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tt̄H Production Measurement
in the H→bb̄ Decay Channel with Atlas at 13TeV

and System Tests for the Pixel Detector

Abstract

The Yukawa coupling between the Higgs boson and the top quark – the heaviest
elementary particle in the Standard Model of particle physics – is one of the funda-
mental parameters of the theory. With a value close to unity, it may play a unique
role in electroweak symmetry breaking. Additionally, it is central to the shape of the
Higgs potential and possible models of vacuum decay, while at the same time being
highly sensitive to physics processes beyond the Standard Model. The top Yukawa
coupling is only directly accessible in processes involving the associated production
of a Higgs boson with one or more top quarks.

This thesis presents an analysis of the associated production of a top quark pair with
aHiggs boson in the bottom–anti-bottomHiggs boson decay channel and the leptonic
top quark decay modes. The analysis uses the full Run 2 dataset of 140 fb−1 collected
between 2015 and 2018 at a centre-of-mass energy of 13TeVwith the Atlas detector
at the Large Hadron Collider. Since a previous analysis using the same dataset has
been published already, a focus is placed on improvements included in the legacy
re-analysis presented in this thesis. Herein, special attention is given to the develop-
ment of permutation-invariant Transformer neural networks to suppress dominant
background processes and reconstruct the Higgs boson from its decay products for
a diࡓerential cross-section measurement conducted as part of the analysis. The ob-
served signiࡖcance against a background-only hypothesis is 4.6f compared to an
expected signiࡖcance of 5.4f. The measured inclusive cross-section of 411 +101

− 92 fb for
a Higgs boson mass of 125.09GeV is consistent with the Standard Model prediction
and represents the most precise single-channel measurement of the signal process
to date.

The identiࡖcation of hadronic jets originating from bottom quarks is of central im-
portance to the analysis presented in this thesis since four such jets are expected
in the leading-order nalࡖ state of the signal process. The Pixel detector situated at
the core of the Atlas detector is crucial for identifying the characteristic displaced
secondary vertices of these jets. Therefore, a second focus of this thesis lies in the
development of automated system tests for the Pixel detector to ensure continued
good detector performance for future physics analyses using Run 3 data.
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Marcus Brody:
[It] is a source of unspeakable power, and it
has to be researched!

Maj. Eaton:
And it will be, I assure you, Dr. Brody, [He
turns to Indy] Dr. Jones. We have top men
working on it right now.

Henry ‘Indiana’ Jones:
Who?

Maj. Eaton:
Top. Men.

(from: Raiders of the Lost Ark, 1981, Paramount Pictures)
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Part I.

The Standard Model —
and how to test it at the Lhc
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CHAPTER 1

The Standard Model of Particle Physics

To explain the phenomena observed in experimental particle physics experiments,
the Standard Model [4–13] was formulated in the 1960s and 1970s as the most com-
plete framework describing our universe to date. It encompasses three of the four
fundamental forces governing nature with unrivalled precision using the common
language of renormalisable quantum eldࡖ theories.

Of course, unlike some of its virtual particles, the Standard Model did not emerge
from the vacuum1. Instead, it builds on the foundations laid by such earlier models
as covariant Quantum Electrodynamics (Qed) [14–22], the Yukawa interaction [23],
and Fermi theory [24], which were formulated to describe the electromagnetic force,
the strong force between hadrons, and the weak force observed in radioactive
V-decays, respectively. In turn, these are based on the paradigm-shifting formu-
lation of quantum mechanics [25–30] and special relativity [31, 32] – the list could
go on. On the experimental side, these models were met by discoveries such as those
of particle spin [33] and of anti-particles [34], but also by the development of exper-
imental techniques such as the cloud chamber [35] and the cyclotron [36], which
enabled particle physics experiments in the rstࡖ place. In general, the history of
modern particle physics – and that of science overall – is one of the continuous ex-
perimental veriࡖcation and falsiࡖcation of theoretical models in the hope of slowly
converging on the true nature of reality. The work carried out for this thesis in one
corner of the Standard Model will hopefully do its small part in this ongoing story.

In the following, the Standard Model will be delineated in Section 1.1 with a short
outline of its shortcomings and possible solutions involving physics beyond the Stan-
dard Model. Afterwards, Section 1.2 will take a closer look at the physics of the top
quark, the Higgs boson, and their interaction with each other.

1 It has also stood the test of time (and of many experiments) better than the average virtual particle.
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Chapter 1. The Standard Model of Particle Physics

1.1. The Standard Model
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Figure 1.1: Graphic of the fundamental Standard Model particles with their properties.
The particles can be divided into fermions, vector bosonsmediating the three fundamental
forces included in the Standard Model, and the scalar Higgs boson. Coloured frames
relate force mediators to the respective fermions with non-zero couplings. The couplings
between bosons are not shown. The mass values are taken from Reference [37].

The fundamental particles postulated by the Standard Model (Sm) organise them-
selves into two principal groups: the twelve spin-½ fermions2 obeying Fermi-Dirac
statistics, and the integer-spin bosons obeying Bose-Einstein statistics. While the
fermions make up all visible matter in the universe, spin-1 gauge bosons mediate
the interactions between them. The electromagnetic force is mediated via mass-
less photons, the strong force described by Quantum Chromodynamics (Qcd) via

2 Additionally, each fermion has an anti-fermion ‘twin’ with some of its quantum numbers, such as
the electric charge, inverted. For brevity, fermion is used to refer to both fermions and anti-fermions,
unless explicitly stated.
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1.1. The Standard Model

massless gluons, and the weak force via massive electrically charged,± bosons and
neutral / bosons. The electromagnetic and the weak force can be combined to form
a single Quantum Field Theory (Qft) via electroweak uniޮcation [4–6] as described
in Section 1.1.2. Lastly, the Sm contains one additional particle: the massive scalar3

Higgs boson linked to spontaneous symmetry breaking of the electroweak gauge sym-
metry. The Higgs eldࡖ gives rise to the particle masses via the Brout-Englert-Higgs
mechanism [38–43] outlined in Section 1.1.3. A summary of all fundamental Sm
particles and their properties is provided in Figure 1.1.

Which fermions couple to which force mediator is determined by a separate quan-
tum number – the charge of the interaction – for each of the fundamental forces.
Six of the fermions carry a colour charge – the quantum number linked to Qcd –
and thus couple to the strong force, while the other six do not. The former group is
therefore referred to as quarks, while the latter is called leptons. Meanwhile, the
coupling to the electromagnetic force is determined by the electric charge &. Finally,
the charge associated with the weak force is the weak isospin ) , which behaves dif-
ferently depending on the chirality of the fermions. As a result, only the left-handed
fermions and right-handed anti-fermions, organised in weak isospin doublets, inter-
act with the, bosons4. The right-handed fermions and left-handed anti-fermions
instead form weak isospin singlets, and thus do not couple to the, bosons. Addition-
ally, the fermions can be classiࡖed into three generations. Corresponding particles
in diࡓerent generations have identical quantum numbers but increase in mass with
increasing generation. The quark pair and the lepton pair in each generation form
the weak isospin doublets.

As a Qft, the Sm treats particles as excitations of fundamental quantum eldsࡖ de-
scribed in a Lagrangian formalism. For free fermions without particle interactions,
the Lagrangian based on the Dirac equation has the form

LDirac = k̄
(
7W`m` −;

)
k , (1.1)

using the Einstein summation convention and the four-component spinor eldsࡖ k,
the fermion mass ;, the Dirac matrices5 W` , and the adjoint spinor eldsࡖ k̄ = k†W0.

Continuous symmetries in the theory give rise to conserved currents in accordance
with Noether’s theorem [44], highlighting the special role of symmetries in theoreti-
cal physics. The formulation of the Sm ensures invariance of the Lagrangian under
gauge transformations of the form

k→ k′
= exp(7\0�0)k , (1.2)

where k is a fermion ,eldࡖ and exp(7\0�0) with implicit summation over 0 repre-
sents the gauge transformation using the generators �0 of the Lie group associated

3 Meaning it has a spin of 0 and transforms symmetrically under parity transforms.
4 The story gets more complicated for / bosons due to electroweak uniࡖcation.
5 The Dirac matrices satisfy W`Wa + WaW` = 2 6`a for the Minkowski metric 6 = diag(1,−1,−1,−1).
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Chapter 1. The Standard Model of Particle Physics

with the gauge symmetry under consideration. For local gauge transformations,
coordinate-dependent phase factors \0(F) are used. In this case, m` in Equation (1.1)
is replaced by the covariant derivative,

�` = m` + 7�0�0,` ,

for invariance under local gauge transformations. �0,` are the gauge ,eldsࡖ which
themselves transform as �0,` → �′

0,` = �0,` − m`\0 under the gauge transformation.

Overall, the Sm Lagrangian is based on the gauge symmetry

SU(3)� × SU(2)! × U(1). ,

where SU(<) refer to special unitary and U(<) to unitary groups of degree <. Addi-
tionally, the subscript ! signiࡖes that the gauge group only acts on the left-handed
fermion doublets, while � and. refer to the quantum numbers of the colour charge
and the weak hypercharge6, respectively. Thus, SU(3)� refers to the non-Abelian
gauge group with eight generators underlying Qcd. Meanwhile, SU(2)! × U(1).
represents the combination of a non-Abelian group with three generators and an
Abelian group with a single generator underlying the electroweak interaction.

1.1.1. Quantum Chromodynamics

When a veritable subnuclear zoo7 of hadrons surfaced in the bubble chamber exper-
iments of the late 1940s and the 1950s, a taxonomy of all these new particles was
desired. First attempts at this had already been made via the strong isospin [45–
47] to explain the similarities between proton and neutron interactions. With the
addition of strangeness [48–51], the approximate SU(3) symmetry of the eightfold
way [52, 53] for light hadrons emerged. Later supported by Deep Inelastic Scattering
(Dis) experiments [54, 55], the quark model [56, 57] was proposed as a more funda-
mental theory in 1964. Qcd was then formulated as the Qft underlying the strong
interaction with three quantum number charges, commonly referred to by analogy
to the colours red, green, and blue [58–61].

Lone quarks and gluons are not found experimentally due to colour conޮnement [60–
62]: overall, only colourless objects can exist so that quarks form into gluon-medi-
ated baryons (??? states where quarks of diࡓerent colours make an overall ‘white’
hadron), mesons (??̄ states, where the colours of the quark and the anti-colour of
the anti-quark cancel out), and more exotic states such as tetra- and pentaquarks.
Because of colour conࡖnement and hadronisation, quarks generated in high-energy
particle collisions form particle showers, the so-called jets. The existence of gluons
was nallyࡖ conࡖrmed via planar three-jet events at Petra in 1979 [63–66].

6 . = 2
(
& − )3

)
with electric charge & and third weak isospin component )3.

7 The term was coined by Oppenheimer in 1956.
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1.1. The Standard Model

The Qcd Lagrangian without the free-fermion terms of Equation (1.1) has the struc-
ture

LQcd = −k̄7
(
W`6(

1

2
_0,78�0,`

)
k8 −

1

4
G0,`aG`a

0 , (1.3)

where implicit summation over the four space-time dimensions for ` and a, the three
colour charges for 7 and 8, and the eight gluon eldsࡖ �0(F) is performed. Meanwhile,
the fermion types are neglected in Equation (1.3). The Qcd coupling strength is given
by 6( =

√
4cU( and _0 are the eight Gell-Mann matrices corresponding to the SU(3)

generators up to a factor of two. Using the SU(3) structure functions8 5012, the gluon
eldࡖ strength tensor G0,`a expands as

G0,`a = m`�0,a − ma�0,` + 6( 5012�1,`�2,a . (1.4)

Qcd is a Yang-Mills gauge theory [67]. As it is non-Abelian, the generators do not
commute with each other, resulting in non-vanishing structure functions and self-in-
teracting gluons, which carry colour charges. With increasing energy, particle self-in-
teractions give rise to poles. Fortunately, these inࡖnities can be removed by renor-
malisation [7–9, 68] to some characteristic energy called the renormalisation scale
`R close to the energy ranges of the processes under investigation. This procedure
eࡓectively shifts the energy dependence into the Qcd coupling constant U( to cre-
ate a running coupling U( = U(

(
`2R

)
. Overall, the strong coupling becomes weaker

with increasing interaction energy in a process called asymptotic freedom [12, 13,
62]. As a result, perturbative Qcd calculations with fermion–gluon, and three- and
four-boson gluon–gluon vertices are possible at high enough energy scales.

The recasting of protons as composite particles made up of partons [70, 71] – the
quarks and gluons – has implications for hadron collider experiments: instead of
the protons colliding at a centre-of-mass (CoM) energy

√
A, two individual partons

carrying proton momentum fractions9 F1 and F2 form the initial state of the pertur-
bative partonic cross-section calculations. Meanwhile, the remaining constituents
of the protons act as spectator particles to the process of interest. However, cross-sec-
tions for the full hadron collisions are needed to compare the theory to experimental
data. Fortunately, the partons can be treated as collinearly moving quasi-free par-
ticles at high enough collision energies because of asymptotic freedom. As a result,
it is possible to disentangle the high-energy interaction and the parton dynamics in
the bound hadron states using the factorisation theorem [73–76]. The diࡓerential
cross-section for a proton–proton collision into the nalࡖ state - then turns into

f>>→ - =

∑
0,1

∫
dF1dF2 50

(
F1, `

2
F
)
51

(
F2, `

2
F
)
· f01→ -

(
Â, `2R, `

2
F
)
,

where 0 and 1 sum over all partons, i.e. the quarks, anti-quarks, and gluons. The

8 Deࡖned via the group generator commutation relations: [_0, _1] = 27
∑
2 5012 _2 .

9 Also called the Bjorken F from its role in Bjorken scaling [72].
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Figure 1.2: Semi-logarithmic plots of the Nnpdf3.1 proton Parton Distribution Functions
at two diࡓerent factorisation scales `2F. The diࡓerence between the C and 3 valence quarks,
and the remaining partons is clearly visible. Additionally, the momentum fraction F car-
ried by sea quarks and gluons increases with increasing `F. The plots are taken from
Reference [69].

Parton Distribution Functions (Pdfs) 52
(
F, `2F

)
give the probability of ndingࡖ a par-

ton of type 2 in the momentum fraction range between F and F + dF. The Pdfs
depend on the factorisation scale `F marking the transition between perturbative
high-energy Qcd and non-perturbative Qcd parametrised by the Pdfs. The partonic
cross-section f01→ -

(
Â, `2R, `

2
F
)
taking place at an energy

√
Â =

√
F1F2A can be calcu-

lated perturbatively at the renormalisation scale `R. Meanwhile, the Pdfs lie in
the non-perturbative Qcd regime and have to be determined experimentally. With
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (Dglap) evolution equations [77–79],
which describe the scale dependence of the Pdfs, the distributions can be translated
to diࡓerent energy scales once they are known at one scale.

In addition to the three so-called valence quarks expected from theCC3 quark content
of the proton, a cloud of virtual sea quarks and gluons is also present and has to be
considered in the Pdfs. Because of the equivalence of the Pdfs and the structure
functions for Dis [75, 76], data from Dis experiments formed a crucial ingredient
for the rstࡖ Pdfs. Today, global Pdf tsࡖ for the Monte-Carlo (Mc) generators used
to simulate hadron collision processes include Dis results from Hera experiments,
data from xed-targetࡖ Drell-Yan [80] experiments, and the collider experiments at
the Tevatron and Lhc under utilisation of the Dglap equations [69]. Plots of the
Nnpdf3.1 Pdfs [69] produced by the Nnpdf collaboration are shown as an example
in Figure 1.2.
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1.1. The Standard Model

1.1.2. Electroweak Uniٰcation

Fermi theory [24], which explains radioactive V-decay via four-fermion interactions,
is not renormalisable like Qed and Qcd. Originally suggested as a solution to the
\–g puzzle [81], the observation of parity violation in the weak interaction underly-
ing V-decay in 1957 [82] additionally fuelled the search for a better description of the
interaction. Parity violation is allowed in interactions with a +− � (vector− axial)
structure, which might be mediated by electrically charged heavy gauge bosons.
Therefore, it was hypothesised that the weak charged currents might behave in such
a way [83, 84]. As a result, Fermi theory would represent an Eࡓective Field The-
ory (Eft) only valid at low energy scales. With the development of spontaneous
symmetry breaking, electroweak uniࡖcation [4–6] could then be formulated as a
renormalisable gauge invariant theory with an SU(2)! × U(1). symmetry.

In the parity-violating+− � structure, the fermion spinors are split into left-handed
and right-handed components10. The left-handed fermions (and similarly the right-
handed anti-fermions) form weak isospin doublets d! as

(
C

3

)
! ,

(
2

A

)
! ,

(
B

1

)
! ,

(
a�
�

)
! ,

where the quark spinors are represented by the letters used in Figure 1.1, while �
refers to the charged lepton spinorswith their respective neutrino spinors a�. Similar
to the spinors, d̄

!
= d

†
!
W0.

Using the weak isospin doublets d! and singlets k', the electroweak Lagrangian
before symmetry breaking consists of (without the free-fermion terms):

LEw = −d̄!
(
W`6,

1

2
f0,0,` + W`6′

.

2
�`

)
d! − k̄'

(
W`6′

.

2
�`

)
k'

− 1

4
W0,`aW`a

0 − 1

4
B`aB`a, (1.5)

with the couplings 6, and 6′ for the SU(2)! and U(1). gauge groups, respectively.
The summation is analogous to Equation (1.3) except that 0 here indexes the three
eldsࡖ ,0(F) of SU(2), which has the Pauli matrices f0 as generators. The eldࡖ
strength tensors can be deࡖned analogously to Equation (1.4). However, the eldࡖ
� of the Abelian U(1) group commutes with itself, resulting in no self-interaction.
Before symmetry breaking, the,0 gauge eldsࡖ do not have mass terms yet11 and
therefore cannot correspond to the physical weak bosons.

In the weak isospin doublets of Equation (1.5), the fermion eldsࡖ are given in a weak
eigenstate basis, which is not identical to that of the mass eigenstates. As a result,
10 This can be accomplished via the projection operators as k! = 1

2

(
1 − W5

)
k and k' =

1
2

(
1 + W5

)
k

where W5 = 7 W0W1W2W3.
11 Manually added mass terms would not be invariant under gauge transforms.
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Chapter 1. The Standard Model of Particle Physics

the unitary Cabibbo-Kobayashi-Maskawa (Ckm) matrix VCkm [85, 86] was introduced
to express the down-type weak eigenstates (dashed) in terms of the mass eigenstates
(undashed):

©­­
«
3′

A′

1′

ª®®
¬
=

VCkm︷              ︸︸              ︷
©­­
«
+C3 +CA +C1
+23 +2A +21
+B3 +BA +B1

ª®®
¬
©­­
«
3

A

1

ª®®
¬ ,

VCkm =

©­­«
1 0 0

0 223 A23
0 −A23 223

ª®®¬
©­­«

213 0 A134
−7X

0 1 0

−A1347X 0 213

ª®®¬
©­­«
212 A12 0

−A12 212 0

0 0 1

ª®®¬ ,
(1.6)

where the parametrisation in Equation (1.6) is in terms of the sines A78 and cosines 278
of three mixing angles \78 with 0 < \78 <

c
2 and (experimentally) A13 < A23 < A12 < 1.

As a result, diagonal entries |+77 | ∼ 1, while oࡓ-diagonal elements – especially+B3 and
+C1 – are Cabibbo-suppressed. The Ckm matrix also provides an explanation for the
�% violation observed in neutral kaon decay experiments in 1964 [87] via the �%-vi-
olating phase X chosen to only appear in conjunction with small matrix elements in
the parametrisation [88]. The prediction of a third quark generation required for
�% violation in the Ckm matrix was conࡖrmed through the discovery of the 1-quark
via the Υ-meson in 1977 [89], while the tau lepton had already been discovered in
1975 [90] as the rstࡖ third-generation fermion to be found experimentally. Because
of the quark mixing, the weak charged current is the only possibility for a quark to
decay into another lighter quark in the Sm.

1.1.3. Electroweak Symmetry Breaking
and the Brout-Englert-Higgs Mechanism

The electroweak gauge eldsࡖ do not correspond to the force mediators encountered
at hadron colliders. Instead, the physical bosons are the result of spontaneous sym-
metry breaking caused by the scalar Higgs .eldࡖ In the Sm, the Higgs model consists
of two complex scalar eldsࡖ structured in an additional weak isospin doublet,

q =

(
q+

q0

)
=

1
√
2

(
q1 + 7q2
q3 + 7q4

)
.

As for the other isospin doublets, the upper and lower components diࡓer by one
unit of electric charge. The Lagrangian for these eldsࡖ (without any couplings to the
electroweak sector) is

L� =
(
m`q

)† (
m`q

)
−

+
(
q
)

︷                     ︸︸                     ︷(
`2q†q + _2

(
q†q

)2)
, (1.7)

10



1.1. The Standard Model

where _2 > 0 to create a minimum in the Higgs potential + (q). The potential has
globalminima atq†q =

D2

2 = − `2

2_2
for `2 < 0 leading to spontaneous symmetry break-

ing. The constant D is referred to as the vacuum expectation value, since the eldsࡖ
can be expanded about the minimum such that only the neutral scalar eldࡖ q3 has a
non-zero vacuum expectation value giving rise to the physical scalar boson eldࡖ ℎ as
q3(F) = D + ℎ(F). Meanwhile, the other three degrees of freedom turn into massless
Goldstone bosons [91, 92] during the breaking of the symmetry. A schematic for an
unbroken and a broken symmetry with a single complex eldࡖ is shown in Figure 1.3.

Re
(
q
) Im

(
q
)

+
(
q
)

(a) `2 > 0.

Re
(
q
) Im

(
q
)

+
(
q
)

(b) `2 < 0.

Figure 1.3: Plots of the Higgs potential + (q) from Equation (1.7) simpliࡖed to a single
complex eldࡖ for (a) `2 > 0 and (b) `2 < 0. In the latter case, spontaneous symmetry
breaking occurs due to the ring of global minima at non-zero eldࡖ values in the ‘Mexican
hat’ potential.

During Electroweak Spontaneous Symmetry Breaking (Ewsb), the Goldstone bosons
turn into the longitudinal spin states of the massive weak gauge bosons [38–43, 93]
when transforming into the so-called unitary gauge [94], where q =

(
0

D+ℎ
)
. When

subjecting the Higgs Lagrangian of Equation (1.7) to the Ew gauge symmetry via
a covariant derivative, the following Lagrangian (up to a constant factor) emerges
after gauging away the Goldstone bosons:

LEw+� =
(
m`ℎ

)(
m`ℎ

)
− _2D2ℎ2︸                     ︷︷                     ︸

massive scalar eldࡖ ℎ

−
(
_2Dℎ3 + _2

4 ℎ
4
)

︸             ︷︷             ︸
ℎ self-interactions

+ 1
4 6

2
,D

2,−
` ,

+` + 1
8 6

2
/D

2/`/
`︸                                  ︷︷                                  ︸

weak boson masses

+ 1
2 6

2
,Dℎ,

−
` ,

+` + 1
4 6

2
,ℎ

2,−
` ,

+`︸                                        ︷︷                                        ︸
ℎ−, couplings

+ 1
4 6

2
/Dℎ/`/

` + 1
8 6

2
/ℎ

2/`/
`︸                             ︷︷                             ︸

ℎ−/ couplings

−
(
1
4W0,`aW`a

0 + 1
4B`aB`a

)
︸                             ︷︷                             ︸

Ew eldࡖ strength tensors

. (1.8)
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Chapter 1. The Standard Model of Particle Physics

As a result of Ewsb, the physical Higgs boson obtains a mass ;� =

√
2_D, while the

physical weak gauge bosons obtain the masses ;, =
1
2 6,D and ;/ =

1
2 6/D (with

62/ = 62, + 6′2), which are linear in the vacuum expectation value D. The, bosons
additionally obtain unit electric charges from the charged complex Higgs .eldࡖ

The physical gauge boson eldsࡖ in Equation (1.8) are generated from linear combi-
nations of the massless Ew eldsࡖ as

,±
=

1√
2
(,1 ∓ 7,2) , � = cos \, � + sin \,,3 , / = − sin \, � + cos \,,3 ,

where \, is the Weinberg angle, which satisࡖes tan \, =
6′

6,
. As a result, the gauge

boson masses and couplings are related as ;, = ;/ cos \, and 6, = 6/ cos \, . Be-
cause of the mixing of the photon eldࡖ � and the / boson eldࡖ /, the gauge boson in-
teractions arising from the eldࡖ strength tensors are modiࡖed as well. Consequently,
the photon couples to the weak bosons unlike the unbroken � .eldࡖ Additionally,
triple and quartic couplings of the Higgs eldࡖ to the vector boson eldsࡖ and to itself
can be identiࡖed.

