolve the unique effects of ¢;4’s governing operator. Not
to mention the observed degeneracy between operators, underlining the need for global
combinations across multiple production and decay modes to fully disentangle correlated

effects.

Looking forward, the HL-LHC offers a clear path to extend these results. With an
order-of-magnitude increase in statistics, boosted Higgs categories will become well
populated, allowing sensitivity to the high-energy shape effects of operators like ¢;,. To
match this statistical reach, advances in theoretical modelling, Monte Carlo generation,
and experimental techniques will be essential, as systematic uncertainties are already
a limiting factor. These improvements should hopefully lead us to new physics at the

energy frontier.



Appendix A

Auxiliary Plots

A.1 Pre-Fit Modelling

For the di-lepton channel, the background composition is shown in Figure A.1. The
same general pattern is observed, with the tt+light and tt+ > 2b regions exhibiting high
purity. Here, the tt+ > lc process is more cleanly separated than in the single lepton
case, benefiting from the additional constraints of the di-lepton final state. As in the
single lepton channel, the tt+ > 2b background remains the dominant contribution in
the signal regions, with ¢f + 1b and other processes becoming more relevant in the low-

and high-p¥’ bins, respectively.

For the di-lepton channel, five control regions are used, as illustrated in Figure A.3. Again,
the ratio of data to MC predictions indicates a very good level of pre-fit agreement within
the defined uncertainties. The six resolved signal regions are shown in Figure A.2, with
similarly strong pre-fit agreement. No boosted signal region is defined in the di-lepton

channel due to limited statistics.
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ATLAS Simulation Internal @Qther @tW
mtt + ligh@mttZ
Dilepton ott + > 2@ttt + > 1c
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tt + 1b CR tt + 1B CR tt + >2b CR

& &

tt + >1c CR tt + light CR

Figure A.1 Composition of the background processes in the signal and control regions of
the di-lepton channel. The pie charts display the relative contributions of all
processes, with one chart per analysis region. Each control region is enriched
in the corresponding output class of the transformer network, while the signal
regions are further split according to qu .
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Figure A.2 Pre-fit distributions of the six signal regions in the dilepton channel: (a) STXS 1,
(b) STXS 2, (¢) STXS 3, (d) STXS 4, (e) STXS 5, (f) STXS 6. Each region is
constructed to be enriched in the relevant flavour component of the additional
jets in the dominant tt+jets background. The uncertainty band includes both
statistical and systematic contributions, excluding the free-floating normalisations
of the individual tt+jets flavour components. All discriminant scores are rescaled
to the interval [0, 1] using a logistic function.
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Pre-fit distributions of the six control regions in the di-lepton channel: (a) tt+ > 2b,
(b) tt + 1b, (c) tt + 1B, (d) tt+light, (e) tt+ > lc. Each region is constructed
to be enriched in the corresponding flavour component of the additional jets in
the dominant tt+jets background. The uncertainty band includes both statistical
and systematic contributions, excluding the free-floating normalisations of the
individual tt+jets flavour components. All discriminant scores are rescaled to the
interval [0, 1] using a logistic function.
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A.2 Post-Fit Modelling
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Figure A.4 Composition of the signal and control regions of the di-lepton channel. The pie
charts indicate the relative contributions of all processes, with one chart per
analysis region.
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of the seven signal regions in the Di-lepton channel:

(a)

STXS 1, (b) STXS 2, (c) STXS 3, (d) STXS 4, (e) STXS 5, (f) STXS 6.
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A.3 STXS Ranking Plots
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