The couplings of the fermions are aࡓected as well by Ewsb:

LEw+ 5 = k̄5
(
7 W`m`

)
k5 −

G5√
2
Dk̄5k5︸                          ︷︷                          ︸

massive fermions

− G5√
2
ℎk̄5k5︸     ︷︷     ︸

Yukawa coupling

− k̄5
(
W`6/

1
2 (2+, 5 − 2�, 5 W

5)/`
)
k5︸                                    ︷︷                                    ︸

weak neutral current

− d̄?′
(
W`

6,

2
√
2
(1 − W5)

(
f+,

+
` +?′? + f−,−

` +
∗
??′

))
d?︸                                                        ︷︷                                                        ︸

weak charged current with quarks

− d̄�
(
W`

6,

2
√
2
(1 − W5)

(
f+,

+
` + f−,−

`

))
d�︸                                             ︷︷                                             ︸

weak charged current with leptons

− k̄5
(
W`4&5 �`

)
k5︸               ︷︷               ︸

electromagnetic interaction

,

where the Lagrangian contains the fermion kinematic terms and their interactions
with the Higgs and broken Ew .eldsࡖ The spinor eldsࡖ are in the mass eigenstates, so
that the Ckm matrix elements +??′ are included in the quark weak charged current.
Implicit summation over all fermions 5 , and three generations of quarks ? and
leptons � is performed depending on the subscript. Similar to the weak bosons, the
fermions now obtain their masses from the Brout-Englert-Higgs mechanism as

; 5 =
1
√
2
G5 D , (1.9)

where G5 is the Yukawa coupling of the respective fermion. Unlike the manually
added mass terms ;k̄k of the free fermion in Equation (1.1), the masses originate
from gauge-invariant Yukawa interaction terms with a pre-Ewsb structure12

12 Technically, the conjugate Higgs doublet q2 = −7f2q∗ transforming exactly like q under SU(2) is
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1.1. The Standard Model

LYukawa = −G5
(
d̄!qk' + k̄'q†d!

)
. (1.10)

The+− � structure of the weak neutral current is dependent on the fermion consid-
ered via the coeࡔcients 2+ = )3 − 2& sin2 \, and 2� = )3. Consequently, the weak
neutral current is purely axial for right-handed particles, and maximally parity vio-
lating for left-handed neutrinos, while right-handed neutrinos cannot be generated
in the Sm at all. Because 4 = 6, sin \, from the mixing of the gauge ,eldsࡖ the only
free parameters of the electroweak sector are 6, and \, . Furthermore, the weak
coupling constant and the, boson mass can be related to the Fermi constant �F as

�F√
2
=

62,

8;2
,

,

such that D =
(√
2�F

)−1/2
is also known as the Fermi scale.

In the Sm, the, bosons have universal interaction strength with all fermions. How-
ever, because of the three quark colour states, interactions producing hadrons in
lepton collisions have their cross-sections inࡗated by a factor of three with respect to
those expected on the grounds of weak universality. The weak interaction also gave
rise to the prediction of the charm as a fourth quark after Ew theory was found to be
in disagreement with the heavy suppression of Flavour-Changing Neutral Current
(Fcnc) processes occurring in quantum loops, such as the  L→ `+`− meson decay
mode. This disagreement can be resolved via the Glashow-Iliopoulos-Maiani (Gim)
mechanism [11], where destructive interference between the up and charm virtual
exchange quarks leads to the observed suppression. In 1974, the existence of the
charm quark was conࡖrmed via its quarkonium state, the �/kmeson [95, 96].

The weak neutral current predicted by the broken Ew interaction was found in
bubble chamber experiments at Cern in 1973 [97, 98]. Later, direct observations of
the heavy, and / bosons were made via their leptonic decay modes at the Spp̄S
in 1983 [99–102]. Almost another three decades passed until the discovery of the
Higgs boson in 2012 by the Atlas and Cms experiments [103, 104] provided an
experimental signature for the last particle predicted by the Sm.

1.1.4. Beyond the Standard Model

Despite the overwhelming success of the Sm in explaining nature over the past
decades, it falls short in answering some very fundamental questions of the universe.
To explain the complete lack of anti-matter in the current universe [105, 106] after Big
Bang baryogenesis, the existence of baryon number, �-, and �%-violating processes
occurring out of thermal equilibrium is required according to the Sakharov condi-

additionally required to generate the up-type quark masses. These terms are not included in Equa-
tion (1.10).
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Chapter 1. The Standard Model of Particle Physics

tions [107]. The Sm does contain � and �% violation in the weak interaction. It also
allows for non-perturbative baryon-number-violating processes [108–110], while
the early expanding universe oࡓered out-of-equilibrium conditions. However, the
magnitude of �% violation in the Sm is not suࡔciently large to explain the observed
matter dominance over anti-matter. Moreover, by comparing the luminous mass of
galaxies and clusters with mass estimates from cluster velocity dispersions [111],
rotation curves [112, 113], and gravitational lensing [114] and from of the multi-
pole structure of the Cosmic Microwave Background (Cmb) [115, 116], it becomes
evident that the particles described by the Sm can only account for a small fraction
of matter in the universe in the rstࡖ place. Instead, the majority of it, dubbed dark
matter, seems to be mostly – if not exclusively – interacting gravitationally. Using
Cmb data collected by the Planck satellite, the fraction of baryonic matter in the
Λ-Cdm cosmological model13 is currently estimated at around just 5%, with dark
matter accounting for a further 26.5%, and the elusive dark energy for the remain-
ing 68.5% [116].

Additionally, the Sm has some aesthetic issues that might hint at the existence of a
more fundamental underlying theory14. The Sm has a large number of 26 free param-
eters15 corresponding to the twelve fermion masses and the Higgs boson mass, the
three coupling constants, the vacuum expectation value of the Higgs ,eldࡖ the eight
parameters of the Ckm matrix and the Pontecorvo-Maki-Nakagawa-Sakata (Pmns)
matrix [119, 120] required to explain neutrino oscillations [121], and a possible �%-
violating phase \Qcd in the strong interaction, which is found to be close to zero exper-
imentally [122, 123]. These degrees of freedom make the model less predictive than
a possible Grand Uniࡖed Theory (Gut) with fewer free parameters. The neutrino os-
cillations themselves are also problematic within the Sm, since they rule out the pos-
sibility of massless neutrinos. At the same time, the small experimental value of \Qcd
gives rise to the strong CP problem. Assuming that the Sm is valid up to the Planck
scale ΛP ∼ 1019 GeV, where gravitational eࡓects become dominant, leads to the so-
called Higgs hierarchy problem as an additional issue: quantum loop corrections
to the Higgs boson mass result in a mass given by ;2

� = ;2
0 + O

(
Λ
2
P
)
, thus requiring

an incredible amount of ne-tuningࡖ in the bare mass ;0 for ;� ∼ O
(
102 GeV

)
[124,

125].

Since the Sm cannot be the nalࡖ description of nature, many theories incorporating
physics beyond the Sm (Bsm) to solve some of its problems have been proposed over
the last decades. A full taxonomy of them is well beyond the scope of this thesis.
However, a feature of many Bsm models, such as Supersymmetry (Susy)16 [130], is
an extended Higgs sector. One of the simplest such extensions is the so-called Two
13

Λ-Cdm refers to a cold dark matter model in which dark energy is encoded in a non-vanishing
cosmological constant Λ, which is commonly related to the vacuum energy density [117, 118].

14 Of course, nature could also simply be messy.
15 Assuming that neutrinos behave as Dirac fermions.
16 Susy provides a solution to the Higgs Hierarchy problem via loop cancellations [126, 127], provided

that the relevant Susy energy scale is not too high, and a Weakly Interacting Massive Particle
(Wimp) [128] candidate for dark matter [129].
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1.2. The Interplay of Top and Higgs

Higgs Doublet Model (2Hdm) [131, 132], which adds a single additional Higgs doublet
resulting in four additional Higgs bosons after gauging away the Goldstone bosons:
one additional electrically neutral �%-even scalar, one neutral �%-odd pseudoscalar,
and a pair of oppositely charged Higgs bosons. The 2Hdm can act as a standalone
extension of the Sm, but also features, for instance, as a part of the Minimally Su-
persymmetric Standard Model (Mssm) [127, 133], which gives every Sm particle one
superparticle partner. While additional Higgs bosons could be observed directly,
extended Higgs models could also lead to measurable deviations in the couplings of
the already discovered Sm-like Higgs boson [134, 135].

1.2. The Interplay of Top and Higgs

1.2.1. The Top Quark

The top quark is the third-generation up-type weak isospin partner of the bottom
quark. It was discovered in 1995 as the last missing quark of the Sm by the Cdf and
DØ experiments at the Tevatron [136, 137]. With a mass of about ;B = 172.5GeV,
similar to that of a gold nucleus, it is the heaviest particle in the Sm17. First theoretical
predictions of the top quark go back to the 1970s, when Kobayashi and Maskawa
proposed the third quark generation to explain �% violation [86]. The top quark
was needed in this scheme to extend the Gim mechanism to three generations, as no
signiࡖcant amount of Fcncs was observed in 1-quark decays [138].

6

6 B̄

B

(a)

6

6

B

B̄

(b)

?

?̄ B̄

B

(c)

Figure 1.4: Tree-level Feynman diagrams of top quark pair production via (a) A-channel
and (b) B-channel gluon–gluon fusion, and (c) quark–anti-quark annihilation.

Top quarks are produced predominantly in quark–anti-quark pairs. At the Lhc, pro-
duction via gluon–gluon fusion (ggF) is dominant. Production at the Tevatron
required higher parton momentum fractions F due to the lower centre-of-mass
(CoM) energy there, resulting in top quark pair production mainly from quark–anti-
quark annihilation with anti-proton valence quarks. Feynman diagrams of the main
production modes are shown in Figure 1.4. The energy-dependent Lhc cross-sec-
tion is predicted as fBB̄ = 834 +20

−30 (Qcd scales) ± 23 (Pdf+U() pb at a CoM energy of

17 ;B = 172.5GeV is also the mass commonly assumed for the top quark in Mc calculations and
simulations.
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√
A = 13 TeV as calculated using Top++2.0 at next-to-next-to leading order (Nnlo)

in perturbative Qcd with next-to-next-to-leading-log order (Nnll) soft-gluon resum-
mation (c.f. Reference [139] and references therein). The Qcd scale uncertainty
comes from the independent variation of `F and `R, while the second uncertainty
originates in variations in the Pdfs and in U( following the Pdf4lhc prescription
(c.f. References [140–142], and Reference [143] and references therein). Figure 1.5
shows the energy-dependent >> and >>̄ cross-section predictions compared to the
measurements of experiments at the Tevatron and Lhc at various CoM energies.
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Figure 1.5: Semi-logarithmic plot of the energy-dependent top quark pair production cross-
section in >> and >>̄ collisions compared to measurements conducted at the Lhc and the
Tevatron. The predictions and their uncertainty bands are calculated in the same way
as described in the text. The plot is taken from Reference [144].

The production of single top quarks via electroweak processes constitutes the other
primary top quark process encountered at hadron colliders. Single top quark pro-
duction occurs via three main processes, whose tree-level Feynman diagrams are
depicted in Figure 1.6: A-channel production, B-channel production, and the associ-
ated production of a top quark with a, boson. At 13TeV they have >> cross-sections
of 10.3 ± 0.4pb, 214.2 +4.1

−2.6 pb, and 79.3 +2.9
−2.8 pb, respectively. The A-channel cross-sec-

tion is calculated at Nlo in Qcd using HATHOR v2.1 [145, 146] with uncertainties
consisting of Qcd scale variations added in quadrature with Pdf and U( uncertain-
ties in the same scheme as for BB̄ production. Meanwhile, the B-channel and asso-
ciated, boson production cross-sections constitute Nnlo Qcd calculations with
additional third-order soft-gluon emission corrections via Nnll resummation in the
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1.2. The Interplay of Top and Higgs

case of B, production [147, 148]. As for the A-channel cross-section, uncertainties
include Qcd scale variations, and Pdf and U( uncertainties based on the Pdf4lhc21
Pdf set [149] summed in quadrature.
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(b)

6

1
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(c)

Figure 1.6: Representative tree-level Feynman diagrams of (a) A-channel, (b) B-channel,
and (c), boson associated single top quark production.

Because of the initial-state valence quarks entering the Pdfs, top and anti-top quark
production cross-sections for the A- and B-channel are asymmetric at the Lhc and
favour top quark production. Meanwhile, associated B, production interferes with
Lo BB̄ production at Nlo in Qcd, for instance in B,1̄ nalࡖ states where,1̄ originates
from an intermediate anti-top quark. Two schemes, called diagram removal (Dr) and
diagram subtraction (Ds), have emerged to treat this interference in Mc simulations
when both processes are involved [150]. Theoretically, it is possible to distinguish
single- and doubly-resonant processes as those with one or two on-shell top quarks,
respectively, where the doubly-resonant processes can be associated with Lo BB̄ in
the narrow-width approximation. The Dr scheme then removes doubly-resonant
Feynman diagrams from Nlo B, calculations, while the Ds scheme introduces a
subtraction cross-section term to cancel out Lo BB̄ contributions. In practice, Atlas
uses B, Mc samples produced via both schemes to build a systematic uncertainty
for the BB̄–B, interference treatment.

Top quarks can also be produced in association with other Sm particles, such as the
weakbosons, photons, theHiggs boson, or even other fermions. A detailed discussion
is beyond the scope of this thesis. The associated production with a Higgs boson,
which forms the main topic of this thesis, is outlined separately in Section 1.2.3.

Because of |+B1 | ∼ 1, the top quark decays almost exclusively into a bottom quark
and a, boson. Top decays are classiࡖed into leptonic and hadronic based on the
, boson decay modes shown in Figure 1.7. From lepton avourࡗ universality and the
colour factors involved, leptonic decays are expected with a Branching Ratio (BR)
of about one third18. Therefore, processes involving a top quark pair are divided
into fully hadronic, semileptonic, and dileptonic channels with BRs of 46%, 45%,
and 9%, respectively, as shown in Figure 1.8. Jets initiated by bottom quarks are
present in every channel. However, only hadronic jets are present in the nalࡖ state of
fully hadronic decays19, so that the reconstruction of event topologies is challenging
18 Assuming |+B1 | = 1, the third quark generation is kinematically inaccessible to the, boson decay.
19 Hence the name.
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Figure 1.7: Tree-level Feynman
diagrams of the top quark de-
cay modes. The decay modes of
anti-top quarks are analogous.

gg 1%

`g 2%

4g 2%

``
1%

4`
2%

44
1% 15%

4 + jets

15%

` + jets

15%
g + jets

46%

fully hadronic

dileptonic

semi-leptonic
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of the various top quark pair decaymodes grouped into
fully hadronic, semi-, and dileptonic modes, where the
tau lepton modes are not directly accessible because of
successive tau decays.
Original graphic by Izaak Neutelings (CC-BY-4.0 license), modiࡖed.

experimentally. Additionally, Qcd multi-jet background processes dominate the
corresponding measurements. In contrast, the semi- and dileptonic decay channels
contain high-energy leptons in combination with a sizeable energy imbalance in
the plane transverse to the colliding beams, called the missing transverse energy
�miss

T , from associated undetected neutrinos. Therefore, they represent the preferred
channels for many analyses of top quark processes.

The top quark width at Nnlo in Qcd and with Nlo Ew corrections is predicted
to be ΓB = 1.33GeV [151], which is in agreement with direct Atlas and indirect
Cms measurements of ΓB = 1.9 ± 0.5GeV and ΓB = 1.36± 0.02 (stat.) +0.14−0.11 (syst.) GeV,
respectively [152, 153]. Therefore, the top quark decays after around gB ∼ 5 × 10−25 s.
The large top quark mass signiࡖcantly contributes to the short decay timescale, be-
cause it lies over the threshold of the,1 system. Crucially, the top quark decays
more rapidly than the hadronisation timescale of gHad ∼ 10−23 s [154] and before
spin decorrelation can occur [155]. As a result, top quark processes provide a sin-
gular opportunity to study the properties of bare quarks. Additionally, top quark
pair production provides a relativistic testbench for quantum information experi-
ments involving entanglement and Bell-inequality [156] measurements [157, 158]
with rstࡖ observations of entanglement in the dileptonic channel by the Atlas and
Cms experiments [159, 160].
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1.2. The Interplay of Top and Higgs

1.2.2. The Higgs Boson

After the discovery of the Higgs boson in 2012 [103, 104] as the last missing particle
of the Sm, the Atlas and Cms collaborations have started to investigate its proper-
ties to test the consistency of the theory. Of central importance is the Higgs boson
mass;� =

√
2_D, which has to be experimentally determined as a free parameter of

the Sm. Combining the measurements of the Atlas and Cms experiments with data
taken in 2011 and 2012, the so-called Run 1 of the Lhc, yields a Higgs boson mass20 of
;� = 125.09 ± 0.24GeV [161]. More recently, the Atlas and Cms collaborations ob-
tained ;� = 125.11 ± 0.11GeV [162] and ;� = 125.38 ± 0.14GeV [163], respectively,
in combinations of their Run 1 and Run 2 measurements21. Both experiments have
also conࡖrmed that the particle discovered in 2012 behaves consistentlywith a scalar
boson having �%-even couplings to the vector bosons [164–167] as postulated by the
Sm.
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Figure 1.9: Representative tree-level Feyn-
man diagrams of the four major Higgs boson
production modes at the Lhc.
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Higgs boson processes can be classiࡖed by their production and ;� -dependent de-
cay modes. On the production side, there are four main processes as depicted in
Figure 1.9. The dominant process, as for BB̄ production, is ggF with a >> cross-section
of 48.5pb at 13TeV and at N3lo in Qcd [169]. Because the massless gluons do not
directly interact with Higgs bosons, a virtual quark loop dominated by the heavy
top quarks with a large coupling to the Higgs boson22 is mediating the interaction,

20 Commonly used as the current reference mass value in analyses.
21 Run 2 corresponds to data taken between 2015 and 2018 at

√
A = 13 TeV. The Cms Higgs boson mass

measurement uses the partial 2016 dataset.
22 G2

5
∝ ;2

5
enters the matrix element at Lo.
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leading to an eࡓective coupling. Vector Boson Fusion (Vbf) represents the sublead-
ing contribution at 13TeV with a cross-section about an order of magnitude lower
than that of ggF [168]. Because of the B-channel-like scattering of the two initial-state
quarks, Vbf is characterised by high-energy jets with large momenta in the beam
directions in addition to the Higgs boson decay products. Vbf allows the direct mea-
surement of the couplings between the Higgs boson and the weak bosons. The third
Higgs boson production process is associated vector boson production (+�), also
called Higgs-strahlung, where + is used to refer to both types of weak bosons. Over-
all, +� production has a cross-section in the same order of magnitude as Vbf, but
allows more precise studies of Higgs boson decay modes involving quarks, since lep-
tonic vector boson decay modes provide non-hadronic nalࡖ state particles to reduce
Qcd backgrounds in a similar fashion to the leptonic top decay channels. At the same
time, the restriction to these decay modes decreases the ‘visible’ +� cross-section
signiࡖcantly.

The associated production of aHiggs bosonwith top quarks forms the fourth primary
production mode, which is of special interest to this thesis and therefore covered
in detail in Section 1.2.3. The BB̄� cross-section is almost two orders of magnitude
smaller than ggF production. Analogously to top quark processes, B� production
modes also exist with an even smaller cross-section than BB̄�. Theoretically, associ-
ated production with bottom quarks is also possible with analogous Feynman dia-
grams to the associated productionwith top quarks, such as the B-channel production
shown in Figure 1.9(d). However, 11̄� events are harder to identify in the collider
data since the characteristic top quark decays are not present in the process. An
overview of the energy-dependent Higgs boson production cross-sections is shown
in Figure 1.10.

Higgs boson decays to fermion–anti-fermion and vector boson pairs are possible
in principle, because of the Higgs boson interactions with all massive Sm particles.
From the kinematic restrictions set by the Higgs boson mass, �→,,∗ and�→ //∗

decays can only occur either via an oࡓ-shell Higgs boson or an oࡓ-shell vector boson,
as signiࡖed by the star notation. The same also applies to the production of a BB̄ pair
from a Higgs boson, which nevertheless represents a signiࡖcant contribution to BB̄BB̄
production. Additionally, Higgs boson decays to gluons or photons are possible via
loop processes in a similar fashion to ggF Higgs boson production. Representative
Feynman diagrams of the Higgs boson decay modes are shown in Figure 1.11, while
the BRs for an Sm Higgs boson are given in Table 1.1. To highlight the role of threshold
eࡓects, the BRs are also plotted as a function of the Higgs boson mass in Figure 1.12.
As in the case of top quark decays, Higgs boson decays have a trade-oࡓ between
channels with high BR but challenging signal extraction, such as �→ 11̄, and low
BR but clean signal extraction like �→ //∗→ 4� and �→ WW, which were the rstࡖ
individual decay channels to be observed [170–173].
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, boson loops. Top quarks dominate the fermion loops. The decay into gluons occurs via
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a photon and a / boson is also possible.

[GeV]HM
100 120 140 160 180 200

H
ig

g
s

B
R

 +
 T

o
ta

l 
U

n
c
e
rt

-3
10

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
1

bb

tt

cc

gg

gg gZ

WW

ZZ

Figure 1.12: Semi-logarithmic plot of the Higgs boson
branching ratios and uncertainty bands in relation
to the Higgs boson mass. The threshold eࡓects of the
doubly-resonant �→,,∗ and �→ //∗ decay chan-
nels at around 160GeV and 180GeV, respectively, are
visible. The plot is taken from Reference [174].

Table 1.1: Higgs boson branch-
ing ratios (BRs) for an Sm Higgs
boson of mass ;� = 125.09GeV.
Not all decay channels are listed.
The BR values are taken from
Reference [168].

Decay Mode BR [%]

�→ 11̄ 58.09
�→,,∗ 21.52
�→ 66 8.18
�→ g+g− 6.26
�→ 22̄ 2.88
�→ //∗ 2.64
�→ WW 0.23
�→ /W 0.15
�→ `+`− 0.02

In principle, di-Higgs boson production processes are also attainable at the Lhc.
Their measurement allows a direct probe of the trilinear Higgs boson self-coupling,

6��� =

;2
�

2D
,
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and of the vacuum expectation value D currently inferred to be D ≈ 246GeV [37].
Similar to single Higgs boson production, ggF-initiated di-Higgs boson production
is the dominant process in the Sm. However, the associated cross-section is about
three orders of magnitude smaller than single Higgs boson production via ggF [168],
which is in part due to destructive interference with the simultaneous production
of two Higgs bosons from a virtual top quark loop [175, 176]. Nevertheless, the
observation of di-Higgs boson production is one of the primary goals of the Lhc
physics programme going forward.

1.2.3. The Top Yukawa Coupling

A dozen years after the discovery of the Higgs boson, its couplings to the third gen-
eration fermions – except for ag –, and the gauge bosons have been established. The
Atlas and Cms collaborations have also started tackling the second-generation cou-
plings in dedicated analyses of �→ `+`− [177, 178] and �→ 22̄ [179–181]. The
current status of the Atlas and Cms Higgs boson coupling measurements is depicted
in Figure 1.13.
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Figure 1.13: Overview over the Higgs boson couplings already measured by (a) the Atlas
and (b) Cms experiments in relation to the respective particle masses. The plots are taken
from References [182, 183].

A special role among the Higgs boson couplings is played by the top Yukawa coupling
GB, deࡖned from Equation (1.9) as

GB =
√
2
;B

D
.

It is the largest Yukawa coupling in the Sm because of the large top quark mass and
has a value of almost unity. While this might be a sheer coincidence, it might equally
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1.2. The Interplay of Top and Higgs

hint at a special role of the top quark in Ewsb.

The top Yukawa coupling is in principle experimentally accessible through the ggF
production mode (Figure 1.9(a)) and the �→ WW decay channel (Figure 1.11(c)),
where top quarks play a dominant role in the associated fermion loops. However,
to extract GB from these measurements, an assumption of no Bsm contributions to
the loops has to be made, since modiࡖcations of the eࡓective loop-induced couplings
can be largely independent of GB in Bsm models (c.f. Reference [184], for instance).
Therefore, no general statement about GB can be made based on measurements of
fermion loop processes. The top Yukawa coupling is also indirectly accessible via the
top quark mass. However, problems in translating measured values based on the Mc
top quark mass into the required top quark pole mass and uncertainties arising from
Qcd eࡓects such as hadronisation following the coloured top quark decays render
these interpretations diࡔcult [185, 186]. Consequently, the only direct probes of the
top Yukawa coupling in the Sm via tree-level processes are BB̄� and B� production
depicted in Figures 1.14 and 1.15, respectively. B� can be split further into associated
B,� production, and A- and B-channel sub-processes in analogy to the production of
a single top quark.
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Figure 1.14: Representative tree-level Feynman diagrams of BB̄� production from (a)
A-channel ggF, (b) A-channel ??̄ annihilation, and (c) B-channel ggF.

BB̄� production has a cross-section of fBB̄� = 506 +29
−47 (Qcd scales) ± 18 (Pdf+U() fb at

13TeV and using Nlo in Qcd with Nlo Ew corrections [168]. Meanwhile, B� pro-
duction is predicted with cross-sections of 74 + 6

−11 fb and 16.3 +0.9
−1.1 fb for B-channel pro-

duction and B,� associated production23, respectively, while A-channel production
has a negligible contribution [168, 187]. In analogy to the top production processes
discussed in Section 1.2.1, B,� also interferes with BB̄� production, so that simi-
lar interference removal schemes are used [187]. Additionally, there exists some
negligible interference amongst the B� processes themselves [188]. B-channel B�
production will hereafter be referred to as B�81, where the nalࡖ state 1-quark is
present at tree-level when the so-called Four-Flavour Scheme (4fs) is used in the Mc
simulations of the process. In the 4fs, the 1-quarks are assumed massive and do not
contribute to the Pdfs24.
23 Calculated with ;� = 125GeV and the Dr2 procedure described in [187].
24 Calculations can also be performed in the Five-Flavour Scheme (5fs) with massless 1-quarks, which

are then included in the Pdfs. 4fs and 5fs deliver complementary information: The 4fs provides
more accurate exclusive and diࡓerential predictions, while the 5fs yields accurate total cross-sec-
tions at higher perturbative order due to simpler setups [189].
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Figure 1.15: Representative tree-level Feynman diagrams of (a) A-channel B� production,
(b) 4fs B-channel B� production, and 5fs B,� production with Higgs bosons radiated from
(c) a top quark and (d) a, boson. The corresponding anti-top processes occur analogously.

The B�81 and B,� processes are aࡓected by destructive interferences between dia-
grams in which the Higgs boson is radiated from top quarks and, bosons, resulting
in lowered Sm cross-sections [187, 188]. The corresponding Feynman diagrams for
B,� are shown in Figures 1.15(c) and 1.15(d), respectively. This interference renders
the inclusive cross-section of B� production sensitive to the sign of the top Yukawa
coupling. At the same time, the full �%-structure of GB can be probed in BB̄� and B�
measurements, for instance via angular correlations between nalࡖ state objects or
via cross-section comparisons, since fBB̄� decreases with increasing admixture of a
�%-odd coupling component while fB� increases [190–192].

In addition to the Bsm sensitivity already discussed in Section 1.1.4, the top Yukawa
coupling also has important ramiࡖcations for the overall stability of the Higgs po-
tential +

(
q
)
of Equation (1.7): with the inclusion of quantum loop corrections at

high energy scales, the shape of the potential is modiࡖed [193–195]. As a signiࡖcant
contribution to the corrections, large values of the top Yukawa coupling can cause a
second minimum in the Higgs potential [196]. According to current measurements,
+

(
q
)
turns out to be metastable at the vacuum expectation value D, resulting in the

possibility of vacuum decay of the universe unless new physics stabilising the Higgs
potential emerges somewhere below the Planck scale [194, 196].

BB̄� searches have already been conducted in Run 1 by the Atlas [197] and Cms [198,
199] collaborations. In 2018, the process was observed by both experiments [200,
201] by using a combination of the Run 1, and partial Run 2 datasets in the �→ 11̄,
�→ WW, resonant �→ //∗→ 4�, and the so-called multi-lepton Higgs boson decay
channel, �→ML, which includes �→ //∗, �→,,∗, and �→ g+g− decay modes
with nalࡖ state leptons25 in addition to at least one additional lepton from the top

25 Excluding �→ //∗→ 4� with an on-shell Higgs boson.
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quark decays26. Since then, BB̄(�→ WW) has been observed as the only single-channel
BB̄� process so far [203, 204], although both collaborations have claimed strong evi-
dence27 for BB̄(�→ML) production in Run 2 data [202, 205, 206]. Additionally, anal-
yses of the �% structure of GB conducted in the various Higgs boson decay channels
under inclusion of B� consistently ndࡖ compatibility with the Sm �%-even hypothe-
sis [203, 207, 208].

In the �→ 11̄ decay channel, which is targeted by the analysis presented in this the-
sis, no leptons are expected from Higgs boson decay products. As a result, in addition
to the four 1-jets expected from the top quark and Higgs boson decays, the tree-level
nalࡖ states either contain two leptons from the dileptonic top decay channel, a single
lepton and two additional jets from the semileptonic channel, or four additional jets
from the fully hadronic channel. So far, Atlas analyses have been split in those
targetting leptonic [1, 209–211] and hadronic [197] decay channels separately, while
Cms analyses either proceeded with the same channel separations [198, 212, 213] or
bundled all decay channels together [199, 208]. While the fully hadronic BB̄(�→ 11̄)
channel has the largest BR and is fully reconstructable, its background contamina-
tion is also exceptionally high due to large Qcd multi-jet backgrounds in addition to
the BB̄+ jets backgrounds dominating for the other BB̄(�→ 11̄) channels. Therefore,
hadronic BB̄(�→ 11̄) analyses rely on data-driven multi-jet background estimates
in combination with signal–background discrimination techniques. For the latter,
boosted topologies [214, 215], where very high Higgs boson transverse momenta
lead to collimated 1-jets in a single fat jet, can be included in BB̄(�→ 11̄) analyses as
well to proࡖt from mass constraints and the substructure of the fat jet. The boosted
dilepton BB̄(�→ 11̄) channel can additionally be used to probe the �%-structure of
the top Yukawa coupling [216]. Boosted events have formed separate categories in
the semileptonic channel of the Run 2 Atlas analyses.

The rstࡖ Atlas full Run 2 leptonic BB̄(�→ 11̄) analysis [211] measured a BB̄� sig-
nal strength28 of `BB̄� = 0.35 +0.36

−0.34, corresponding to an observed event excess with
a signiࡖcance of 1.0f, while 2.7f were expected. Recently, Cms also published a
full Run 2 BB̄(�→ 11̄) cross-section analysis encompassing all top decay modes [208],
which resulted in a measured signal strength of `BB̄� = 0.33 ± 0.26 (observed signif-
icance of 1.3f compared to 4.1f expected). Meanwhile, the Atlas collaboration
conducted a re-analysis of the Run 2 data in the leptonic top decay channels to su-
persede Reference [211] – the Run 2 legacy analysis [1] presented in Part III of this
thesis. A discussion of the improvements incorporated into the BB̄(�→ 11̄) Run 2
legacy analysis is deferred to Chapter 6.

26 Cms used one category targeting �→ g+g− in combination with fully hadronic top decays in the
later full Run 2 BB̄(�→ML) analysis as well [202].

27 While an event excess with a signiࡖcance of more than 5 standard deviations (denoted as 5f) is
required to claim an observation, signiࡖcances above 4f are considered strong evidence.

28 The signal strength ` is the ratio of measured cross-section fobs to Sm cross-section fSm.
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Figure 1.16: Schematic of
the BB̄� stage 1.2 Simpli-
edࡖ Template Cross-Sec-
tion (Stxs) formalism us-
ing >�T , the Higgs boson
transverse momentum.

Individual BB̄� analyses do not extract GB directly, instead
measuring cross-sections. Afterwards, global Higgs combi-
nations are performed in the so-called ^-framework [217],
which gives every (eࡓective) Higgs boson coupling a scale
factor ^ to disentangle eࡓects of the diࡓerent Higgs boson
production and decay modes in the narrow-width approxi-
mation. Additionally, the Simpliࡖed Template Cross-Section
(Stxs) formalism [168, 218] is used as a guideline for com-
bined Higgs measurements. While the original motivation
for the Stxs formalism was the disentanglement of Qcd
scale eࡓects during combinations of processes such as ggF
and Vbf, it has evolved to provide a standardised binning
for diࡓerential cross-section measurements in the Higgs
sector. The Stxs Higgs boson transverse momentum (>�T )
bins in stage 1.2, as used for the diࡓerential cross-section
measurement of the Atlas BB̄(�→ 11̄) Run 2 legacy anal-

ysis, are shown in Figure 1.16. In global Stxs combinations, BB̄(�→ 11̄) analyses
contribute especially in the high->�T regime, where other Higgs boson decay chan-
nels suࡓer from high uncertainties. This strength of BB̄(�→ 11̄) for combinations is
further compounded when including boosted topologies.
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Figure 1.17: Representative tree-level Feynman diagrams of BB̄ + 11̄ production via gluon
splitting from (a) an initial state gluon and (b) a top quark. The nalࡖ state in either case is
identical with BB̄(�→ 11̄).

The main challenge for BB̄(�→ 11̄) measurements lies in the dominant BB̄ + 11̄ back-
ground, which results in an identical nalࡖ state as depicted in Figure 1.17. For this
reason, BB̄ + 11̄ is called an irreducible background, meaning that simple event cuts
cannot remove it. Additionally, it dominates the analysis phase space with a cross-
section that is about two orders of magnitude above that of BB̄(�→ 11̄) [168]. Con-
sequently, analyses rely on Multivariate Analysis (Mva) techniques to discriminate
between signal and background events. The development of event classiࡖcation and
reconstruction techniques for BB̄(�→ 11̄) forms one of the main topics of this thesis
and is discussed in detail in Chapter 7. Because of the signiࡖcant impact on Mc
simulations when considering the non-negligible 1-quark mass, modelling of BB̄ + 11̄
exists both in 4fs and 5fs and has been extensively studied recently [219, 220] to
inform the setups for future Lhc analyses and to reduce modelling uncertainties
associated with BB̄ + 11̄. Additionally, schemes fusing 4fs and 5fs [221, 222] have
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been developed recently with the promise of more precise background modelling
for future BB̄(�→ 11̄) analyses. To complement the development of Mc simulations,
dedicated measurements of inclusive and diࡓerential BB̄ + 11̄ cross-sections are also
being performed by the Atlas and Cms experiments [223, 224]. So far, they have
found the Mc predictions to underpredict data yields consistently. In the BB̄(�→ 11̄)
Run 2 legacy analysis, BB̄ + 11̄ is further subdivided into three categories (denoted as
BB̄ +≥11 in combination), as illustrated in Figure 1.18:

• BB̄ +≥21, containing at least two 1-jets in addition to those produced in the top
quark decays.

• BB̄ + 1�, where the 1-quarks are produced collinearly, such that their hadron show-
ers overlap and combine into a single jet.

• BB̄ + 11, where one of the additional 1-jets cannot be reconstructed in the detector
because it falls out of acceptance. As a result, BB̄ + 11 is the most diࡔcult subpro-
cess to be modelled by Mc generators.
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Figure 1.18: Schematic depictions of the BB̄ + 11̄ categories used in the BB̄(�→ 11̄) Run 2
legacy analysis to split the process into (a) BB̄ +≥21, (b) collimated BB̄ + 1�, and (c) BB̄ + 11,
which is dominated by acceptance eࡓects in 4fs simulations. Jets not originating from the
top quark decays are represented by cones encircling the respective nal-stateࡖ particles.
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CHAPTER 2

The Cern Accelerator Complex and the Atlas Experiment

In the early days of particle physics research, experimental apparatus was small
enough to tࡖ onto a workbench – or at least into a single room. Nowadays, the
experimental tools of the trade have increased in size slightly: currently, the Large
Hadron Collider (Lhc) [225] at the Conseil Européen pour la Recherche Nucléaire
(Cern) is the world’s most powerful particle accelerator at the high-energy frontier.
Situated at the Swiss-Frenchborder nearGeneva, it is a near-circular1 proton–proton
(>>) and heavy-ion synchrotron with a circumference of approximately 26.7 km.

Around the Lhc, several collider experiments make use of the TeV-scale particle
collisions generated at a total of four interaction points: Atlas [226] and Cms (Com-
pact Muon Solenoid) [227] situated on opposite sides of the Lhc are general-purpose
detectors designed to investigate a large variety of high-energy physics phenomena.
Lhcb (Large Hadron Collider beauty) [228], built in a forward spectrometer conࡖgu-
ration, is specialised on avourࡗ physics to search for the origin of �%-violation, while
Alice (A Large Ion Collider Experiment) [229] is designed to investigate the quark-
gluon plasma in heavy-ion collisions for a better understanding of conditions in the
very early universe. In addition to the four large experiments, the Lhc additionally
houses the smaller Lhcf [230], Totem [231], MoEDAL [232], and – as more recent
additions – the Faser [233] and Snd@Lhc [234] experiments.

In the following, the Lhc and its injector chain will be described in Section 2.1. The
concepts of luminosity and pile-up are additionally outlined in Section 2.1.2. As the
work described in this thesis was conducted with the Atlas detector, its detector
design will be presented in detail in Section 2.2.

1 The Lhc is an octagon with rounded corners consisting of eight approximately 528m long straight
sections connected by eight arcs.
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2.1. The Large Hadron Collider

The Lhc is located between 45m and 170m underground in the preexisting tunnel
of the Large Electron-Positron Collider (Lep) [235] running at Cern from 1989 until
2000. It consists of 1232 superconducting NbTi dipole magnets cooled to 1.9K by
superࡗuid helium to generate magnetic eldsࡖ of up to 8.33T for bending the pro-
ton beams circulating in two separate beam pipes around the curved sections [225].
Additionally, a large number of higher-order multipole magnets is used for beam
correction and insertion into the eight straight sections housing the four main exper-
iments, the 16 superconducting radiofrequency cavities for beam acceleration, two
beam cleaning systems, and a beam dump system. For instance, to focus the beams
at the interaction points at the centre of the four experiments, triplet quadrupole
magnet assemblies are used [236].

Instead of continuous beams, up to 2808 bunches of around 1.15 × 1011 protons each
are rotating in each of the two rings of the Lhc. During operation, collisions of the
around 7.5 cm long bunches occur every 25 ns at the interaction points, correspond-
ing to 40 million so-called bunch crossings per second.

The Lhc is designed to accelerate protons from beam energies of 450GeV at injection
to 7 TeV, resulting in a CoM energy of

√
A = 14 TeV – the highest currently achievable

in collider experiments. So far, the design energy has not yet been reached because of
the associated strain on the magnets. Instead, >> collisions were attained at energies
of up to 13.6 TeV so far.

Operation of the Lhc is split into distinct multi-year periods called Runs. These are
interspersed with Long Shutdown periods during which the accelerator and the ex-
periments conduct major upgrade and replacement works. During the Runs, physics
data taking is performed for about 150 days per year [237, 238] in so-called ޮlls, while
commissioning, Lhc machine development, special beam setups for calibration or
speciࡖc physics objectives, and a regular Year-End Technical Stop (Yets) make up
the remaining time. In each ,llࡖ the beam energy is rstࡖ ramped up to the target
value after all bunches have been injected into the Lhc. Afterwards, the beams are
squeezed (i.e. focused) before data taking can commence during the so-called stable
beams period. At the end of each llࡖ or in case of issues such as beam degradation
from unidentiࡖed falling objects [239, 240], the beams are dumped into graphite
cylinders weighing about 4.5 tonnes by two assemblies of 15 kicker magnets each. A
summary of Lhc operations to date is given in Table 2.1.

2.1.1. The LHC Accelerator Chain

In order to accelerate the proton beams to their nalࡖ energy, several pre-stages
are used in addition to the Lhc itself. This injection chain [241] starts by stripping
hydrogen atoms oࡓ of their electrons by use of an electric .eldࡖ The protons created
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2.1. The Large Hadron Collider

in this way are then accelerated from rest to 50MeV in the Cern Linear Accelerator 2
(Linac2) [242] operating since 1978. Afterwards, they enter the Proton Synchrotron
Booster (Psb) consisting of four superimposed rings, where they are accelerated
further to an energy of 1.4GeV before transferring into the Proton Synchrotron (PS).
The energy bump from the Psb hereby helps to increase the number of protons
accepted by the PS at a time. In the PS, protons destined for the Lhc reach an energy
of 26GeV. At this point, between two and four PS batches2 sequentially llࡖ the Super
Proton Synchrotron (Sps) for a further ramp-up to an energy of 450GeV. Finally, the
protons in the Sps are used to llࡖ both rings of the Lhc via two transfer lines running
in opposite directions. Each Sps cycle lasts 21.6 s, such that the Lhc can be lledࡖ by
24 Sps cycles in about 9 minutes. During Long Shutdown 2 following Run 2, Linac2
was replaced by Linac43 [243] as part of the upgrades towards the high-luminosity
Lhc slated to start operation after Long Shutdown 3.

The injection of heavy ions makes use of Linac3 and the Low Energy Ion Ring (Leir)
before the PS. The layout of the Cern accelerator complex is shown in Figure 2.1.

Figure 2.1: Layout of the Cern accelerator complex during Run 2 in 2016. Protons destined
for the Lhc come from Linac2, travel through the Psb, the PS, and the Sps before they
are nallyࡖ injected into the Lhc. During Long Shutdown 2 following Run 2, Linac2 was
replaced by Linac4.
©2016 Cern.

2 This depends on the bunching scheme used, i.e. how the individual proton packets are arranged in
the Lhc.

3 Linac4 accelerates negatively charged hydrogen ions, which have their electrons stripped during
the transfer to the Psb.
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2.1.2. Luminosity and Particle Collision Conditions

In particle physics, detectors are primarily able to measure the number of collision
events # instead of the physically more meaningful cross sections f. Therefore,
the instantaneous luminosity L(B) integrated over the collider runtime is used as a
normalisation factor between the two:

# =

∫
f · L(B) dB (2.1)

= f · Lint ,

where it is assumed for now that all collision events are counted without ineࡔcien-
cies. The second line instead makes use of the integrated luminosity Lint .

At the Lhc, the instantaneous luminosity can be directly calculated from the beam
parameters under the assumption of a Gaussian beam proࡖle as

L(B) =
#2

b<b 5rev
4cfFfG

� (\c) . (2.2)

Hereby, #b is the number of protons per bunch, <b the number of colliding bunches
per beam, 5rev denotes the revolution frequency of the beams in the Lhc (about
11.2 kHz), fF and fG are the horizontal and vertical root-mean-square sizes of the
beam at the interaction point, respectively, and the geometric factor � (\c) corrects
for the fact that the two beams do not collide head-on but with a crossing angle
\c . The Lhc is designed for an instantaneous luminosity L(B) = 1034 cm−2 s−1 at
the Atlas and Cms interaction points. In practice, the experiments do not rely on
the Lhc luminosity derived from Equation (2.2). Instead, they employ dedicated
subdetectors (c.f. Section 2.2.5 in the case of Atlas) for its measurement via well-
understood reference processes, essentially turning Equation (2.1) around. The ac-
cumulated >> luminosity delivered to and recorded by the Atlas detector in Run 2
and Run 3 is shown in Figure 2.2.

Because of the large number of protons per bunch, multiple proton–proton interac-
tions in the same bunch crossing are possible. This process is called pile-up4. It gives
rise to complicated detector signals due to the superposition of collision products
from multiple sources. Disentangling the original collision events from each other
is therefore essential for later data analysis. Additionally, so-called out-of-time pile-
up from particle signature overlaps of diࡓerent bunch crossings in the detector is
equally possible. Pile-up distributions in Atlas for the three Runs to date are shown
in Figure 2.3 Meanwhile, a table summarising Lhc conditions in the diࡓerent Runs
is provided in Table 2.1.

4 Denoted by ` for the number of >> collisions occurring in a bunch crossing.
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Figure 2.2: Integrated luminosity delivered by the Lhc and collected by the Atlas de-
tector in >> collisions during (a) Run 2 at 13 TeV and (b) Run 3 at 13.6 TeV. The Yets are
clearly discernible from the luminosity plateaus. The lower amount of collected data
originates from both ineࡔciencies in the data acquisition and from the detector start-up
period following the delcaration of stable beams by the Lhc. The plots are taken from
References [244, 245].
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Figure 2.3: Distributions of pile-up conditions encountered by the Atlas detector in >>

collisions during the full Lhc operations to date. Both the mean pile-up
〈
`
〉

and the
most probable pile-up value `MPV are shown for each Run. The plot is taken from Refer-
ence [245].
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Chapter 2. The Cern Accelerator Complex and the Atlas Experiment

Table 2.1: Lhc operation conditions for >> collisions in each Run to date. For the number
of bunches and the collision interval, the maximum values are taken. The integrated
luminosity as recorded by the Lhc is used. For Run 3, the design target values as of the
Chamonix 2024 Workshop for the peak instantaneous luminosity and the bunch popula-
tion are given. The remaining values for Run 3 are as of the end of data-taking for 2024.
The parameter values are taken from References [237, 238, 244–247].

Parameter Run 1 Run 1 Run 2 Run 3(7 TeV) (8 TeV)

CoM energy [TeV] 7 8 13 13.6
Peak inst. lumi. [1034 cm−1 s−1] 0.35 0.77 2.1 2.3
Integrated lumi. [fb−1] 5.6 23.3 160.5 195
Number of bunches 1380 1380 2556 2464
Protons per bunch [1011] 1.45 1.6 1.25 1.8
Collision Interval [ns] 50 50 25 25
Mean pile-up 9.1 20.7 33.7 54

2.2. The Atlas Detector

The Atlas detector [226] is a cylindrical forward–backward symmetric multi-pur-
pose detector with a near-complete coverage of the 4c solid angle around the Lhc
interaction point closest to the Cern Meyrin site. With a diameter of 25m, a length of
44m, and a weight of around 7000 tonnes – comparable to that of the Eiࡓel tower –,
Atlas is the largest particle detector at the Lhc.

To extract the maximum physics information, Atlas consists of multiple layers of
subdetectors arranged cylindrically around the beam pipe in an onion-like5 fashion.
Complementing the cylindrical layers in each subdetector are the so-called end-caps
for additional coverage in the forward regions. A schematic is shown in Figure 2.4.

Each layer is specialised in detecting diࡓerent physics signatures: closest to the beam
pipe sits the Inner Detector described in Section 2.2.1. It is designed to provide pre-
cise tracking and momentum information. Positioned around the Inner Detector
are electromagnetic and hadronic sampling calorimeters for particle energy deter-
mination, as detailed in Section 2.2.2. The outermost layer consists of the Muon
Spectrometer outlined in Section 2.2.3. It provides improved tracking, momentum,
and energy resolution for the muons, which are not stopped in the calorimeters.

A two-level trigger system is used in the Atlas detector to reduce the immense
amount of data collected to manageable levels. Additionally, Atlas houses several
forward detectors for luminosity measurements, event topology determination in
heavy-ion collisions, and forward region physics. The Atlas trigger system and
luminosity determination are described in Sections 2.2.4 and 2.2.5, respectively.

5 Or possibly more like a leek, given the cylindrical structure.
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2.2. The Atlas Detector

Figure 2.4: Schematic of the Atlas detector in 2022. The overall detector structure in
Run 1 and Run 2 was very similar, except for the exchange of the Small Wheel with the
New Small Wheel [248] in Long Shutdown 2.
Atlas Experiment©2024 Cern (CC-BY-4.0 license).

The Atlas detector employs a right-handed coordinate system with the nominal in-
teraction point at its origin. The positive F-axis points towards the centre of the Lhc,
the positive G-axis upwards, and the H-axis along the beam pipe with the positive di-
rection towards Lac Léman. A polar system is normally used for particle directions:
the azimuthal angle q is measured from the F-axis in the F– G plane, while the polar
angle \ is measured from the beam axis. Additionally, the pseudorapidity [ with

[ = − ln
(
tan \/2

)
is often used instead of \ since for highly relativistic particles it approaches the
rapidity G with

G =
1

2
ln

(
� + >H

� − >H

)
,

where � denotes the particle energy, and >H the momentum in the H-direction. As
a result, diࡓerences Δ[ in pseudorapidity can be taken as invariant under Lorentz-
boosts along the H-axis, which is useful since the CoM system of the interacting
partons does not necessarily correspond to that of the beams. Angular diࡓerences
Δ' between objects are usually measured via the Euclidean distance in [–q space as
Δ' =

√
Δq2 + Δ[2 . Lastly, transverse quantities such as the transverse momentum

>T or missing transverse energy �miss
T are deࡖned in the F– G plane, since only mo-

mentum components in this plane can be measured directly by the Inner Detector.
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Chapter 2. The Cern Accelerator Complex and the Atlas Experiment

2.2.1. The Inner Detector

(a) Cut-away view. (b) Subcomponent layers.

Figure 2.5: Illustrations of (a) a cut-away view of the Atlas Inner Detector with barrel
and end-caps and (b) the subsystems Pixel (with Ibl), Sct, and Trt in the barrel region
with their respective distances from the interaction point.
Atlas Experiment©2024 Cern (CC-BY-4.0 license), modiࡖed.

The Atlas Inner Detector (ID) [249, 250] provides particle hit information required
for particle tracking, vertexing, and transverse momentum determination in a pseu-
dorapidity range of |[| ≤ 2.5. Based on physics considerations, the ID was originally
designed among other criteria to reconstruct tracks with >T > 5GeV at better than
95% eࡔciency and have a momentum resolution better than 30% at >T = 500GeV

and |[| < 2.0 [251]. At the start of Run 1, the ID had a transverse momentum resolu-
tion f>T />T of [226]

f>T />T = 0.05% · >T [GeV] ⊕ 1% .

The ID, shown schematically in Figure 2.5, encompasses three subsystems based
on diࡓerent tracking technologies: the Pixel detector consists of silicon pixels, the
Semiconductor Tracker of silicon semiconductor strips, and the Transition Radiation
Tracker of many small straw tubes lledࡖ with a gas mixture. All three are described
in more detail in the following.

To aࡓord momentum measurements via particle deࡗections, the ID is immersed
in a homogeneous 2T magnetic eldࡖ aligned with the H-axis generated by a thin
superconducting solenoid of 5.3m length and 2.5m diameter.
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2.2. The Atlas Detector

The Pixel Detector

The Pixel detector [252, 253] forms the innermost part of the Atlas tracking system,
providing true three-dimensional particle hit information in the radiation-harsh
environment right around the beam pipe. Originally, it was designed with three
concentric barrel layers totalling 67.1 million read-out channels [254]: the B-Layer,
Layer 1, and Layer 2 sit at radial distances from the interaction point of 50.5mm,
88.5mm, and 122.5mm, respectively. They are complemented on either side by
three end-cap disks at axial distances |H | of 495mm, 580mm, and 650mm from the
nominal interaction point, which cover the forward region up to |[| = 2.5 and add a
further 13.3 million read-out channels [254].

While the B-Layer had initially been conceived as an insertable layer for the initial
low-luminosity phase of the Lhc to be replaced thereafter [252], this proposal was
already scrapped during later detector planning stages. Nevertheless, the B-Layer
is not designed for the high Run 2 radiation doses, which reduce charge collection
eࡔciency, and for the instantaneous luminosity ramp-up past the design value of
the Lhc listed in Table 2.1, challenging the B-Layer read-out bandwidth [253]. Con-
sequently, the Insertable B-Layer (Ibl) [253, 255] containing an additional 12million
read-out channels was added during Long Shutdown 1 as a new innermost layer at a
radius of 33.25mm. The B-Layer was left in place instead of attempting its removal
from the detector. In addition to mitigating the projected rapid performance drop
for the B-Layer, the Ibl was conceived to improve vertexing and the identiࡖcation
of jets originating from 1-hadrons.

The sensors of the original Pixel detector (referred to as Pixel from now on) and of
the Ibl consist of pixels with sizes (50 × 400) µm2 and (50 × 250) µm2, respectively6.
The sensors follow a hybrid design, where the read-out electronics are placed on
a separate chip bump-bonded to the active silicon sensor volume, which consists
of deep-depleted reverse-biased p–n junctions to allow for full depletion even after
type inversion of the n-bulk due to radiation damage and subsequent annealing [254,
255]. Passing charged particles create electron-hole pairs, whose charge build-up
is processed by the read-out chip to generate hit signals. The Ibl sensors are de-
signed for higher radiation tolerance and use an updated read-out chip design for
an improved bandwidth compared to the Pixel sensors. The Pixel read-out system,
including oࡓ-detector components, is described in more detail in Chapter 3.

The segmentation into pixels results in intrinsic hit position accuracies of 10µm
(azimuthal) and 60µm (axial) for hits in the Ibl [253], 10µm (azimuthal) in Pixel and
115µm (axial/radial) in barrel/end-cap Pixel, respectively [226]. The high spatial
resolution is vital in the reconstruction of vertices and the estimation of track impact
parameters for pile-up suppression and 1-jet identiࡖcation. With the addition of the
Ibl, impact parameter estimation was further improved, especially for low->T tracks
where multiple scattering in the ID dominates [253].
6 The shorter side extends in the azimuthal direction, the longer in the axial one.
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The Semiconductor Tracker

Situated around the Pixel detector are four barrel layers of p-in-n silicone semicon-
ductor strips [256]with a length of 64mm and 80µm pitch at radii of 29.9 cm, 37.1 cm,
44.3 cm, and 51.4 cm [226]. Nine additional end-cap disks on either side reach up to
|H | = 2.72m. Together, they form the Semiconductor Tracker (Sct) with 6.3 million
read-out channels and coverage of four particle hits for tracks up to |[| = 2.5.

The Sct modules consist of two back-to-back sensors, which have their strips rotated
against each other by a stereo-angle of 40mrad in order to increase the hit position
accuracy in the axial and radial directions for the barrel layers and end-cap discs,
respectively. As a result, the strips have an intrinsic accuracy of 17µm in azimuthal
and 580µm in axial (radial) direction in the barrel (end-cap) region. The Pixel and
Sct detectors are bi-phase cooled with C3F8 to an operating temperature below 0 ◦C,
while CO2 is used in the Ibl for the same purpose.

The Transition Radiation Tracker

The third subcomponent of the ID is the Transition Radiation Tracker (Trt). It em-
ploys a total of around 298 000 [257, 258] polyimide drift (straw) tubes of 4mm dia-
meter lledࡖ with a noble gas mixture7.

Similar to the Pixel detector and the Sct, the Trt consists of a barrel and two end-cap
regions. In the central barrel region of |[| < 1.0 [257], about 53 000 straw tubes are
aligned axially in up to 73 layers arranged in three module rings at radii of 55.4 cm
to 108.2 cm. Meanwhile, the around 123 000 Drift tubes in each end-cap are aligned
radially in 160 layers. Overall, passage through at least 36 drift tubes is ensured for
tracks at |[| < 2.0, except in the transition region between barrel and end-caps [226].

At their centre, the straw tubes contain a gold-plated tungsten wire for collecting
electrical signals generated during gas ionisation from transition X-ray photons. The
transition radiation is generated via a breࡖ matrix (foils) of polypropylene between
the straws in the barrel (end-cap) region [226]. Because of the dependence of the
amount of emitted forward transition radiation on the Lorentz factor W of a parti-
cle [261], the Trt is used for distinguishing electrons from pions [249]. Additionally,
it assists in track reconstruction with an intrinsic azimuthal resolution of 130µm for
the individual straws due to their drift-time accuracy [259].

7 In Run 1, a Xe (70%) / CO2 (27%) / O2 (3%) mixture was used [226]. Because of leaks and the high cost
of Xe, from Run 2 onwards parts of the Trt were lledࡖ with a cheaper Ar (70%) / CO2 (30%) mixture
already used for quality assurance during production [259, 260].
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2.2.2. The Calorimeters

Figure 2.6: Schematic of the Atlas electromagnetic and hadronic calorimeters.
Atlas Experiment©2024 Cern (CC-BY-4.0 license).

The Atlas detector uses several sampling calorimeters [262, 263] with coverage up
to |[| = 4.9, depicted in Figure 2.6, for precise energy measurements of electrons,
photons, and hadronic jets produced in the particle collisions. To this purpose, the
initial high-energy particles interact with absorber material to create showers of
low-energy particles, which generate electrical signals in the active detectormaterial
while being fully absorbed. Material-dependent characteristic lengths leading to a
particle energy reduction by a factor 4 are often used for shower parameterisation:
for electromagnetic showers, this is the radiation length -0, for hadronic showers
the interaction length _.

Like the ID systems, the calorimeters consist of central barrel systems complemented
by end-cap detectors in the forward regions. The inner subsystem is the Electromag-
netic Calorimeter (Ecal) designed to measure the energy of electrons and photons.
It consists of lead absorber plates interspersed with electrodes in liquid argon (LAr)
cooled to about −184 ◦C [262]. For homogeneous coverage and straightforward sig-
nal extraction, absorber and active detector volume follow an accordion geometry.

In the central barrel region at |[| < 1.475, the Ecal is split into up to three coaxial sec-
tions of decreasing [-granularity with increasing radii: the inner layer thus allows
precise shower direction measurements and c0 vetoing [264] using a granularity of
about Δq × Δ[ = 0.1 × 0.003, the middle layer absorbs the bulk of the shower at a
granularity informed by the Molière radius8, and the coarse outer layer contains
the remaining energy. The end-caps (1.375 < |[| < 3.2) are structured similarly but
coarser. An additional LAr presampling layer is included for |[| < 1.8 to correct for
energy lost between the interaction point and the Ecal. Containment of electromag-

8 The characteristic lateral extent of an electromagnetic shower.
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netic showers in the Ecal is ensured by its depth, which ranges from 22-0 in the
central region to 38-0 in parts of the end-caps.

Around the Ecal, the Hadronic Calorimeter (Hcal) is used to measure the energy
of hadronic jets. The Tile calorimeter with passive steel absorbers and polystyrene
scintillator tiles as the active material is used in the low-radiation barrel region at
|[| < 1.7. Low-energy particles generate UV photons in the tiles, which are grouped
into three layers with a minimum granularity of Δq × Δ[ = 0.1 × 0.1 [226]. The pho-
tons are then guided by wavelength-shifting bresࡖ to Photomultiplier Tubes (Pmts)
for signal read-out. Overall, the Tile calorimeter consists of one central and two
extended barrel segments at radii between 2.28m to 4.25m for a depth of 7.4 _9.

In the forward regions of 1.5 < |[| < 3.2, hadronic shower energy is measured by
LAr sampling calorimeters with copper absorbers, and with copper/tungsten ab-
sorbers at 3.1 < |[| < 4.9. The requirement of momentum balance in the transverse
plane, combined with the precise accounting of particle energies, allows the de-
termination of missing transverse energy �miss

T from neutrinos and possible Bsm
signatures. In total, the calorimeters add a further 192 000 read-out channels [226].

2.2.3. The Muon Spectrometer

Figure 2.7: Schematic of the Atlas Muon Spectrometer with an overview of the various
detector technologies used.
Atlas Experiment©2024 Cern (CC-BY-4.0 license).

As high-energy muons are not stopped in the Atlas calorimeters, the outermost
detector layer consists of the Muon Spectrometer (MS) [265], shown in Figure 2.7,
for improved muon momentum measurements and tracking. To this purpose, the
muon system is embedded in three large toroidal magnets, each containing eight
9 Detector components in front of the Hcal contribute a further 2.3 _.
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superconducting coils [266]: a non-uniform toroidal eldࡖ of typically 0.5 –1.0T is
generated by the air-core barrel toroid and the two end-cap toroids at |[| < 1.4 and
1.6 < |[| < 2.7, respectively [265]. In the intermediate transition region, the eldsࡖ
of both magnet systems overlap.

The muon system itself consists of dedicated tracking layers (so-called stations) for
precise muon hit detection. Additional low-latency sensors are used as inputs to the
hardware triggers. In the barrel region at |[| < 1.05, three Monitored Drift Tube
(Mdt) stations are placed near the inner boundary, the maximum, and the outer
boundary of the magnetic eldࡖ for a measurement of the curved track sagitta in
the bending direction. The Mdts consist of aluminium tubes of 30mm diameter
lledࡖ with an Ar (97%) / CO2 (3%) gas mixture and a central tungsten-rhenium wire
electrode [265] with a resolution of 60µm for a single Mdt [226].

In the end-cap region, no station placement is possible near the eldࡖ maximum in
the closed end-cap toroids. Instead, the outer stations arranged as Large Wheels are
pushed axially outwards to provide measurements with a long lever arm after muon
deࡗection. Because of the high particle uxesࡗ at 2.0 < |[| < 2.7 and the long Mdt
dead-time of around 750ns, Cathode Strip Chambers (Cscs) – a type of multiwire pro-
portional chamber – were used for the innermost station in this high-pseudorapidity
region until the end of Run 2 [265]. The remaining end-cap stations consist of Mdts.

The trigger system covers the range of |[| < 2.4 via Resistive Plate Chambers (Rpcs)
with an intrinsic time resolution of 1.5ns in the barrel, and Thin Gap Chambers
(Tgcs) with a resolution of 4ns in the end-cap regions [226]. The trigger components
additionally provide two-dimensional position measurements to assist in tracking.

During Long Shutdown 2, the SmallWheels containing the Cscswere replaced by the
New Small Wheels (Nsws) [248] covering 1.3 < |[| < 2.7. The new system employs
small-strip Tgcs for the hardware triggers, while Micromega detectors are used for
the precision momentum measurement.

2.2.4. The Trigger System

At a rate of 40MHz, the Lhc >> collisions would generate an immense amount of
O

(
100 TB s−1

)
[226] of Atlas detector data, which is impossible to handle with cur-

rent computing technology. At the same time, the vast majority of collision events
are uninteresting for Atlas physics analyses. For instance, ggF-initiated Higgs bo-
son production with an inclusive cross-section of 48.5pb at

√
A = 13 TeV [169] and

L(B) = 2 × 1034 cm−2 s−1 only occurs about once per second. Therefore, a two-level
trigger system [268, 269] is employed to lterࡖ out interesting collision events10 and
reduce the amount of data to be processed and stored to manageable levels.

The rstࡖ stage hardware-based Level-1 (L1) trigger uses low-latency signals from the

10 There are additional minimum-bias event selections.
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Figure 2.8: Schematic of the Atlas two-level trigger system used during Run 2. The
hardware-based Level-1 trigger relies on low-latency sensors in the calorimeters and the
Muon Spectrometer. Meanwhile, the software-based High-Level Trigger makes use of the
full detector read-out. The image is taken from Reference [267].

calorimeters and the MS. Afterwards, the software-based High-Level Trigger (Hlt)
consisting of about 40 000 compute nodes processes the events selected by the L1
trigger more thoroughly. The entire Run 2 system is shown in Figure 2.8.

Application-Speciࡖc Integrated Circuits (Asics) and Field-Programmable Gate Arrays
(Fpgas) are used in the L1 trigger for fast processing of the MS and calorimeter
signals. The L1 calorimeter triggers react to photons, electrons, and tau leptons
depositing energy in the Ecal and hadronic jets depositing energy in the Hcal on
a granularity of 0.1 × 0.1 in [ × q. Meanwhile, the L1 muon triggers are designed
to identify high->T muons via hit patterns in the MS stations. Triggers based on
the jet scalar sum >T, �miss

T , and (from Run 2 onwards [270]) topological association
between trigger objects are also used. In Long Shutdown 1, the L1 topological trigger
subsystem was overhauled, while the L1 calorimeter system was upgraded in Long
Shutdown 2 [270]. Decisions of the L1 subsystems are combined in the Central
Trigger Processor (Ctp) for a nalࡖ trigger decision under a set of conditions deࡖned
in the so-called trigger menus. As a result, events are preࡖltered at a rate of 100kHz
(75kHz in Run 1) with a maximal latency of 2.5µs [226, 267].

For events passing the L1 selection, the full event information is queried from de-
tector module buࡓers and sent to the Read-Out System (Ros). The Hlt then makes a
nalࡖ event selection based on both regions of interest deࡖned by the L1 trigger for
time-critical algorithms and the entire detector for the most time-consuming trigger
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decisions. At the start of Run 2, the Fpga-based Fast Tracker (Ftk) [271] was added
as a pre-Hlt component speeding up online track reconstruction for 1-jet and tau
lepton trigger decisions. In 2018, the Hlt event processing time averaged 400ms

at peak luminosity [272]. After the Hlt, the event rate is reduced down to 1200Hz
(400Hz in Run 1) with a data throughput of 1.2GB s−1 [267, 273].

2.2.5. Luminosity Determination

The Atlas detector uses dedicated subsystems for instantaneous luminosity determi-
nation. In Run 1, this task was mainly fulࡖlled [274] by the Beam Conditions Monitor
(Bcm) [275], a set of diamond sensors primarily monitoring beam conditions to safe-
guard the ID. Meanwhile, the Luminosity Cherenkov Integrating Detector (Lucid),
updated to Lucid-2 [276] during Long Shutdown 1, took over as the primary lumino-
sity detector for Run 2 and Run 3. Lucid-2 consists (on either side of the interaction
point) of 16 aluminium Cherenkov tubes located around the beam pipe at around
|[| = 5.6 and at an axial distance of around 17m from the detector centre. The tubes
contain a quartz window as the Cherenkov medium coated with a 207Bi source used
for calibrating the Pmts, which amplify the Cherenkov signal.

Lucid-2 provides per-bunch luminosity estimates, which are also transmitted to the
Lhc as feedback on the beam conditions. Additionally, the instantaneous luminosity
is averaged over so-called luminosity blocks (Lbs) – periods about one minute in
length, during which data-taking conditions are assumed to be near-constant. The
Lbs also form the smallest unit at which collision data is rejected in oࡕine recon-
struction if data quality issues are discovered.

The measurements of Lucid-2 are cross-checked with several other independent
luminosity determinations from the Bcm and track and cluster counting methods
using the silicon detectors of the ID and the calorimeters [277]. The absolute lumi-
nosity measurement is calibrated via van der Meer scans [278] carried out yearly in
special Lhc .llsࡖ During these ,llsࡖ the beam separation at the interaction point is
slowly varied to obtain separation-dependent interaction rates `vis, which can then
be used to determine a reference visible inelastic >> cross-section fvis. This allows
for the measurement of the per-bunch luminosity Lb during physics data-taking via

Lb =
`vis 5rev

fvis
,

where 5rev is the revolution frequency of the Lhc and L(B) = Lb · <b 5rev with the
number of colliding bunches <b per beam.

43





Part II.

Data Acquisition with the Atlas
Pixel Detector

45





CHAPTER 3

The Pixel Detector Read-out Chain

While the sensors of the Pixel detector introduced in Section 2.2.1 are responsible
for generating electrical hit signals from passing charged particles, these data sub-
sequently have to be processed, transferred to the oࡓ-detector electronics located
in the counting room, and nallyࡖ routed to the central Ros as part of the Data Ac-
quisition (Daq) chain of the entire Atlas detector. Additionally, the detector has
to be calibrated periodically to ensure continued peak data-taking eࡔciency in the
challenging environment close to the beam pipe. Both of these tasks rely on the Pixel
detector read-out chain described in Section 3.1. Afterwards, detector calibration
procedures are introduced in Section 3.2. Finally, Section 3.3 summarises Pixel de-
tector operations in Run 3 with a focus on challenges and mitigation strategies. The
development of the automated system tests for the Pixel read-out chain is instead
deferred to Chapter 4.

3.1. Components of the Read-out Chain

3.1.1. From the Sensor to the Counting Room

The read-out chain of the original Pixel detector [254], shown in Figure 3.1, and that
of the Ibl [255, 279] starts with the Front-End (Fe) Asics, which are connected to the
sensors via bumpbonds. The Pixel and Ibl Fe chips are based on the Fe-i3 [280] and
Fe-i4b [281, 282] designs, respectively. They amplify the electrical signal induced in
the pixels by traversing high-energy charged particles and generate a digital hit sig-
nal if the ampliࡖed analogue pulse exceeds an adjustable threshold. As a result, the
read-out circuits consist of an analogue part prior to the signal discriminator and a
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Figure 3.1: Simpliࡖed block diagram showing the read-out chain for a single Pixel module.
The Ibl read-out chain is structured similarly, except for the module setup.

digital part following it. Both can be individually tested via dedicated circuits inject-
ing a charge or a digital signal, respectively. Additionally, the Time-over-Threshold
(ToT) of the discriminator in units of the 25ns bunch crossing period can be used
for an estimate of the charge on the sensor, since the discharge current is largely
independent of the sensor charge and can be adjusted via dedicated registers in a
similar way to the discriminator threshold. The timestamps of the leading and trail-
ing edges of the ampliࡖed signals, which constitute the digital data, are then stored
in buࡓers until an L1 trigger signal requests hits for a speciࡖc bunch crossing.

In Pixel, 16 Fes1 form a module controlled by a Module Controller Chip (Mcc)
Asic [283], which coordinates the communication between the Fes on the module
and the downstream components: it distributes conࡖgurations, trigger signals, and
reset commands among the Fes, and aggregates the Fe hit data before passing them
downstream. Overall, 13 modules are arranged along H at constant q on so-called
staves in the barrel region. The Fes in the Ibl are instead arranged in six double-
chip modules at the stave centres, while four additional Fes connected to 3D2 Ibl
sensors at the outer end of each Ibl half-stave form single-chip modules. The Ibl
read-out chain also does not require an Mcc. Instead, every Ibl half-stave is con-
nected directly to an opto-box via electrical lines of approximately 6m length. The
opto-boxes house opto-boards to interconvert the electrical signals running to and
from the modules to optical signals running to and from the oࡓ-detector electronics
in optical links. The Mcc of the Pixel modules are connected to the counting room
via opto-boards as well.

1 The sensors and some other components are technically also part of each module. They are not
explicitly mentioned in the read-out chain for simplicity.

2 The Ibl pioneered the usage of 3D semiconductor sensors [284], in which the electrodes penetrate
the wafer substrate, thus allowing independent control over sensor thickness and required depletion
voltage.
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3.1.2. Data Processing in the Counting Room

The Atlas counting room is located in service cavern Usa15 next to the detector
cavern. Among the read-out systems for other subdetectors, it houses the Pixel oࡓ-
detector electronics. These are primarily comprised of a number of Read-Out Driver
Cards (Rods) [285] to process the detector data and control the Fes. Additionally,
every Rod is connected to a Back-of-Crate Card (Boc) [286], which provides the
optical interfaces to the detector modules, but also to the Ros and directly to the
Ftk. While a common Boc/Rod avourࡗ had been developed for both the Pixel and
Sct subsystems, this original Hardware (Hw) was gradually replaced with Ibl-style
Boc/Rods [255] in the Yets of Run 2 to beneࡖt from bandwidth improvements in
the optical links of Layer 1 and Layer 2, and to harmonise the oࡓ-detector part of
the read-out chain for Firmware (Fw) and Software (Sw) development [287, 288].
As a result, the Pixel detector employs uniࡖed oࡓ-detector Hw with diࡓerent Fw
versions for the Boc/Rods connected to Ibl and Pixel Fes.

Figure 3.2: Schematic of the Boc/Rods used in the Pixel detector. While the Boc provides
optical interfaces to the detector components and the Ros for the Rod, the Rod itself
consists of three Fpgas to process data received from the detector modules during data-
taking or calibration. Each Tx and Rx plugin can house twelve optical channels.
JINST 10 (2015) C03037 (CC-BY-3.0 license).

The overall Boc/Rod structure is shown in Figure 3.2. The Bocs are responsible
for transmitting conࡖgurations, L1 trigger requests, and the Lhc clock signal to
the modules while receiving data in return. Additionally, they transmit the event
fragments prepared by their connected Rod downstream to the Ros via S-Link
connections3, where the data are stored in Read-Out Buࡓers (Robs) to await an Hlt
request. Internally, every Boc consists of one Boc Control Fpga (Bcf) and two Boc
Main Fpgas (Bmfs) [286]. Each Bmf in turn is connected to two S-Link connections
as well as two Rx-plugins and one Tx-plugin (two in Layer 2). Each of the twelve

3 S-Link is a data transmission format developed at Cern.
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channels of an Rx-plugin (Tx-plugin) in turn operates at a bandwidth of 160Mbit s−1

(40Mbit s−1) [255].

The Rods instead are responsible for building event fragments during data-taking
and accumulating histogramming information during detector calibration scans,
which is then transmitted via Gigabit Ethernet to a dedicated tࡖ farm for further pro-
cessing [279]. The Rod also receives and distributes trigger and timing information
from dedicated trigger cards, and sends commands and conࡖguration data to the
Fes via the Boc. To fulࡖl these tasks, each Rod consists of one control Fpga with an
embedded PowerPC (Ppc) [289] as well as two further Fpgas for fragment building
and histogramming. Lastly, the Program Reset Manager (Prm) Fpga is contained
within the Rods as a low-level controller.

3.1.3. Emulating Detector Data in the Pixel Testbed

In general, each type of Fpga in use in the oࡓ-detector electronics uses its own
dedicated Fw. As a result of the heterogeneous interconnected system, rigorous
testing of system capabilities is required after changes in Fw or Sw. A dedicated
testbed is available for this purpose at the Cern Sr1 facility near the Atlas detector.
It consists of a full detector slice, meaning that the entire read-out chain described
above is implemented on a smaller scale in a non-critical system to allow validation
of Sw and Fw developments.

To complement the Pixel Hw available in the Sr1 testbed, an emulator is available
on the Boc to mimic real Fe data in data-taking conditions and some calibration
scans [286]. The oࡓ-detector part of the read-out chain can therefore be validated
using the emulator without having to enable the upstream on-detector parts of the
chain. Since high bias voltages, module cooling, and other complications are in-
volved in operations with the real detector modules even in the testbed, emulated
data present a low-risk alternative for many common read-out scenarios. Addition-
ally, the emulator allows the generation of repeatable data patterns for some of the
calibration scans outlined in the next section.

3.2. Calibrating the Pixel Detector

Frequent assessment of the Pixel detector operating characteristics has to be carried
out to ensure optimal detector performance during data-taking. Therefore, the Pixel
read-out chain has to support various scanning and tuning procedures [290, 291]
in addition to the processing of particle hit data during physics data-taking runs.
While a complete outline of all calibration procedures performed with the detector
is beyond the scope of this thesis, some standard scans and tuning procedures will
be introduced in the following.
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3.2.1. Module Scans

Digital scans represent the simplest monitoring procedure in the Pixel detector: they
consist of the injection of digital pulses into the Fe read-out electronics located down-
stream of the threshold discriminator to validate the digital part of the Fe read-out.
In order not to overload the circuits accumulating the single-pixel hit signals, the
digital pulses are strobed across the individual pixels so that only a fraction of them
registers a digital hit at a time [292]. Additionally, the digital pulse is repeated sev-
eral times to histogram the number of digital hits registered for each pixel with the
Rods. Digital scans represent the rstࡖ quick check to be performed during detector
monitoring or tuning to ensure correct operation of the system.

Analogue scans are the next more complicated monitoring method. Instead of in-
jecting a digital pulse into the digital pixel read-out circuits, they inject a known
charge into the analogue read-out circuits before the ampliࡖcation stage by means
of a capacitor. Similar to the digital scans, these injections are strobed and repeated.
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Figure 3.3: Example of an S-curve generated in a threshold scan. The average threshold
and its root-mean-square deviation can be extracted in tsࡖ and compared to target values.
ATL-INDET-PUB-2010-001 (CC-BY-4.0 license).

Threshold and ToT scans are the two other basic detector monitoring techniques
and essentially consist of the repeated application of analogue scans with diࡓerent
injected charges. In threshold scans, the fraction of registered hits, also called the
occupancy in this context, is scanned in dependence of the injected charge to arrive
at so-called S-curve plots shown in Figure 3.3. Ideally, these plots have a step from
no hits to a hit fraction of 100% at the desired threshold. In practice, the average
threshold and its uncertainty resulting from electronic noise and threshold spread
in the case of multiple pixels can be extracted using a tࡖ to a Gaussian error function.
Meanwhile, ToT scans use the timestamps of the leading and trailing edges generated
by pulses from analogue injections. Since the ToT is used for improving the hit
resolution in clusters, where multiple pixels register a hit for the same traversing
particle, a precise calibration of the ToT via adjustments of the pulse slope during
the return to baseline, shown in Figure 3.4, is critical.
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Figure 3.4: Schematic of the signals generated by two analogue signals of diࡓerent charges
&1 > &2. Due to the constant discharge rate, the pulses return to baseline with the same
slope, resulting in diࡓerent ToTs. Timewalk is visible between the leading edges.

3.2.2. Detector Tuning

Detector tuning is carried out if the threshold and ToT scans reveal deviations from
the calibration target values or a large spread of values. In a similar fashion to the
step from analogue scans to threshold and ToT scans, tunings consist of repeated
threshold or ToT scans with intermittent tuning iterations: in threshold tunings,
the Fe-level GDAC and pixel-level TDAC registers4 [280, 293], which control the dis-
criminator threshold, are iteratively adjusted to ensure a uniform response of the
detector to injected charges. Meanwhile, ToT tunings aim at obtaining a uniform ToT
response to injected charges of a certain magnitude by adjusting the Fe-level IFDAC
and pixel-level FDAC registers5, which modify the pulse slope during the return to
baseline, resulting in a change of ToT.

3.2.3. Timing Scan

Since charge pulses of diࡓerent magnitudes build up in approximately constant time
in the analogue read-out circuits, the hit discrimination threshold is crossed at diࡓer-
ent times after particles traverse the sensor and generate charges – a phenomenon
known as timewalk visible in Figure 3.4. As a result, signal pulses originating from
small charges may not be registered in the bunch crossing bin corresponding to the
collision, thus getting lost for the reconstruction, as only hits from a single bunch
crossing are read out for each L1 trigger during data-taking6. Additionally, the over-
all trigger delay has to be determined to ensure detector synchronisation. Therefore,
the initial coarse detector timing adjustment is performed in special Atlas runs
4 These get their names from the fact that they are connected to ‘global’ and pixel-level Digital-to-

Analogue Converters (Dacs) to set the discriminator threshold.
5 Their names originate from the fact that these Dacs control the feedback current �5 in the ampliࡖca-

tion stage before the hit discriminator circuits.
6 Reading out the surrounding bunch crossings would consume too much read-out bandwidth during

physics data-taking conditions.
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without Lhc beam, in which the detector triggers on cosmic muons instead [294].
Afterwards, the detector timing is nelyࡖ adjusted in special Lhc llsࡖ containing only
single isolated bunches by scanning clock delays in steps of 1ns. Both of these ad-
justments use a special detector conࡖguration in which multiple bunch crossings
are read out for each L1 trigger. The optimal timing delay is determined as the point
at which high-ToT7 hits begin migrating from the target bunch crossing to the one
before it to minimise timewalk losses8.

3.3. Pixel Detector Operations in Run 3

During Run 3 >> physics ,llsࡖ typical mean pile-up conditions of
〈
`
〉
= 52 in 2022

and
〈
`
〉
= 62 in 2023 [295] were about a factor of three higher than the design values

of the Pixel detector. The number of particles produced in collisions scales with the
pile-up, thus leading to an increase in the pixel hit occupancies. The greater number
of hits puts a strain on the read-out chain of the Pixel detector, where the read-out
bandwidth of the B-Layer is the critical bottleneck: as the bandwidth usage exceeds
the read-out limit, not all data can be transmitted oࡓ the modules in time. As a
result, modules can become desynchronised from the L1 triggers until a subsequent
Event Counter Reset (Ecr) – a special signal issued by the Ctp every veࡖ seconds to
synchronise the entire Atlas detector.

3.3.1. Smart Level-1 Trigger Forwarding

Module desynchronisation can also occur at a bandwidth usage below the critical
data rate, for instance, if many L1 trigger signals are sent to a module registering
many hits in a short time. Technically, the Mcc is supposed to skip L1 triggers in
this case to allow the modules suࡔcient time for building event fragments, while
reporting the number of skipped triggers back to the Rod to compensate. However,
discrepancies likely stemming from the Mcc were observed in the expected and
reported number of skipped triggers during Run 2 operations, resulting in Rod-level
desynchronisation until the next Ecr.

The on-detector components are inaccessible during Lhc Runs and consist of Asics
without any programmable Fw or Sw components. Therefore, all mitigation strate-
gies have to be implemented in the oࡓ-detector electronics via the Fw of the Boc/Rod
components. Consequently, the Pixel-ࡗavour Rod Fw was modiࡖed during 2022 to
carry out the L1 trigger skipping logic instead of relying on the Mcc [297, 298]. In
the new procedure, the Rod sends L1 triggers to the modules until the diࡓerence
between sent triggers and module responses exceeds a certain threshold. At this

7 To avoid timewalk eࡓects.
8 A safety margin of 5ns is added on top.
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Figure 3.5: Semi-logarithmic plot showing the gradual reduction of the average per-event
fraction of Pixel modules with synchronisation errors at the Rod level during 2023 as a
result of the rollout of smart L1 forwarding. The procedure was not implemented in Ibl
during 2023. Additionally, the pile-up averaged for each Atlas run is shown. The plot is
taken from Reference [296].

point, the Rod stops forwarding triggers and instead inserts empty dummy events
aggedࡗ for later removal within the data quality processing into the data stream to
keep synchronisation until further module responses are received and triggers can
be forwarded again. This smart L1 forwarding was subsequently rolled out to all
Pixel layers during 2023. The resulting reduction in the module desynchronisation
fraction is shown in Figure 3.5. Currently, work is ongoing to port the functionality
to the Ibl-ࡗavour Fw as well, where similar issues with skipped triggers have been
observed.

3.3.2. Periodic Module Register Reconٰguration

Apart from large module hit occupancies, the high pile-up also presents challenges
to the Pixel modules via a second phenomenon: secondary particles from hadronic
interactions of the high-energy collision products also deposit charge in module
registers and transmission lines, which can lead to bit-ࡗips via so-called Single Event
Upsets (Seus) and Single Event Transients (Sets), respectively. The global registers
of both the Fe-i3 and Fe-i4b chips are therefore implemented in radiation-hardened
conࡖgurations [280, 282, 299]. However, some level of global deconࡖguration from
Seus/Sets is still present and can lead to noisy Fes and sudden changes in module
current consumption during data-taking [300]. Similarly, analogous eࡓects can occur
in single-pixel registers, leading to individual noisy and quiet pixels.
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Figure 3.6: Plots of the development of (a) the hit occupancy and (b) the fraction of broken
clusters in the Ibl 3D modules during a llࡖ towards the end of Run 2, in which the single-
pixel register reconࡖguration was tested. While the hit occupancy correlates with the
amount of noisy pixels present, the fraction of broken clusters instead correlates with the
amount of quiet pixels. The plots are taken from Reference [300].

In order tomitigate thesemodule deconࡖguration eࡓects, a procedure to periodically
reconࡖgure Fe-level registers was rolled out to the Ibl during Run 2 [300]. To avoid
introducing additional dead-time during the reconࡖguration step, the procedure
makes use of a 2ms period without triggers accompanying the Ecr signal. During
Run 3, the procedure was expanded to the single-pixel Ibl registers, and Fe- and
Mcc-level registers in the other Pixel layers [295, 301]. Due to the short Ecr period,
only a fraction of Ibl pixels are reconࡖgured with every Ecr on a rolling basis. A
complete reconࡖguration occurs every eleven minutes [300]. The eࡓect of the single-
pixel register reconࡖguration on the development of noisy and quiet pixels was
tested towards the end of Run 2 [300] via the hit occupancy in the Ibl 3D modules
and the observed fraction of broken clusters, respectively, as shown in Figure 3.6.

3.3.3. Thresholds & Bandwidth Limitations

Since the Pixel detector sits right next to the beam pipe, it experiences a constant
high level of radiation from particle collisions during Lhc operation. Over time, this
leads to a decrease in the charge collection eࡔciency of the Pixel sensors because
of charge trapping on radiation-induced defects in the silicon sensors. To retain
tracking eࡔciency, the module hit thresholds can be lowered as a mitigation strategy.
However, because of the simultaneous pile-up dependence of the bandwidth usage
and the associated risk of module desynchronisation outlined previously, a balance
has to be struck in the thresholds. Simultaneously, the constant radiation also leads
to higher sensor bias voltage requirements and to drifts in detector thresholds and
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Figure 3.7: Evolution of the average Ibl ToT values and their root-mean-square errors
during 2018, where every retuning is denoted with a new marker style and colour. The
plot is taken from Reference [302].

ToT as shown for the Ibl during 2018 in Figure 3.7. Because of these shifts, frequent
monitoring and retuning of the detector as outlined in Section 3.2 is required.

Based on data-taking experience collected in 2022, the B-Layer thresholds were
raised at the beginning of 2023 [303]. Additionally, dedicated Lhc llsࡖ in 2022 and
2023 were used to probe detector capabilities in various pile-up and trigger rate
conditions for further Run 3 planning. Figure 3.8 shows the result of these condition
scans on the Ibl and B-Layer on-track hit eࡔciency9, suggesting that the smart L1
forwarding and the threshold optimisation introduced in between the two tests have
led to an improved B-Layer performance.
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Figure 3.8: Hit-on-track eࡔciencies in Ibl and B-Layer during 2022 and 2023 data-taking
plotted in dependence on the average pile-up. The plot is taken from Reference [304].

9 The fraction of tracks reconstructed with >T > 0.7GeV with a hit registered in the respective layer.
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CHAPTER 4

Automated Testing Framework Development

The Run 3 improvements made to the Pixel detector outlined in Chapter 3 are pri-
marily based on developments in the Fw of the oࡓ-detector electronics. Additionally,
the Sw framework of the detector is continuously evolving to face emerging chal-
lenges and retain optimal detector performance. These Fw and Sw changes require
a rigorous testing regime to ensure that no bugs are introduced to the read-out func-
tionalities by new features.

While testing of the new functionalities is highly non-trivial and requires manual
supervision, many tests required to validate changes in the read-out architecture
are related to core detector operations, which are usually not modiࡖed by the new
features. It was therefore decided during Long Shutdown 2 to develop automated
tests covering basic data-taking and calibration procedures. The usage of the Boc-
emulator introduced in Section 3.1.3 is critical in this context to avoid the need to
monitor detector conditions due to the involvement of real detector modules.

As more functionalities were added to the Rods over time, the demands of the Fw
outgrew available Hw capabilities. Therefore, separate Fw versions are used for
calibration and data-taking in the Fpgas in charge of histogramming and event frag-
ment building. This split is reࡗected in the structure of the system testing framework,
whose development is described in the following. Common components of the test-
ing infrastructure are discussed in Section 4.1, while Sections 4.2 and 4.3 introduce
the speciࡖc tests for the calibration and data-taking read-out chain, respectively.
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4.1. Common Testing Infrastructure

In order to provide system tests in a standardised and repeatable format, the tests
are implemented within the Pixel detector Continuous Integration (Ci) pipelines –
a software development practice centred around the merging of many small code
changes into a central codebase whose continued correct operation is ensured at
all times. The common atlaspixeldaq Pixel Daq Sw framework [305] utilises
Ci for compilation, unit tests, and Sw deployment to the read-only CernVM File
System (Cvmfs) [306]. Similarly, Ci pipelines are routinely used to synthesise the
Fw builds for the Boc and Rod Fpgas1. Therefore, embedding the system tests as
an additional stage in the current Ci pipelines was deemed a natural extension of
the existing workࡗows.

Within the GitLab infrastructure hosting the repositories, Ci pipelines are realised
via conࡖguration lesࡖ written in Yaml and allow specifying, among others, job de-
pendencies within the pipeline, artifacts to keep after job completion, and the shell
scripts to run for each job. The pipelines themselves are operated via so-called
runners and can be conࡖgured to run manually or automatically in speciࡖc circum-
stances or schedules. Additionally, environment variables for manual pipeline runs
can be speciࡖed via the web-based GitLab Graphical User Interface (Gui), while de-
fault parameters can be deࡖned for automatic pipeline runs. Since the machines
capable of controlling the Sr1 test system are not directly accessible from the web,
the GitLab runners for the Pixel system tests connect to them via ssh.
In addition to the test implementation in the Ci, several utilities are required for the
system test infrastructure. To avoid code duplication when running the tests in the
diࡓerent Sw and Fw repositories of the Pixel detector, these utilities are contained
within the pixelDAQtest [307] repository together with the testing framework it-
self. Currently, pixelDAQtest interfaces with these repositories through individual
Ci conࡖgurations, but it is planned to be fully modularised in the near future. The
utilities themselves consist of the following components: a script-based alternative
supplants the usual Integrated Gui (Igui) application [308] of the central Atlas
Trigger and Data Acquisition (Tdaq) framework [309] used for the conࡖguration
of the Pixel detector. It controls the automated Tdaq startup before and shutdown
after the system tests. Similarly, the so-called detector tags, which encode conࡖgu-
ration settings such as the number of bunch crossings read out during data-taking,
are loaded using a scripted tool instead of the Gui used during manual detector
operation. The remaining utilities cover smaller general tasks. For instance, transla-
tions between Rod naming schemes are required for establishing ssh connections,
and Python-based interfaces provide connectivity information between Rods and
emulated modules.

1 Ci pipelines are also used to compile the Atlas paper drafts automatically – as well as this thesis.
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4.2. Calibration Tests

4.2. Calibration Tests

The calibration side of the system testing framework is concerned with validating
basic operations related to running the calibration scans and tunings described in
Section 3.2. To this end, two types of tests were introduced. The rstࡖ of them uses
a dedicated executable located in the Daq Sw framework to carry out scanning
procedures without the Gui used during manual detector tuning. Conࡖguration lesࡖ
are used to steer the behaviour of the scans, such as the type of scan to be performed
or whether to use the Boc emulator in place of real modules.
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Figure 4.1: Plots showing (a) the occupancy and (b) the ToT of digital scans generated for
parts of an Fe-i4b with the augmented Boc emulator. A detailed explanation is contained
in the text. The occupancy plot was produced for veࡖ out of eight mask steps.

The initial version of the Boc emulator only provided basic digital scanswith random
hits for Fe-i3 emulation and a xedࡖ pattern for Fe-i4b emulation, so that no tests
beyond checks on histogram existence could be carried out. Later, an improved
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Figure 4.2: Flowchart of the calibration test pipeline grouped in stages. The test could
alternatively be conducted using the default Daq Sw and a Fw version from a Ci build.

Boc emulator version also implemented the mask stepping present in real module
scans via the strobing signal mentioned in Section 3.2, as shown in Figure 4.1. The
number of mask steps and emulated injections are adjustable parameters of this
augmented emulator version. Additionally, the mask steps are encoded via diࡓerent
ToT values in the corresponding histograms. Using the deterministic output of the
improved emulation, additional tests validating the mask stepping via histogram
contents were implemented in the pixelDAQtest repository.

The other kind of tests instead considers the Fe register values stored on the Rods,
which are loaded into the on-detector components during module conࡖguration. By
reading out the register values sent by the Rod during conࡖguration and comparing
them to references, the module conࡖguration procedure can be tested on the Rod
side. To validate these register conࡖg tests, several test bugs, which can be enabled
using a command during compilation, were implemented in the Rod Ppc code. They
increment or decrement the Fe-level GDAC by a value of one, and increment or decre-
ment TDAC and FDAC of a random pixel, while ippingࡗ its enable bit2. In tests, these

2 The enable bit is used to mask single pixels.
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bugs were consistently identiࡖed by the calibration system tests.

As the calibration tests were initially foreseen mainly in the context of the Pixel
Daq software, they are currently implemented primarily in the atlaspixeldaq Ci.
The corresponding system test Ci pipeline is shown schematically in Figure 4.2. In
general, each system test deploys the default Fw and Sw versions of all components
except for the one under test. Therefore, for tests of the Daq Sw framework, the
standard Fw is loaded into the Rods used for the tests, while the Sw build under
test is taken from the compiler stage of the Ci pipeline. Meanwhile, for tests of the
Fw, the synthesised Fw is taken from a previous Ci stage, while the most recent
atlaspixeldaq version on Cvmfs is loaded. Since the augmented Boc emulator
version is not yet available in the Pixel testbed Bocs, a simpliࡖed version of the
automated calibration tests, which only carries out an emulated digital scan instead
of the mask-checking procedure and Fe register validation, is regularly running in
the atlaspixeldaq Ci pipelines at the moment.

4.3. Data-Taking Tests

While the calibration read-out chain is validated using one-time scans, the data-
taking tests instead emulate data-taking conditions with simulated L1 triggers redࡖ
for a xedࡖ duration at rates similar to those in Atlas runs. Simultaneously, the Boc
emulator returns data mimicking those generated in the modules during data-taking.
In addition to the Tdaq instance taking care of detector conࡖguration, a so-called
DAQSlice instance for steering the data-taking is required in the tests making use
of the simulated triggers. During manual data-taking tests with the Pixel detector,
another Igui application3 provides the control interfaces for the DAQSlice. For the
automated tests, it is contained in a scripted nalࡖ state machine instead.

The desired data-taking tests are outlined together with implementation details of a
rstࡖ version in a dedicated note written by the Pixel operations team during Long
Shutdown 2 [310]. The tests are run at regular intervals during the simulated data-
taking period, where fast and slow tests can be distinguished: fast tests can be ex-
ecuted while the simulated triggers are active. In contrast, slow tests require a
temporary trigger hold to avoid race conditions in quantities such as the number
of triggers redࡖ in total. Regular checks on busy and timeout signals pertaining to
the Rod under test primarily constitute the fast tests. They are therefore executed
very frequently during the test duration by reading the corresponding variables out
from the Tdaq information system. Meanwhile, the slow tests are further split up:
they check that certain internal Boc and Rod registers agree with reference values,
compare the amount of simulated redࡖ L1 triggers with those sent in each Tx chan-
nel and the number of event fragments received back via the emulated Rx plugins,

3 Similar to the one used by the Run Control shifter in the Atlas control room, but only containing
the Pixel subdetector.
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and compare the number of other commands sent over the individual Tx channels.
Additionally, they verify that the number of event fragments received aligns with the
number of triggers on channels connected to enabled modules, and perform sanity
checks on the number of fragments corrupted for diࡓerent reasons.
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Figure 4.3: Flowchart of the data-taking test pipeline grouped in stages. The test could
alternatively be conducted using the default Rod Fw and a Daq Sw version from a Ci
build. While the fast tests can be run every couple of seconds during active triggers, the
slow tests are run at a lower frequency during trigger holds.

A scheduler is responsible for executing the fast tests, trigger holds, slow tests, and
the eventual shutdown of the data-taking infrastructure after test completion. Ad-
ditionally, logging information and all data dumps used by the tests are stored for
debugging purposes. A owchartࡗ depicting the Ci pipeline steps and the data-taking
tests run is shown in Figure 4.3. As opposed to the calibration tests, the data-taking
tests weremainly developed for the Rod Fw repositories. Therefore, the correspond-
ing pipeline using the default Daq Sw framework is depicted.
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CHAPTER 5

Machine Learning Fundamentals

An increasingly diverse set of machine learning methods is becoming available for
performing data analysis in high-energy physics. As a result, established multi-
variate analysis techniques such as BoostedDecision Trees and kinematic likelihoods
are fast being replaced by more sophisticated methods such as Recurrent Neural
Networks, Graph Neural Networks, and Normalising Flows. The tool of choice in the
BB̄(�→ 11̄) Run 2 legacy analysis is the Transformer architecture developed initially
in the context of natural language processing [311].

In the following, the Multilayer Perceptron (Mlp) will be introduced as the basic
building block of neural networks in Section 5.1. Afterwards, the concepts of back-
propagation and gradient descent methods relevant to many machine learning mod-
els will be introduced in Section 5.2. Finally, the Transformer architecture will be
discussed in detail in Section 5.3.

5.1. The Multilayer Perceptron

At the core of artiࡖcial neural networks, which are ubiquitous in machine learning
applications, lie Multilayer Perceptrons (Mlps) consisting of multiple feed-forward
layers. Based on the McCulloch-Pitts model [312], the perceptron [313] was imple-
mented initially by Frank Rosenblatt to behave similarly to neurons in the brain. It
consisted of an array of photocells connected to an analogue computer made up of
potentiometers in order to learn to distinguish diࡓerent simple geometric shapes.
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Mathematically, a perceptronwith a vector of 3 input variables F 8 and a single output
H can be described as

H = ℎ
©­
«
3∑
8

E 8F 8
ª®
¬
, (5.1)

where E 8 is a vector of 3 adjustable weights and ℎ a non-linear function called the
activation function. While the original perceptron used a step function to emulate
the binary neuron activation of the McCulloch-Pitts model, a continuous non-linear
activation function is commonly used in modern machine learning to enable a con-
tinuous range of outputs. Additionally, this allows calculating a gradient across the
function.

A fully-connected feed-forward layer, also called a linear layer, with; output nodes
can be built out of ; parallel perceptrons. With ; additional bias terms 17 , this
results in

H7 = ℎ
©­
«
3∑
8

,7 8F 8 + 17ª®¬
,

whereW is an;×3matrixwith each row 7made up of the vectorw(7 ) of 3 adjustable
parameters for a single perceptron as deࡖned in Equation (5.1).
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Figure 5.1: Schematic of a Multilayer Perceptron with a single hidden layer. The parame-
ters used for feature calculations and the node contents are listed underneath. Activation
functions are denoted by 6 and ℎ. The superscripts (:) refer to the :-th layer counted from
the input. For brevity, the Einstein summation convention is used on duplicate indices.

Using the output of such a feed-forward layer as the input of another one then gen-
erates an Mlp. As the outputs of the internal layers of an Mlp are usually not used
directly, they are often referred to as hidden layers. Figure 5.1 illustrates an example
of an Mlp with a single hidden layer.
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Mlps address a problem observed in perceptrons: while the training of perceptrons
eventually converges for linearly separable problems, they are unable to approxi-
mate non-linear cases [314]. Meanwhile, Mlps with as few as one single hidden layer
can approximate arbitrarily complex functions to an arbitrary precision [315]. In
practice, the number of layers and nodes in each layer is optimised for each speciࡖc
model during architecture development, making them part of the set of so-called
hyperparameters. Non-linear activation functions in the hidden layers also play a
crucial role: without them, multiple feed-forward layers could be represented by a
single ‘eࡓective’ layer.

5.2. Learning via Backpropagation and Gradient Descent

Having an architecture that is theoretically capable of approximating arbitrarily
complex functions is not enough for practical machine learning applications. A
method for optimising the model weights is also required to facilitate learning. In
general, this is achieved by deࡖning a loss function !(z) dependent on the model
outputs z. Themodel then tries tominimise !(z) during training via repeatedweight
updates. The focus in the following will be on supervised learning, where the model
prediction target B, for instance, the geometric shape shown to a perceptron or the
type of a particle collision event in an Mc sample, is known during training.

In Rosenblatt’s original perceptron, the randomly initialised parameters are opti-
mised by repeatedly comparing expected outputs with the prediction: In case of
a mismatch between prediction and target, the weights of enabled inputs are in-
creased if an output H = 1 is expected, and decreased if H = 0 is expected. While this
procedureworks for a single-layer network, it cannot be generalised easily tomodels
with multiple layers. Instead, another approach called backpropagation (c.f. Refer-
ence [316]) is commonly used to optimise models with hidden layers. This method
aims to minimise the error between the training target and the model prediction by
using the gradients of the loss with respect to the model parameters. The parameters
are then updated accordingly, and the procedure repeated until a minimum in the
loss function is reached.

As a concrete example, backpropagation for an Mlp with several outputs H7 ∈ z and
a Mean-Squared Error (Mse) loss function,

!(z) = 1

2

∑
7

(
H7 − B7

)2
, (5.2)

is shown in the following. Here, B7 ∈ t are the prediction targets of the individual
output nodes.

Backpropagation operates by sequentially diࡓerentiating the loss function in Equa-
tion (5.2)with respect to the learnablemodelweights via the chain rule. Startingwith
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the diࡓerentiation up to 07 , the output of the last layer before applying activation,
yields

m!

m0
7

=
m!

mH
7

mH7

m0
7

=
(
H7 − B7

)
· ℎ′

(
07

)
(5.3)

in the notation of Figure 5.1, where ℎ′ is the derivative of the activation function ℎ.
Diࡓerentiating further allows the determination of the loss function gradients with
respect to the model parameters of the last layer,,7 8 and 17 , as

m!
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7 8
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m07
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7 8
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(
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)
, (5.5)

respectively. As can be seen in Equations (5.4) and (5.5), backpropagation directly
makes use of the intermediate values calculated for the model prediction. Therefore,
backpropagation can be easily carried out after running model predictions if these
intermediate outputs are retained. To backpropagate into earlier hidden layers,
terms in the loss gradients are summed together to carry through the chain rule
fully. The derivative ℎ′ is the main reason for the usage of continuous diࡓerentiable
activation functions.

After backpropagation, the parameters are updated via gradient descent to minimise
the loss during model training successively. In its simplest form, gradient descent
involves directly following the loss gradient for the updates of each model parameter
E:

E(B)
= E(B−1) − _ m!

(B−1)

mE
,

where the training step is indexed by B and _ is the learning rate, one of the most im-
portant hyperparameters of a model. The process is also called Stochastic Gradient
Descent (Sgd) because the loss ! is usually calculated on so-called mini-batches of
training data encompassing a limited number of data points for each backpropaga-
tion step to speed up training and allow the model to escape local loss minima. To
enhance training performance, simple Sgd can additionally be improved by intro-
ducing an exponentially decaying momentum term1 [317–319] and by using adap-
tive learning rates implemented for instance in AdaGrad [320] and RmsProp [321].
Nowadays, the Adam2 [322] optimiser is commonplace in machine learning. It com-
bines RmsProp and momentum with improved bias corrections on the momenta
used for the parameter updates.

Because backpropagation can be extended to determine loss gradients for weights
in earlier layers, it enables the training of deep neural networks. In practice, models
are trained after randomly initialising the weights in the following manner:
1 This is analogous to a physical system with momentum and viscous drag, in which the negative

gradient acts as a force.
2 The name derives from ‘adaptive moments’.
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1. Carry out some model predictions by sampling from the input data distribution.
This constitutes the forward pass of the information.

2. Use the intermediate results of the forward pass to calculate the gradient terms
needed for backpropagation.

3. Backpropagate the loss to calculate the gradients with respect to the model pa-
rameters.

4. Update the model parameters via gradient descent using the backpropagated loss
gradients.

These steps are then repeated until the loss minimisation procedure converges. Care
has to be taken to ensure that the batched input data represents the overall popula-
tion distribution. Otherwise, the trained model might give biased predictions.

In practice, training is also not carried out on the same data as used for inference
with the convergedmodel to avoid overࡖtting to the speciࡖc dataset used for training.
Instead, the data are usually split into three separate sets:

• The training set is used to update the model weights during backpropagation.

• The validation set is used to validate the training and to select the optimal point
of convergence, which avoids so-called overtraining, where the model becomes
too specialised on patterns speciࡖc to the training set.

• The test set encompasses the data on which subsequent inference is carried out
after the training has converged.
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Figure 5.2: Schematic of a 9-fold cross-validation setup with veࡖ folds, whose data is
assigned based on an index modulo .veࡖ The folds used as validation and test sets, repre-
sented by the purple hatched and red boxes, respectively, are cyclically permuted between
training iterations. The bottom brackets show the fold assignment for training iteration
.veࡖ
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One way to split the input data into training, validation, and testing sets without sac-
riࡖcing a fraction of the input data for training is the so-called 9-fold cross-validation:
for each of the 9 folds, a separate network is trained and validated with (9 − 2)/9-th
and 1/9-th of the input data, respectively, while inference is performedwith a testing
set consisting of the last 1/9-th of the input data. Between the training iterations,
the assignment of the folds to train, validation, and test sets is cyclically permuted
as shown in Figure 5.2.

The setup of the model output layer and the loss function !(z) is dependent on
the training objective: the model parameters are optimised such that the outputs
z approach the true posterior probability distribution >

(
t | x

)
of the speciࡖc model

task. So-called canonical link functions are then chosen as the accompanying loss
functions such that the following holds for the loss function !(z):

m!

m0
7

= H7 − B7 . (5.6)

In the following, setups relevant for the tasks in the BB̄(�→ 11̄) legacy analysis are
outlined. In regression tasks, such as the direct prediction of the Higgs boson >T,
>
(
B | x

)
is assumed to have the form of a Gaussian distribution. Building the maxi-

mum log likelihood as the function to be maximised immediately yields the Mse loss
function already used above in Equation (5.2). Therefore, ℎ(F) = F already leads to
the optimal loss gradient of Equation (5.6) as seen in Equation (5.3). As a result, the
output layer in regression tasks should not have any activation function and use an
Mse loss function.

In multi-class classiࡖcation problems with ; classes �7 , such as particle collision
event classiࡖcation, Bayes’ theorem gives the posterior probability distribution as

>
(
�7 | x

)
=

>
(
x | �7

)
>
(
�7

)
∑;
8 >

(
x | � 8

)
>
(
� 8

)
=

exp 07∑;
8 exp 0 8

, (5.7)

where the ratio of exponentials is the so-called softmax function and where, for
reasons outlined in the following, 07 = ln

(
>(x | �7) >(�7)

)
reuses the notation 07 for

the output of the last layer before activation is applied. Simultaneously, the model
outputs z and the one-hot encoded3 target vector t form the likelihood function as

>
(
t | z

)
=

;∏
8

H
B 8

8
. (5.8)

3 In one-hot encoding, the true target class 7 gets assigned a value of one and all other classes a value
of zero. The encoding of class probabilities is also possible.
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Taking the negative logarithmof Equation (5.8) to beminimised yields the categorical
cross-entropy loss function,

!(z) = −
;∑
8

B 8 ln H 8 ,

with a gradient of
m!

m0
7

= −
;∑
8

B 8

H 8

mH 8

m0
7

,

using z = ℎ(a). This expression turns into Equation (5.6) if the softmax function
from Equation (5.7) is used for the activation function ℎ. Therefore, multi-class
classiࡖcation tasks usually use a softmax function for the output layer activation
and a categorical cross-entropy loss4.

Multiple loss terms can be combined during model training. For instance, additional
linear or quadratic losses on the absolute values of trainable parameters can be used
in L1 and L2 regularisation, respectively. This procedure helps in mitigating training
problems from so-called vanishing gradients, where potentially large model parame-
ters project latent features into a atࡗ region of the activation function. Additionally,
regularisation tends to ‘simplify’ models in analogy to Occam’s razor: while impor-
tant parameters persist, unimportant ones decay from the model, so that overࡖtting
of the model decreases.

5.3. The Transformer Architecture

The neural network architecture used for event classiࡖcation and Higgs boson >T re-
construction in the BB̄(�→ 11̄) Run 2 legacy analysis is somewhat more complicated
than an Mlp: it makes use of the Transformer architecture [311] initially developed
in the context of natural language processing.

As opposed to the xedࡖ input variables of an Mlp, Transformers process inputs
organised into objects, each containing a xedࡖ set of variables. At the same time, they
are agnostic to the number and the ordering of the input objects. These properties
make Transformers very suitable to process any data that can be structured as a
point cloud. In Section 7.1, the speciࡖc beneࡖts of this approach for the BB̄(�→ 11̄)
legacy analysis are discussed.

In the Transformer, latent features are computed per object using feed-forward lay-
ers with weights shared between and optimised using all objects. Transformers
additionally hinge on so-called attention layers [311] to facilitate pair-wise combina-

4 In binary classiࡖcation taskswith only two classes, a single classiࡖcation output G can equally be used
together with a binary cross-entropy loss !

(
G
)
= B ln G + (1 − B) ln

(
1 − G

)
and a sigmoid activation

function ℎ(F) =
(
1 + exp(−F)

)−1 reminiscent of a Fermi-Dirac distribution mirrored around the F-
axis.
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tions of the objects. Attention layers achieve this by performing a linear combination
across the = objects for each of the 3 latent features. For this purpose, they initially
obtain three tensors: the query Q, the key K, and the value V. This is commonly
done by applying single feed-forward layers without bias or activation to the = × 3
dimensional input feature tensor of the attention layer. Afterwards, query and key
are matrix multiplied to obtain a score matrix S:

S = QKÇ . (5.9)

This score matrix then undergoes row-wise normalisation to yield a matrix of linear
combination coeࡔcients Ŝ, for instance by applying a softmax function. As a last step,
this normalised score matrix is matrix multiplied with the value tensor to obtain the
output Z:

Z = ŜV . (5.10)

Combining Equations (5.9) and (5.10) yields the overall action of the attention layer,

Z = softmax row

(
QKÇ
√
3

)
V , (5.11)

where the additional factor
√
3 was found to improve performance since it avoids

low gradients across the softmax function in models with a large number 3 of latent
features during training [311].

Two variations on the query tensor for attention layers exist:

• In self-attention layers, the query tensor is generated from the feature tensor
using a feed-forward layer. The features of the individual objects then decide
which parts of the key tensor are important for the linear object combination.

• In cross-attention layers, the query tensor is generated externally, for instance, as
a learnable tensor. This allows the query tensor to have a diࡓerent dimensionality
with respect to the number of objects =. As a result, the object dimension of the
output feature tensor can be modiࡖed in cross-attention layers, for instance, to
perform pooling of the object parameters.

It is also possible to split the attention layer into <multiple heads [311]. The heads al-
low a single attention layer to process information from multiple lower-dimensional
representations of the feature space simultaneously, instead of relying on a sin-
gle high-dimensional representation. The low-dimensional outputs of the individ-
ual heads are concatenated after the attention layer for the output feature tensor.
Schematics of the information owࡗ in a multi-headed self-attention and a single-
headed cross-attention layer are shown in Figures 5.3 and 5.4.

Overall, the attention mechanism allows the model to combine objects based on how
well their features tࡖ together. As a simple example of this, one could consider a
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model that tries to ndࡖ a Higgs boson decaying into two 1-jets: the two jet input
objects corresponding to these decay products will likely have high 1-tagging scores
in their input features. The attention layer could then select the 1-tagging score as
a query and as a key in one of the heads, resulting in high scores between objects
with high 1-tagging scores. As a result, the linear object combinations output by the
attention layer will mainly consist of the 1-tagged input objects.

In addition to attention layers, the Higgs boson >T reconstruction Transformers use
a tensor attention [323] layer (called pairing layer in the BB̄(�→ 11̄) analysis) to give
each combination of two input jet objects 7 and 9 a pairing score S79 . In its simplest
form, this layer computes the inner products between the latent features of all pairs
of the 8 jets. Using the 8 × 3 dimensional jet feature tensor J,

S = JJÇ. (5.12)

For an unambiguous assignment using every jet only once, the score is further pro-
cessed by masking its lower diagonal part and applying a softmax function over the
unmasked elements to yield Ŝ with elements Â79:

Â79 = softmax

{
mask if 7 ≥ 9 ,

A79 if 7 < 9 .
(5.13)

The highest score Â79 then yields the 7-th and 9-th jet as the most likely object combi-
nation. As S is symmetric by construction, no information is lost during the masking
step. Tensor attention can be improved by using a tensor T with learnable parame-
ters to compute a score matrix as

S = JTJÇ, (5.14)

where the score is then processed analogously to its treatment in direct tensor at-
tention via Equation (5.13). In the case of the two interchangeable 1-jets originating
from a Higgs boson, )79

!
= )97 to encode the exchange symmetry in the pairing layer.

In practice, this can be achieved by using a trainable tensor T′ with T =
1
2

(
T′ + T′Ç) .

A schematic of the pairing layer with a trainable tensor is shown in Figure 5.5. The
procedure can, in principle, be extended to an arbitrary number of jets as shown
in Reference [323]. However, for the BB̄(�→ 11̄) Run 2 legacy analysis, the recon-
struction of the two jets containing the Higgs boson decay products is considered
suࡔcient for a diࡓerential cross-section measurement of the Higgs boson >T in the
Stxs formalism.

In addition to Mlps and the attention mechanism, the Transformer architecture as
outlined in Reference [311] also makes use of skip connections and layer normalisa-
tion. These will be discussed in more detail in the context of the speciࡖc architecture
employed for the BB̄(�→ 11̄) analysis in Section 7.1.
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Figure 5.3: Schematic of the information owࡗ in a multi-headed self-attention layer. The
query, key, and value tensors are obtained from the = × 3 dimensional input feature tensor
via three feed-forward layers. However, they are split up into < heads prior to carrying out
the attention calculation (c.f. Equation (5.11)). After the calculation has been performed
on each head, the < output feature tensors are concatenated along the feature dimension
again. In principle, the individual heads could have a diࡓerent number than 3/< features
each.
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Figure 5.4: Schematic of the information owࡗ in a cross-attention layer. The key and value
tensors are obtained from the = × 3 dimensional input feature tensor via feed-forward
layers. The query tensor is a 2 × 3 dimensional external input. Because of the diࡓerent
dimensionality of the query tensor, the output feature tensor will be 2 × 3 dimensional
instead of = × 3 dimensional. The computation involving the three tensors follows Equa-
tion (5.11).
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Figure 5.5: Schematic of the information owࡗ in a pairing layer involving a symmetric
tensor with trainable parameters. The computation follows Equations (5.13) and (5.14).
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CHAPTER 6

The tt̄(H→bb̄) Run 2 Legacy Analysis

After a general overview of the interplay between the top quark and the Higgs boson
and previous BB̄� analyses has been provided in Section 1.2, the Atlas BB̄(�→ 11̄)
Run 2 legacy analysis [1] will be outlined in the following. As a re-analysis of the full
Atlas Run 2 dataset, it supersedes a previous analysis published as Reference [211].
A discussion of the improvements carried out by the legacy analysis with respect
to the rstࡖ full Run 2 analysis is contained in Section 6.1. Afterwards, Section 6.2
presents the collider data and simulated Mc samples used by the analysis, while
Section 6.3 outlines the object and event selection applied for the analysis. Section 6.4
introduces the likelihood tࡖ setups used for the nalࡖ cross-section extraction, but
also for the development of the overall analysis strategy described in Section 6.5.
A detailed discussion of the Mva techniques developed for the legacy analysis is
deferred to Chapter 7, while the uncertainty model and the cross-section results of
the legacy analysis are presented in Chapter 8.

6.1. Comparison with First Full Run 2 Analysis Setup

The BB̄(�→ 11̄) Run 2 legacy analysis improves on the rstࡖ full Run 2 analysis in
several critical ways. First, the legacy analysis makes use of the consolidated Atlas
Run 2 object recommendations, leading to improved object deࡖnitions and associ-
ated uncertainties. In this context, the switch from the Bdt-based Mv2c10 1-tagger
to the Rnn-based Dl1r tagger is especially signiࡖcant in the analysis phase space due
to improvements of up to a factor of two in the light and 2-jet rejection rates [324].

For event classiࡖcation and reconstruction, the previous analysis utilised Bdts ini-
tially developed for a partial Run 2 analysis published as Reference [210]. These
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operated mainly on high-level event features, such as invariant masses and angular
separations between reconstructed objects. Meanwhile, the legacy analysis relies
on Transformer networks, which use low-level kinematic and 1-tagging object infor-
mation as inputs.

The improvement in the Mva techniques allows for a looser kinematic event pre-se-
lection in the legacy analysis and leads to a BB̄(�→ 11̄) event acceptance1 of 6.3%,
corresponding to an increase of about a factor of three compared to the previous
analysis. Furthermore, the deࡖnition of Signal Regions (Srs) and Control Regions
(Crs) based on the Transformer event classiࡖcation output in the legacy analysis
presents an improvement in the discrimination of signal and backgrounds com-
pared to the previous analysis, where regions were deࡖned in terms of jet and 1-jet
multiplicities.

Additionally, a dedicated study on the modelling of the dominant BB̄ +≥11 back-
ground [219], which represented the largest source of uncertainty in the rstࡖ full
Run 2 analysis, was performed in between the analyses to reࡖne the BB̄ +≥11 system-
atic model. Following Reference [219], the legacy analysis uses a consistent BB̄ +≥11
model fully simulated in the 4fs, while the previous analysis employed a 4fs nomi-
nal BB̄ +≥11 prediction and 5fs extrapolations for Nlo matching, Ps generator, and
BB̄ +≥11 fraction uncertainties2. With the improved Transformer-based event clas-
siࡖcation and increased event statistics, the BB̄ +≥11 background could additionally
be split into the three components introduced in Section 1.2.3 in the legacy analysis
to provide better control over component-speciࡖc mis-modelling to the statistical
.tࡖ Simultaneously, the xedࡖ BB̄ +≥12 and BB̄ + light cross-sections of the previous
analysis are allowed to oatࡗ for an in-situ nuisance parameter determination in the
current analysis as well.

Both the rstࡖ full Run 2 and the legacy analysis are set up for an inclusive BB̄� produc-
tionmeasurement and ameasurement diࡓerential in the Higgs boson transversemo-
mentum >�T in line with stage 1.2 of the Stxs formalism [168] outlined in Figure 1.16.
However, while the previous analysis measured the BB̄� signal strengths, the legacy
analysis is measuring cross-sections, which results in the cancellation of theoretical
uncertainties in the BB̄� cross-section. The legacy analysis also conducts an inclusive
signal strength measurement. Due to the improved event reconstruction provided
by the Transformer networks used in the legacy analysis, the lower two Stxs bins at
0 ≤ >�T < 60GeV and 60GeV ≤ >�T < 120GeV, which were combined in the previous
analysis, can be measured individually. Therefore, the full Stxs binning scheme can
be realised in the legacy analysis.

1 The event acceptance is deࡖned here as the total number of events passing the analysis pre-selection
divided by the total number expected from cross-section and luminosity.

2 As a result of the single BB̄ +≥11 cross-section nuisance parameter used, sub-component fractions
for BB̄ + 11 and BB̄ +≥21 were required. No dedicated BB̄ + 1� category was employed by the rstࡖ full
Run 2 analysis. Instead, the associated events are rolled into BB̄ + 11.
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6.2. Data and Simulation Samples

While experimental detector data from particle collisions is essential for the BB̄�
cross-section measurement presented in this thesis, accurate simulations of signiࡖ-
cant Sm processes also play an important role in reࡖning the analysis strategy. Ad-
ditionally, since the signal-over-background ratio in the analysis phase space does
not allow a simple association of the detector data with the target process, Mc simu-
lations are required for a fair assessment of the data composition.

Figure 6.1: Schematic depiction of semileptonic BB̄(�→ 11̄) production in proton–proton
collisions, as modelled by a Monte-Carlo generator. The hard interaction (large dark red
blob in the middle) of two partons from the incoming protons (three parallel lines and
blob on the left and right) is followed by the subsequent decays of the two top quarks and
the Higgs boson (smaller red blobs above the hard scattering). A secondary interaction
(elongated purple blob below the hard scattering) also takes place. Hard Qcd radiation
(gluon lines) is produced before the nal-stateࡖ partons hadronise (elongated light green
blobs around the tree-like structure) and lead to further hadron decays (dark green round
blobs on the outside). One of the , bosons decays into a lepton and a neutrino (long
orange lines on the right). Some photon radiation (orange nal-stateࡖ boson lines) also
occurs.
JHEP 12 (2024) 156 (CC-BY-4.0 license), modiࡖed.

Generally, the simulation of particle physics processes can be split into diࡓerent parts
relying on various approximations and assumptions: the hard scattering process
at very high energy scales is modelled in so-called Matrix Element (Me) generators,
which consider the sum of all perturbative Feynman diagrams to some order in
perturbation theory. The subsequent Parton Shower (Ps) is modelled in a separate
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step to approximate missing orders of perturbation theory by the emission of glu-
ons and quarks from initial and nalࡖ state particles at intermediate energy scales.
Afterwards, hadronisation is modelled as the process of turning the asymptotically
free high-energy quarks into colour-conࡖned hadrons. For this stage, simulations
commonly rely on either the cluster model [325, 326] or the Lund string model [327,
328]. In the former, gluons are forced to decay into ??̄ pairs, which are subsequently
collected into clusters decaying into hadrons. Meanwhile, the latter models the po-
tential between quarks as colour strings, which subsequently break once the quark
distance is suࡔciently large and give rise to pair production, nallyࡖ resulting in
bound hadrons. In addition to the primary interaction giving rise to the hard scat-
tering, secondary interactions from additional partons of the colliding protons to
form the so-called underlying event are also possible. These are usually included in
Mc simulations via phenomenological models with parameters matched to collider
data due to the non-perturbative nature of the underlying event [329]. Furthermore,
pile-up also needs to be included in Mc simulations for a complete approximation
of the processes occurring in hadron colliders. Last but not least, the response of the
Atlas detector to the simulated collision processes also has to be modelled as accu-
rately as possible. A depiction of a semileptonic BB̄(�→ 11̄) event with the diࡓerent
Mc simulation stages – excluding the detector response – is shown in Figure 6.1.

Although the same reconstruction algorithms are used to process both collision data
and simulated Mc samples, the simulated samples additionally experience some
degree of standard treatment beforehand, as described in the following. The Mc
sample speciࡖcs for the processes considered in the BB̄(�→ 11̄) Run 2 legacy analysis
are detailed in Sections 6.2.2 to 6.2.4.

Nominal Mc samples in the analysis are generally produced using the full Atlas de-
tector simulation [330] based on the Geant4 framework [331], except where stated
otherwise. Since the detector simulation is the most computationally demanding
part of Mc simulations, alternative samples are produced using the fast Afii [332,
333] simulation, which replaces the full simulation of the calorimeter response with
a detailed parametrisation of shower shapes. No signiࡖcant modelling diࡓerences
between the full and fast simulations were observed.

Pile-up eࡓects are included in the Mc samples via additional interactions generated
in Pythia8.186 [334] with the Nnpdf 2.3 Lo [142] Pdf set and the A3 Ps parame-
ter tune [335]. These are then overlaid onto the dedicated process simulations. A
reweighting of the simulated events in each data-taking period3 is performed to
match the pile-up conditions present in the data.

EvtGen1.6.0 [336] is used to simulate 1- and 2-hadron decays in samples showered
via Pythia8 and Herwig7 [337, 338]. Pythia8 additionally uses the A14 Ps para-
meter tune derived in studies with Run 1 data [339] and the Nnpdf 2.3 Lo Pdf set.

3 The simulations used in the BB̄(�→ 11̄) legacy analysis are split into themc16a, mc16d, andmc16e sub-
campaigns to model data-taking conditions encountered in 2015 – 2016, 2017, and 2018, respectively.
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The H7ue tune provided by the Herwig authors [338] and the Mmht 2014 Lo [340]
Pdf set are used for Herwig7 showered samples. Samples generated via Mad-
Graph5_aMC@NLO [341] use MadSpin [342, 343] for the simulation of top quark
and weak boson decays at Lo to preserve spin correlations.

All simulations in the analysis use a top quark mass ;B = 172.5GeV, a Higgs boson
mass ;� = 125GeV, and the corresponding Higgs boson branching ratios recom-
mended by the Lhc Higgs Cross Section Working Group in Reference [168]. Cor-
respondingly, a bottom quark mass ;1 = 4.80GeV (4.50GeV) is used for Pythia8
(Herwig7) Higgs samples, while ;1 = 4.95GeV is used for 1-quarks from the top
decays. No fully hadronic BB̄, BB̄11̄, A- and B-channel single-top, and ++ jets samples
are used.

On the technical side, the rawdetector data and Mc simulations stored in leࡖ formats
of the ROOT [344] data analysis framework are processed into central Analysis Object
Data (Aod) samples, which are further transformed into Derived Analysis Object
Data (Daod) samples for analysis usage by the individual physics and performance
groups. Topq1 Daods4 producedby the Atlas TopWorkingGroup are used as inputs
to the two-stage TTHbbAnalysis [345] data processing framework in the BB̄(�→ 11̄)
Run 2 legacy analysis. The rstࡖ stage herein consists of a modiࡖed event saver on
top of version 21.2.238 of the AnalysisTop [346, 347] framework and is run on the
Worldwide Lhc Computing Grid (Wlcg) [348], commonly referred to as the grid.
Afterwards, the O(40 TB) output ntuples are processed locally on a batch system via
the second stage to produce the O(2.5 TB) ntuple inputs to analysis studies and .tsࡖ
The two-stage approach requires only a single run of compute-heavy algorithms and
event skimming on the grid during the so-called L1 processing, while permitting fast
oࡕine sample re-processing during the second L2 stage.

6.2.1. Collision Data

Table 6.1: Amount of data recorded by Atlas in each year of Run 2 compared to the
amount of data remaining after applying data quality criteria [349]. The overall uncer-
tainty of the combined luminosity amounts to ± 0.83%. The values are taken from Refer-
ence [277].

Year Delivered by Lhc [fb−1] Good for Physics [fb−1]

2015 4.0 3.2
2016 39.0 33.4
2017 50.6 44.6
2018 63.8 58.8

Combined 157.4 140.1

4 Events are required to have at least one high-energy lepton to pass the Topq1 event skimming.
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The data used by the BB̄(�→ 11̄) Run 2 legacy analysis encompass the full 140 fb−1

Atlas Run 2 dataset collected in >> collisions between 2015 and 2018 at
√
A = 13 TeV.

The data quality is assessed for the individual detector subsystems and combined
performance groups. As a result, data are designated unusable for physics analysis
in case of unstable Lhc running conditions, severe detector defects, or other issues
on single lumi block granularity via the so-called Good Runs List (Grl) [349]. The
amount of data collected by Atlas and the amount remaining after applying the
data quality criteria is shown in Table 6.1 for the individual years of Run 2. In total,
the usable data amount to a combined luminosity of 140.1 ± 1.2 fb−1 [277].

6.2.2. tt̄H Signal Simulation

The hard scattering of the nominal BB̄� Mc samples is modelled in the 5fs using the
PowhegBox v2 [350–354] generator at Nlo in Qcd with the Nnpdf 3.0 Nlo [355]
Pdf set. The ℎdamp parameter, which regulates the >T of the rstࡖ high-energy gluon
emission beyond Lo in the Ps, is set to 3/4 · (2;B +;�), while the geometric mean
of the transverse masses5 3

√∏
7 ;T,7 , with 7 ∈ {B, B̄, �}, is chosen as the functional

form of the dynamic renormalisation and factorisation scales `R and `F, respectively.
Pythia8.230 is used for showering.

Uncertainties due to Initial State Radiation (Isr) and Final State Radiation (Fsr) are
estimated via weights in the Me and Ps generators. The Var3c up and down vari-
ations [339] of the A14 tune and the `R variations for Qcd emissions by factors of
two are used for Isr and Fsr, respectively. Meanwhile, uncertainties from missing
higher-order corrections are estimated via Ps weights by independently varying `R
and `F by factors of two. Alternative samples showered with Herwig7.0.4, but using
the same hard scattering events, are used for a two-point systematic covering un-
certainties in Ps and hadronisation. Similarly, the uncertainty in the Nlo matching
between the Me and Ps generator is assessed from events showered using a varied
>hard

T setting to change the strategy used to determine the emission veto scale in
Pythia [356]. Uncertainties in the Pdf set were found to be negligible.

6.2.3. tt̄ + jets Background Simulation

The BB̄+ jets background samples are split into two parts in the BB̄(�→ 11̄) Run 2
legacy analysis: the BB̄ +≥11 components are simulated through a dedicated 4fs
BB̄11̄ sample, while the BB̄ +≥12 and BB̄ + light components rely on an inclusive 5fs
sample. As a result, BB̄ +≥11 components in the inclusive sample have to be removed
by a classiࡖcation procedure outlined in Section 6.2.5 to avoid overlap leading to
duplicate background contributions.

5 Deࡖned for the Mc simulations described here as ;T =

√
;2 + >2T.
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The nominal 4fs BB̄11̄ samples are generatedwith the PowhegBoxRes [357, 358] gen-
erator and OpenLoops [359–361] at Nlo in Qcd using the Nnpdf 3.1 Nnlo 4fs [69]
Pdf set. The hard scattering events are interfaced to Pythia8.244 for showering.
The Qcd scales are set to `F =

1
2

(∑
7 ;T,7

)
and `R =

1
2

4
√∏

7 ;T,7 , where 7 ∈ {B, B̄, 1, 1̄, 8}
and 7 ∈ {B, B̄, 1, 1̄}, respectively6. Meanwhile, �T =

∑
7 ;T,7 , the scalar sum of trans-

verse masses of nal-stateࡖ particles7 is used for ℎdamp = �T/2 with the same index
set as that of `R. Additionally, the so-called bornzerodamp parameter ℎbzd, which
regulates Nlo emissions together with ℎdamp in Powheg [358], is set to a value of 5.

Uncertainties in Isr, Fsr, the Qcd scales, and the Nlo matching are evaluated in
the same way as for the signal samples. An alternative sample showered with Her-
wig7.1.6 is used to estimate Ps and hadronisation uncertainties. Additionally, an
uncertainty on the recoil scheme used by Pythia Isr emissions is included: by de-
fault, a global recoil scheme, in which emissions rebound oࡓ the complete nalࡖ state,
is used by Pythia. This procedure is not well motivated for processes with colour
charge owsࡗ beyond those of quarks between initial and nalࡖ state [219], such as
gluon-mediated BB̄11̄ production. Therefore, an alternative sample using the dipole
recoil scheme, in which initial-state emissions rebound oࡓ a single nal-stateࡖ par-
ticle, is produced as well8. The systematic model of BB̄11̄ is motivated by dedicated
modelling studies reported in Reference [219].

The inclusive 5fs BB̄ samples are produced using PowhegBox v2 [353] at Nlo in
Qcd and with the Nnpdf 3.0 Nlo Pdf set interfaced to Pythia8.230 with the settings
ℎdamp = 3/2 · ;B and `R = `F = ;T,B. An alternative sample with ℎdamp = 3;B is used
as a two-point uncertainty in the damping.

The uncertainty prescription for Isr, the Qcd scales, and the Nlo matching follows
that of the signal samples. For the Fsr uncertainty, dedicated alternative samples
varying `R for Ps emissions up and down by a factor of two are used. Events show-
ered by Herwig7.1.3 are used to assess Ps and hadronisation uncertainties.

6.2.4. Simulation of Other Background Processes

Higgs-associated single-top production is considered via the B�81 and B,� processes.
The B�81 process is simulated in the 4fs via MadGraph5_aMC@NLO2.6.2, while
B,� is generated in the 5fs via MadGraph5_aMC@NLO2.8.2 under usage of the
Dr1 scheme [150, 187] to treat interference with BB̄�. Nnpdf 3.0 Nlo Pdf sets for
the respective avourࡗ scheme are employed for both processes and dynamic Qcd

6 The entry 8 here refers to an additional quark or gluon to include Qcd radiation at Nlo [358].
7 Later during the BB̄(�→ 11̄) analysis strategy discussion, �T instead refers to the scalar sum of

transverse momenta only, so that the deࡖnitions are only equivalent if particle masses are neglected.
Additionally, the sum runs over all jets and leptons in the context of the analysis strategy.

8 Since the dipole-recoil sample was produced at an early stage of the analysis with ℎbzd = 2, a refer-
ence sample with the same ℎbzd setting, but otherwise using nominal parameters, is used for the
associated two-point systematic.
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scales of �T/2 are used. The B�81 (B,�) sample is showered with Pythia8.230
(Pythia8.245). No modelling uncertainties are considered for B� processes because
of their small contributions in the analysis phase space. The detector simulation for
the B� processes is performed in Afii.

Similarly, single-top production is split into A-channel, B-channel, and B, samples,
all of which are generated using PowhegBox v2 [362–364]. The B-channel process
is generated in the 4fs with the Nnpdf 3.0 Nlo 4fs Pdf set, while A-channel and
B, utilise the 5fs version. The Qcd scales are set to ;T,1 for the B-channel process,
;B for the A-channel process, and use dynamic scales of �T/2 [365] for B,. The Ps
simulation for the B- and A-channel samples (B, samples) is done via Pythia8.230
(Pythia8.309). Additionally, the B, sample uses the Dr1 scheme to remove interfer-
ence with BB̄.

In the BB̄(�→ 11̄) Run 2 legacy phase space, B-channel and A-channel processes do
not have signiࡖcant contributions and are therefore not assigned modelling uncer-
tainties. Meanwhile, the B, uncertainty prescription for Nlo matching and the
ℎdamp parameter (set to 3/2 · ;B in the nominal B, sample) follows that of the 5fs
inclusive BB̄ sample. The B, Ps and hadronisation uncertainty is estimated via an
alternative sample interfaced to Herwig7.2.3. Finally, uncertainties arising from
the choice of the interference removal scheme are covered via an alternative sample,
in which the Ds scheme [150, 366] is employed9.

The production of BB̄, is generated using the Sherpa2.2.10 [368, 369] generator with
the Nnpdf 3.0 Nnlo Pdf set. The Me is calculated using Comix [370] and Open-
Loops at Nlo in Qcd for events containing up to one additional parton and at Lo in
Qcd for up to two additional partons. Additional partons are matched and merged
with the Sherpa Ps [371], which is based on Catani-Seymour dipole factorisation.
The CKKM matching procedure [372, 373] is extended to Nlo via the Meps@Nlo
prescription [374] at a merging cut of 30GeV. Dynamic �T/2 scales are used for `R
and `F. Meanwhile, BB̄/ production is modelled in MadGraph5_aMC@NLO2.8.1 at
Nlo in Qcd with the Nnpdf 3.0 Nlo Pdf set and the same dynamic �T/2 scales as
BB̄,. BB̄/ events are showered with Pythia8.244

For BB̄,, an estimate for the uncertainties due to the Mc generator is obtained via
alternative samples produced with MadGraph5_aMC@NLO2.3.3 and showered
with Pythia8.210. The Ps uncertainties in BB̄/ are evaluated via an alternative sam-
ple generated in MadGraph5_aMC@NLO2.8.1 and showered in Herwig7.2.1. The
BB̄, uncertainty prescription represents a simpliࡖed version of the model used by
the Atlas full Run 2 BB̄(�→ML) analysis, which has been motivated in dedicated
studies [220].

9 The Ds sample was produced with an older generator version containing a bug in the top line-
shape [367]. Therefore, a Dr sample behaving analogously is used as a reference for the Ds sample.
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Table 6.2: Mc generator setting for small background processes considered in the
BB̄(�→ 11̄) Run 2 legacy analysis.

Process Me Generator Ps Generator Pdf Qcd Perturbation
Order

BB̄BB̄10 MadGraph5_aMC@NLO2.3.3 Pythia8.230 Nnpdf 3.1 Nlo Nlo
B(/→ ��)?11 MadGraph5_aMC@NLO2.6.0 Pythia8.230 Nnpdf 3.0 Nlo 4fs Nlo
B,(/→ ��)12 MadGraph5_aMC@NLO2.6.2 Pythia8.235 Nnpdf 3.0 Nlo Nlo

++ jets Sherpa2.2.1113 Sherpa Nnpdf 3.0 Nnlo Nlo (≤2 partons)
Lo (≤5 partons)

Diboson14 Sherpa2.2.2 Sherpa2.2.2 Nnpdf 3.0 Nnlo Nlo (≤1 parton)
Lo (≤3 partons)

Small backgrounds due to the BB̄BB̄, B/?, B,/, ++ jets, and diboson processes are also
considered in the BB̄(�→ 11̄) Run 2 legacy analysis. Their corresponding Mc genera-
tor settings are summarised in Table 6.2. No modelling uncertainties are considered
for these smaller Mc samples. Lastly, cross-section uncertainties for all processes
considered in the BB̄(�→ 11̄) legacy analysis are provided with the corresponding
perturbation order of the calculation in Table 6.3.

Table 6.3: Uncertainties and calculation order for the cross-sections of processes used in
the BB̄(�→ 11̄) legacy analysis. The Mc samples are normalised to the associated cross-
sections. No uncertainties are listed for the BB̄+ jets processes, as the associated processes
have free-ࡗoating normalisation factors in the tࡖ setups. Similarly, the BB̄� cross-section
uncertainties are only used for the signal strength measurement presented in Chapter 8.
The uncertainties on the B,(/→ ��), ++ jets, and diboson processes are conservative
estimates.

Process Cross-section Uncertainties [%] Calculation Order Reference(s)

BB̄� ± 9.2 (Qcd scales) ± 3.6 (Pdf+U() Nlo+Ew Nlo [168]
BB̄ None used Nnlo+Nnll [139]
BB̄11̄ None used Nlo+Ps [358]
B�81 ± 14.9 (Qcd scales) ± 3.7 (Pdf+U() Nlo [168]
B,� ± 6.7 (Qcd scales) ± 6.3 (Pdf+U() Nlo [187]
Single-top ± 5.0 (A- & B-channel) Nlo [145, 146]
B, +2.4

−2.3 (Qcd scales) ± 2.8 (Pdf+U() Nlo+Nnll [148]
BB̄/ ± 11.3 (Qcd scales) ± 4.0 (Pdf+U() Nlo+Ew Nlo [168]
BB̄, ± 6.7 (Qcd scales) ± 2.6 (Pdf+U() ± 1.8 (2-loop approx.) Nnlo+Ew Nlo [375]
BB̄BB̄ +70

−15 (Atlas observation)15 Nlo+Ew Nlo [376]
B(/→ ��)? ± 7.9 (Qcd scales) ± 0.9 (Pdf+U() Nlo+Ps [341]
B,(/→ ��) ± 50 Nlo+Ps [341]
,+ jets ± 40, ± 30 (≥2 heavy-ࡗavour jets) Nnlo [377]
/+ jets ± 35 Nnlo [377]
Diboson ± 50 Nlo [378]

10 Detector simulation in Afii.
11 Generated in the 4fs.
12 Using the Dr1 scheme for treating BB̄/ interference.
13 (/→ gg) + jets samples are generated in Sherpa2.2.14.
14 //→ 4a and samples with hadronic boson decays are generated in Sherpa2.2.1.
15 The up variation covers the Atlas BB̄BB̄ observation reported in Reference [379].
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6.2.5. tt̄ + jets Classiٰcation

The inclusive 5fs BB̄ samples described in Section 6.2.3 can contain additional 1-jets
not originating from the top decays from higher-order eࡓects. To avoid overlap of
these events with the dedicated 4fs BB̄11̄ samples, and for ne-grainedࡖ control over
the diࡓerent BB̄+ jets components in general, events are classiࡖed into veࡖ BB̄+ jets
categories: events in the three BB̄ +≥11 categories BB̄ +≥21, BB̄ + 1�, and BB̄ + 11 intro-
duced in Section 1.2.3 come from the 4fs samples exclusively. Meanwhile, events
in the additional BB̄ +≥12 and BB̄ + light categories with vetos on additional 1-jets
and additional 1- and 2-jets, respectively, come from the 5fs inclusive samples. The
BB̄ + light category contains all remaining events, in which no jets originate from
heavy-ࡗavour hadrons.

In the particle-level16 Mc samples, the so-called truth jets are reconstructed from
stable particles with a mean lifetime above 2g = 10mm using the anti-9T cluster-
ing algorithm [380] with a radius parameter ' = 0.4. Heavy-ࡗavour particle-level
hadrons not originating from Higgs boson, top quark, and, boson decays are then
matched with a maximum distance of Δ' = 0.4 to the closest truth jet satisfying
>T > 15GeV and |[| < 2.5 to classify individual jets based on their 1-hadron and
2-hadron multiplicity. Identiࡖcation and classiࡖcation of the hadrons satisfying
>T > 5GeV and |[| < 2.5 is performed via the HadronOriginClassifier tool [381]
during the Topq1 derivation step of Mc events. Based on their jet matches, events
are assigned to the BB̄+ jets categories as follows:

• BB̄ +≥21: Events with at least two additional jets matched to at least one 1-hadron
each.

• BB̄ + 1�: Eventswith exactly one additional jetmatched to at least two 1-hadrons.

• BB̄ + 11: Events with exactly one additional jet matched to exactly one 1-hadron.

• BB̄ +≥12: Events with at least one additional jet matched to at least one 2-hadron
and no additional jets matched to 1-hadrons.

• BB̄ + light: Events with no jets matched to 1-hadrons or 2-hadrons.

Events in the BB̄ +≥12 and BB̄ + light categories are removed from the 4fs BB̄11̄ sample,
while events in the BB̄ +≥11 categories are removed from the 5fs inclusive BB̄ samples.
The event classiࡖcation Transformers also target the veࡖ BB̄+ jets classes in addition
to a separate BB̄� signal class to improve the background yield estimation performed
in the statistical .tsࡖ

16 Detector and reconstruction eࡓects are not included on particle level.
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6.3. Object & Event Selection

6.3.1. Event Triggers

Before the kinematic event selection, a rstࡖ selection on data and simulated Mc
events is made via single-lepton event triggers suitable for the semi- and dileptonic
top decay channels. The Hlt triggers in Atlas are set up in so-called trigger chains,
where a single L1 trigger item is fed to multiple Hlt algorithms with diࡓerent trigger
conditions. The resulting Hlt single-electron triggers follow the nomenclature

HLT_e{min pT}_{ID}_{Isol},

where the minimum Hlt >T is given inGeV, the likelihood-based identiࡖcation work-
ing points ID emulate the ones used in the oࡕine reconstruction outlined in the
next subsection17, and the isolation requirement Isol is only present in some Hlt
triggers [382]. Single-muon triggers use an analogous nomenclature to the single-
electron ones but do not impose identiࡖcation requirements [383].

Table 6.4: List of the single-lepton triggers used for event selection in the diࡓerent years
of Run 2. The naming schema is explained in the text.

Period Single-Electron Triggers Single-Muon Triggers

2015
HLT_e24_lhmedium_L1EM20VH HLT_mu20_iloose_L1MU15
HLT_e60_lhmedium HLT_mu50
HLT_e120_lhloose

2016 – 2018
HLT_e26_lhtight_nod0_ivarloose HLT_mu26_ivarmedium
HLT_e60_lhmedium_nod0 HLT_mu50
HLT_e140_lhloose_nod0

In the BB̄(�→ 11̄) Run 2 legacy analysis, the single-lepton triggers of the lowest >T
threshold without prescaling18 are used for both decay channels. In 2015, lower
trigger >T thresholds than in later yearswere used because of lower event rates [384].
These changing conditions are reࡗected in the L1 itemsused by the BB̄(�→ 11̄) legacy
analysis during the diࡓerent years in Table 6.4. The triggers are combined with
a logical OR, so that each event only has to pass one of the listed triggers to be
considered. In 2015 (2016 – 2018), the lowest L1 trigger lepton >T threshold was
24GeV (26GeV) for electrons and 20GeV (26GeV) for muons. These inconsistencies
are mitigated by the uniform lepton >T requirements of the analysis event selection
outlined in Section 6.3.3.

17 A nod0 suࡔx is added if the impact parameter and its signiࡖcance are excluded from the likelihood.
18 Trigger prescaling with a factor < results in every triggered event having a 1/< probability of being

recorded to budget the limited detector read-out bandwidth.
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6.3.2. Object Selection

Jets are reconstructed from particle owࡗ objects built from calorimeter deposits and
matched ID tracks [385] via the anti-9T algorithm [380] in the FastJet implementa-
tion [386] with a radius parameter of ' = 0.4. They need to fulࡖl the Tight criterion
of the jet vertex tagger algorithm [387], which employs a discriminant technique to
diࡓerentiate between pile-up jets and those coming from the primary collision ver-
tex deࡖned as the vertex with at least two associated tracks and the highest scalar
sum of squared track >T [388]. Additionally, quality criteria are imposed via the
BadLoose Wp to reduce non-collision backgrounds and jets originating from detec-
tor noise [389]. Only jets with >T > 25GeV and |[| < 2.5 are selected.

The Dl1r 1-tagger [324] is used to assign every jet a Pseudo-Continuous 1-Tagging
(Pcbt) score corresponding to the four Wps at 60%, 70%, 77%, and 85% 1-tagging
eࡔciency and the so-called untagged jets, which do not pass any Pcbt Wp. To this
purpose, distinctive features of 1-jets are used: since 1-hadrons have a reasonably
long lifetime19 of 〈2g〉 ∼ 470 µm, large track impact parameters and displaced sec-
ondary vertices as reconstructed by particle hits in the ID can be used as their dis-
criminating features in jets. Dl1r employs veࡖ low-level reconstruction algorithms:
two of them, ID2P and ID3P, output likelihood ratio discriminants between the dif-
ferent jet avoursࡗ based on the signed transversal (ID2P and ID3P) and longitudinal
(ID3P only) impact parameter signiࡖcances. RNNIP is instead based on an Rnn to
also take into account correlations between the impact parameter signiࡖcances of
multiple tracks belonging to the same jet. SV1 instead reconstructs characteristic
secondary vertices in an iterative j2 ,tࡖ while JetFitter attempts to reconstruct
the heavy hadron decay chain using a Kalman .lterࡖ The discriminating features
output by these complementary algorithms are then combined in a Deep Neural
Network (Dnn) to predict the probability of each jet to be a light, 2-, and 1-jet, before
the probabilities are combined into a nalࡖ discriminant forming the basis of the
Pcbt Wps.

Electrons are reconstructed from energy deposits in the Ecal, which have to match
ID tracks with loosened tࡖ criteria accounting for the eࡓects of Bremsstrahlung [390].
The track matching hereby is performed to diࡓerentiate electrons from photons,
which generate calorimeter clusters with either no associated tracks or with par-
tial tracks from secondary electrons produced in photon conversions with the ID
material. Electrons are selected at a >T threshold of 10GeV and with |[| < 2.47,
where the region of 1.37 < |[| < 1.52 containing the transition from the barrel to
the end-cap region of the Ecal is excluded. Meanwhile, muons are reconstructed
from separate track tsࡖ in the MS and the ID, which are then matched for global
track ttingࡖ [391]. They have to pass the same >T threshold as electrons and lie in
the pseudorapidity range of |[| < 2.5. In order to diࡓerentiate prompt leptons from
those produced in non-prompt hadronic decays and from other backgrounds, elec-

19 Averaged over the admixture of 1-hadron species [37].
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tron (muon) candidates have to pass the MediumLH (Loose) particle identiࡖcation
Wp, which is likelihood-based for electrons and cut-based for muons. Additionally, a
matchwith the primary event vertex is neededwith a longitudinal impact parameter
|H0 sin \| < 0.5mm and a transverse impact parameter signiࡖcance |30 |/f(30) of less
than veࡖ (three) for electrons (muons). Following the overlap removal procedure
described below, the identiࡖcation criteria for the lepton candidates are tightened,
and additional isolation criteria are introduced.

Hadronic tau lepton candidates are not used in the analysis itself, but instead serve to
veto events for ensuring orthogonality with the BB̄(�→ML) analysis in Atlas Higgs
combination measurements. They are reconstructed as jets with radius parame-
ter ' = 0.4 from energy clusters in the calorimeters [392]. Owing to their principal
single-prong and three-prong decay modes leading to a low track multiplicity and a
characteristic secondary vertex, hadronically decaying tau leptons are discriminated
against hadronic jets by an Rnn-based identiࡖcation algorithm using tracks, calo-
rimeter clusters, and global jet features as inputs [393]. They are required to have
>T > 25GeV and |[| < 2.5 in addition to passing the Medium Wp of this algorithm.

The missing transverse energy �miss
T is a proxy for the >T carried oࡓ in the event by

undetected particles, such as neutrinos produced in the leptonic top quark decays.
It is deࡖned as the negative vector sum of the transverse momenta of all calibrated
objects originating from the primary vertex while avoiding double counting of detec-
tor signals [394]. In addition, it involves a so-called soft term, which contains all ID
tracks associated with the primary vertex but not matched to any calibrated object
to account for momenta not matched to reconstructed objects.

To avoid assigning detector signals to multiple objects, an overlap removal proce-
dure is carried out using the distance Δ' G =

√
ΔG2 + Δq2 in G–q space20: initially, the

closest jet within Δ' G = 0.2 of each electron is removed to avoid double-counting of
the electron energy deposits in the Ecal. Afterwards, all electrons within Δ' G = 0.4

of the remaining jets are removed. Additionally, jets with fewer than three tracks
and within Δ' G = 0.2 of muons are removed to retain eࡔciency for high->T muons
with signiࡖcant energy deposition in the calorimeters. However, muons within
Δ' G = 0.4 of the remaining jets are removed to decrease the contribution of non-
prompt muons from heavy-ࡗavour jet decays. Lastly, hadronic tau candidates are
removed if they are within Δ' G = 0.2 of electrons or muons, which can fake the
single- and three-prong tau lepton decays. Following the overlap removal, additional
tighter electron and muon criteria are used during the event selection described in
Section 6.3.3: electrons are required to fulࡖll the TightLH and muons the Medium
identiࡖcation Wp. Additionally, electrons (muons) are required to fulࡖl the FCTight
(TightTrackOnly_VarRad) isolation Wp to reduce contributions from non-prompt
leptons produced in hadronic decays and, in the case of electrons, contributions
from mis-identiࡖed light hadrons. For this purpose, lepton candidates in a lepton->T

20 This follows the Atlas Run 2 recommendations, as [ is not a good approximation of G for jets in
general [395].
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dependent cone with many high->T ID tracks are rejected. The electron isolation cri-
teria additionally reject electron candidates in environments with large additional
energy deposits in the Ecal using a xedࡖ cone of radius ' = 0.2 around the electron.

In addition to the muons described previously, the BB̄(�→ 11̄) legacy analysis ad-
ditionally makes use of non-prompt muons, the so-called softmuons, which do not
enter the event selection or the overlap removal procedure. In fact, they are instead
speciࡖcally required to lie within Δ' < 0.4 of jets 1-tagged at a 85% Dl1r Wp for
1-jet momentum corrections, as outlined in Section 6.5.3. Softmuons need to pass a
>T threshold of 4GeV, fall within |[| < 2.7, and pass the Medium identiࡖcation Wp.
Furthermore, softmuons lying within Δ' < 0.1 of loose muons passing the over-
lap removal are removed to avoid double-counting event objects. The Softmuon
collection [346] of AnalysisTop is used to facilitate the softmuon selection.

To enhance sensitivity in the high->T Higgs boson region, the BB̄(�→ 11̄) legacy anal-
ysis targets boosted topologies in addition to a resolved selection. For the correspond-
ing events, reclustered jets [396]with a radius parameter' = 1.0 are initially selected
with a minimum >T of 300GeV, a mass in the range 100GeV < ;Rc-jet < 140GeV

around that of the Sm Higgs boson, a pseudorapidity of |[| < 2.0, exactly two sub-jets
1-tagged at the 85% Dl1r Wp, and a minimum distance of Δ' > 1.0 from all elec-
trons in the event which pass the overlap removal and tightened selection criteria.
Following the strategy used in the rstࡖ full Run 2 analysis, reclustered jets are passed
through a multi-class Dnn, which assigns probability scores for the reclustered jet
to be a Higgs boson, a top quark, or a Qcd multi-jet based on 17 jet substructure
variables. Boosted Higgs candidates are required to have a Higgs probability score
of at least 0.4. The Dnn tagger was retrained after the rstࡖ full Run 2 analysis to be
robust against modelling diࡓerences in the jet substructure between full simulation
and Afii as described in detail in Reference [397].

6.3.3. Event Selection

Table 6.5: Event selection criteria employed for the diࡓerent channels of the BB̄(�→ 11̄)
Run 2 legacy analysis. Only 1-tagging requirements not implicitly fulࡖlled by require-
ments at tighter working points are listed. Events passing the single-lepton boosted selec-
tion are vetoed for the single-lepton resolved selection.

Channel # Jets # Dl1r 1-Tags # 4/` # ghad
# Boosted Higgs

@70% @77% @85% Candidates

Dilepton ≥ 3 ≥ 2 – ≥ 3 2 0 n/a
Single-Lepton Resolved ≥ 5 ≥ 3 – – 1 ≤ 1 –
Single-Lepton Boosted ≥ 4 – ≥ 2 ≥ 421 1 ≤ 1 ≥ 1

21 Exactly two 1-jets have to be contained in the boosted Higgs candidate, the other two come from
the requirement of ≥ 2 1-jets at 77%.
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Since the analysis targets the semileptonic and dileptonic BB̄ decay modes, events
are primarily required to contain either exactly one electron or exactly one muon
fulࡖlling the tight criteria in the so-called single-lepton channel, and exactly two
tight electrons and/or muons of opposite electric charge in the so-called dilepton
channel, without any additional loose leptons of >T > 10GeV in either channel. A
same-ࡗavour trigger match for at least one reconstructed lepton is required within
Δ' < 0.15 and the leading lepton needs a minimum >T of 27GeV in both channels.
Additionally, the >T threshold for the subleading electron in 4+4− events is increased
to 15GeV. To further improve signal purity, the invariant dilepton mass for 4+4− and
`+`− events has to lie above 15GeV to suppress heavy-ࡗavour resonances and low-
mass Drell-Yan processes, while an additional veto in the / boson mass window of
83GeV < ;�� < 99GeV is used to suppress processes containing / bosons produced
at resonance.

The single-lepton channel is further split into the non-overlapping resolved and
boosted channels. A boosted Higgs candidate as deࡖned in Section 6.3.2 is required
for events in the single-lepton boosted channel. Additionally, the channel requires at
least four jets (including those in the boosted Higgs candidate), while at least two jets
not contained in the boosted Higgs candidate have to pass the 77% Dl1r 1-tagging
Wp. Single-lepton events not passing the boosted criteria can instead be included
in the resolved channel, if they fulࡖl the jet multiplicity (#jet) and 1-tagging require-
ments listed in Table 6.5, which also contains the analogous requirements for the
dilepton channel. Lastly, events with more than one (more than zero) hadronic tau
candidates are vetoed in the single-lepton (dilepton) channel to avoid overlap of the
BB̄(�→ 11̄) and BB̄(�→ML) analyses in later Higgs combination measurements.

Overall, 5.3% of all BB̄(�→ 11̄) events produced in the collisions are expected to be se-
lected by these criteria in the two single-lepton channels, while the dilepton channel
is expected to accept an additional 1.0%. Additionally, �→ 11̄ events are expected
to account for 92.8%, 96.8%, and 82.4% of all selected BB̄� events in the single-lepton
resolved, single-lepton boosted, and dilepton channel, respectively. The individual
analysis channels are further split into Signal Regions (Srs) enriched in BB̄� events
and Control Regions (Crs) dominated by the individual BB̄+ jets components via the
classiࡖcation and reconstruction Transformers as outlined in Section 6.5.4. While
the Crs help to constrain the background rates, the Srs extract the BB̄� cross-section
in a simultaneous tࡖ of all regions as presented in Chapter 8.

6.4. Proٰle Likelihood Fits

Both the analysis strategy optimisation studies outlined below and the cross-section
extraction presented in Chapter 8 heavily rely on so-called proޮle likelihood ޮts in the
BB̄(�→ 11̄) legacy analysis – similar in fact to a large part of experimental particle
physics. In general, a likelihood is the joint probability density of obtaining a set of
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results F7 ∈ x given a statistical model with underlying parameters , as

!(x | ,)=
∏
7

%(F7 | ,) . (6.1)

The likelihood can then be maximised to obtain the optimal parameter values ,̂,
although for numerical reasons the negative log likelihood is generally minimised
instead.

However, models have to tࡖ the data in experimental science, while the likelihood of
Equation (6.1) instead operates the other way around. As a solution, the uncertain-
ties of repeated measurements on ), the so-called nuisance parameters (Nps), are
encoded in additional constraint terms %(\ 8) in the frequentist picture commonly
adopted in particle physics. Meanwhile, the parameters of interest (Pois) - are the
remaining free parameters. The resulting negative log likelihood to be minimised is

− ln !(-, )) = −
∑
7

ln %(F7 | -, )) −
∑
8

ln %(\ 8) , (6.2)

where the explicit dependence on the measurements F7 has been dropped in the
overall likelihood since these are assumed to be .xedࡖ

In particle physics, binned distributions of data and Mc simulations are typically
used instead of individual measurements. Additionally, the data consists of signal
processes F and background processes Gwhich are predicted in Mc simulations with
Np-dependent event counts (F,7 ()) and � G,7 ()), respectively, which for each process
consist of the overall number of expected events and their probability to fall into
each bin 7. For the event count #7 in bin 7, this results in

#7 =
∑
F

`F(F,7 ()) +
∑
G

� G,7 ()) , (6.3)

where `F denotes the signal strength Pois. The event count #7 in Equation (6.3) can
be interpreted as the expectation value of a Poisson distribution in bin 7. Conse-
quently, the %(<7 | -, )) terms in Equation (6.2), where the measured bin-wise event
yields <7 replace the individual measurements F7 , can be represented in the extended
log-likelihood [398] as

− ln %(<7 | -, )) = − ln Poisson
(
<7 |

∑
F`F(F,7 ()) +

∑
G� G,7 ())

)
= −<7 ln

(∑
F`F(F,7 ()) +

∑
G� G,7 ())

)
+ ∑

F`F(F,7 ()) +
∑
G� G,7 ()) ,

up to a constant combinatorial factor dependent on <7 , which has no eࡓect during
the likelihood maximisation.

Meanwhile, the Nps can be split into normalisation eࡓects, which aࡓect the overall
rates of signal and/or background processes, and shape eࡓects aࡓecting the individ-
ual bins diࡓerently. Usually, the Nps are encoded in Gaussian constraint terms, in
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which the alternative and reweighted Mc samples introduced in Section 6.2 are used
as estimates of the impact of modelling uncertainties in so-called templates. These
are deࡖned as one standard deviation away from the nominal Np parameter in the
associated constraint term Interpolation and extrapolation are used for other values
of the Nps. Experimental uncertainties are treated similarly. Lastly, uncertainties
due to the limited Mc sample statistics are incorporated on a per-bin basis without
correlations between the various bins and using Poissonian constraint terms. The
BB̄+ jets normalisation factors are special in the BB̄(�→ 11̄) legacy analysis in the
sense that they are free-ࡗoating Nps determined via auxiliary measurements of the
associated processes dominated by their dedicated analysis Crs. In the following,
they will therefore be denoted as 9 8 for the BB̄+ jets component 8.

To obtain uncertainties on the Pois from the likelihood maximisation, the proࡖling
method is used. Proࡖling initially determines the best-ࡖt Np and Poi values )̂ and -̂

in an unconditional likelihood .tࡖ Afterwards, the likelihood is maximised in a series
of tsࡖ with one Poi ` xedࡖ at a time to obtain conditional best-ࡖt Nps22 ˆ̂)(`). The
resulting test statistic B(`) is based on the proࡖle likelihood ratio as

B(`) = −2 ln !(`,
ˆ̂))

!( ˆ̀ , )̂)
, (6.4)

where the measured bin yields <7 have been dropped from the explicit parameters.
Since B(`) corresponds to the j2 distribution in the asymptotic large sample limit
according to Wilks’ theorem [399], it can be used to obtain >-value estimates, which
allow the determination of uncertainties on ˆ̀ . Additionally, the special ` = 0 case of
the likelihood ratio in Equation (6.4) representing the background-only hypothesis
is used to evaluate the discovery signiࡖcance of the BB̄� signal process.

A similar procedure to estimate the expected Poi uncertainties and the expected
signal sensitivity during the analysis strategy development instead uses the so-called
Asimovdataset [400], inwhich the data yields in every bin are assumed to correspond
to the yields from the Mc simulations. As a result, the expected uncertainties on -

and k, and the expected signiࡖcance against a background-only hypothesis can be
estimated via proࡖling without relying on collider data.

The statistical proࡖle likelihoodࡖts used in the BB̄(�→ 11̄) legacy analysis are carried
out with the TRExFitter [401] framework, which uses the ROOT-based RooFit [402]
and RooStats [403] frameworks in the HistFactory [404] Xml-format. The likeli-
hood minimisation procedure is performed using the Minuit2 [405] library imple-
mented in ROOT.

22 And also conditional best-ࡖt values for the other Pois in multi-Poi .tsࡖ
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6.5. Analysis Strategy

6.5.1. Monte-Carlo Corrections

Prior to analysis strategy optimisations, the overall BB̄+ jets yields were corrected to
more accurately reࡗect the Atlas data. The yield correction scale factors shown in
Table 6.6 were derived in two preliminary single-channel tsࡖ of the Crs and parts of
the Srs with low BB̄� admixture23. Additionally, the BB̄ + 1� and BB̄ + 11 scale factors
were combined, and the BB̄� sample yield was xedࡖ to zero, resulting in so-called
background-only .tsࡖ The corrections do not have a direct impact on the tࡖ setups of
Chapter 8 used for extracting the analysis results, since the BB̄+ jets yields are left as
free-ࡗoating parameters there. However, they are included in the BB̄+ jets yields for
the studies discussed in the remainder of this section unless speciࡖed otherwise.

Table 6.6: Per-channel BB̄+ jets yield scale factors with uncertainties as derived for the
analysis strategy optimisation in single-channel background-only .tsࡖ

Channel BB̄ + light BB̄ +≥12 BB̄ + 11 BB̄ + 1� BB̄ +≥21

Single Lepton 0.74 +0.10
−0.10 1.79 +0.25

−0.23 1.08 +0.14
−0.13 0.96 +0.14

−0.12
Dilepton 0.85 +0.17

−0.15 1.59 +0.22
−0.20 1.29 +0.22

−0.20 0.93 +0.15
−0.13

During analysis pre-ࡖt studies, a signiࡖcant shape discrepancy in the �T distribu-
tions was observed. This discrepancy likely originates from modelling diࡔculties
in the BB̄+ jets Ps simulations in the high-#jet BB̄(�→ 11̄) analysis phase space. Con-
sequently, correction factors for an �T-based event reweighting of the BB̄ +≥12 and
BB̄ + light samples were derived. A single-lepton selection with at least veࡖ jets and
exactly two 1-tagged jets at the 70% Dl1r Wp, and a dilepton selection with at least
three jets and exactly two 1-tagged jets at the 70% Dl1r Wp without any additional
jets passing the 85% Wp are used for this purpose to ensure orthogonality with the
analysis pre-selection. Additionally, the regions are split by jet multiplicity from
#jet = 5 to #jet ≥ 8 and from #jet = 3 to #jet ≥ 6 in the single-lepton and dilepton
channels, respectively. After subtracting other processes, the data yields in these
regions were compared to the BB̄ +≥12 and BB̄ + light yields in bins of �T to extract
initial bin-wise event reweighting factors. Subsequently, the reweighting factors
were reࡖned via quadratic splines deࡖned piece-wise in each bin. These were ttedࡖ
to the distributions under the conditions of continuity and diࡓerentiability at the
bin boundaries, while ensuring that the total yields were conserved in each bin by
the spline reweighting. Additionally, systematic uncertainties were derived for the
procedure by varying the yield scale factors of the BB̄ +≥12 and BB̄ + light samples

23 In Atlas analyses, signal-rich regions are blinded to allow feedback from tsࡖ during the analysis
strategy development while avoiding bias from premature exposure to results. In the BB̄(�→ 11̄)
legacy analysis, blinding thresholds of 7.7% and 12% in the signal-over-background ratio (/� are
applied to variables used in tsࡖ and for validation, respectively.
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within their uncertainties listed in Table 6.6, and by completely switching oࡓ the
reweighting on a per-#jet basis. Comparisons of pre-ࡖt �T distributions before and
after the application of the �T reweighting in the single-lepton resolved and the
dilepton channel are shown in Figure 6.2.
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Figure 6.2: Comparisons of pre-ࡖt �T distributions in (a) + (b) the single-lepton resolved
and (c) + (d) the dilepton channel. The distributions (a) + (c) before and (b) + (d) after appli-
cation of the �T reweighting are shown. All uncertainties are included in the uncertainty
band.
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6.5.2. Determination of Fake Lepton Backgrounds

Fake and non-prompt lepton backgrounds are modelled via dedicated samples in
both the single-lepton and dilepton channels. For muons, the main participating pro-
cesses are non-prompt lepton production from 1-hadron or 2-hadron decays, while
fake electrons have additional signiࡖcant contributions from mis-identiࡖed hadrons
and converted photons. In the single-lepton channel, these processes are estimated
with a data-driven fake factor method [406], which uses an orthogonal region en-
riched in fake leptons to derive a fake factor via tight and loose lepton deࡖnitions.
Subsequently, this fake factor is used to estimate fake contributions in the analysis
region by applying it to events in the analysis phase space that pass the loose lepton
deࡖnition but fail the tight one. In the BB̄(�→ 11̄) legacy analysis, the fake-enriched
region is created by requiring at least two jets and at least two 1-tags at the 70%

Dl1r Wp, and a sum of �miss
T and the transverse, boson mass24 ;T,, below 60GeV

to suppress contributions from leptonic top quark and, boson decays. The fake
factors are parametrised by the leading jet >T and the |[| of the lepton. Systematic un-
certainties on the single-lepton fakes are estimated using an alternative fake factor
parametrisation in addition to a atࡗ normalisation uncertainty of 50%.

In the dilepton channel, Mc simulations are used to estimate fake and non-prompt
lepton backgrounds. A similar procedure was already in use during the rstࡖ full
Run 2 analysis, where a yield scale factor of 1.9was derived for the fake yields using
a tࡖ in a fake-enriched region requiring two so-called same-sign leptons of the same
electric charge [407]. Since the criteria used to deࡖne prompt leptons in Mc samples
based on truth-level information evolved between the two analyses, the dilepton
fakes prescription was revisited for the BB̄(�→ 11̄) legacy analysis. As a rstࡖ step,
the new prompt lepton deࡖnition was validated by comparing the yields of events
containing fakes with those only containing prompt leptons in processes dominated
by fake and prompt leptons. Semi- and dileptonic BB̄ +≥12 and BB̄ + light events were
chosen for this purpose due to their expected diࡓerences in fake contamination
in the dileptonic channel. Since the semileptonic sample contained fakes with an
event fraction of around 89%, while the dileptonic sample was dominated by events
without fakes at a fraction of more than 99%, the new Mc prompt lepton deࡖnition
gave no grounds for concern.

After the validation of the prompt lepton criteria, tsࡖ in the same-sign region were
repeated for the BB̄(�→ 11̄) legacy analysis to determine a new scale factor for dilep-
ton fake processes. Apart from the requirement on the electric charge of the leptons,
the tsࡖ use events selected with the analysis pre-selection criteria. Mc processes
entering the tsࡖ were split up into events containing Mc fake leptons and those
without fake leptons. However, ++ jets and diboson processes were not considered
in the fake sample because of their small contributions and suspected issues in the

24 This is the ‘visible’mass from the leptonic,bosondeࡖned via �miss
T , the lepton >T, and the azimuthal

angle Δq between them as ;T,, =

√
2>T,� �

miss
T (1 − cos Δq) .
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Figure 6.3: Post-ࡖt distributions of the subleading lepton >T in same-sign dilepton events
with (a) subleading electrons and (b) subleading muons. The tࡖ results are listed in Ta-
ble 6.7, where additional tࡖ results on #jet distributions are also presented. Only statistical
uncertainties are considered.

Table 6.7: Best-ࡖt normalisations of the dilepton fake processes split by events with sub-
leading electrons and subleading muons. The results of tsࡖ on the subleading lepton >T
and the #jet distributions are shown.

Fit Setup Subleading Subleading
electron muon

>T,� Fit 0.70 +0.18
−0.16 1.34 +0.18

−0.16
#jet Fit 0.79 +0.20

−0.19 1.22 +0.20
−0.19

Sherpa parton history used for the prompt lepton categorisation. Similarly, BB̄�
and B� events were also not considered in the Mc fakes as target processes of the
analysis. The yields of events containing at least one lepton fake with subleading
electrons and subleading muons were ttedࡖ separately, as the subleading leptons
represent the more likely candidate for fake leptons. Fits were performed in the
distributions of the subleading lepton transverse momenta, while only considering
statistical uncertainties, as shown post-ࡖt in Figure 6.3. Additionally, separate tsࡖ on
the #jet distributions were performed for an alternative scale factor estimate. Since
the tࡖ results, shown in Table 6.7, are clustered around unity, the normalisation
factor used in the rstࡖ full Run 2 analysis was dropped. A atࡗ 50% normalisation
uncertainty is considered for the dilepton fake contributions.
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6.5.3. Muon-in-Jet Corrections

The 1-quarks making up the hadrons of the 1-jets in the analysis overwhelmingly de-
cay into a 2-quark and a, boson, which can subsequently decay either hadronically
or leptonically. In 10.6% of cases [37] the, boson decays into `a`25. Additionally,
the tau lepton produced instead with a BR of 11.4% also decays into `a`ag in 17.8%

of cases26. Therefore, around 12.7% of 1-jets contain a muon from a decay of the
1-quark27. The production ofmuons from subsequent 2-quark decays is also possible.
A Feynman diagram of a muon-in-jet decay is shown in Figure 6.4.

1

`

ā`

?

?̄′

?′′

2

,−

,+

Figure 6.4: Feynman diagram of a semileptonic 1-quark decay in a 1-jet. The nal-stateࡖ
muon, drawn in red, carries a signiࡖcant fraction of the jet momentum. No spectator
quarks are drawn for simplicity.

The lifetime of these muons is long enough that they mostly decay outside the detec-
tor. Additionally, they are minimally ionising particles and therefore only deposit
a small fraction of their energy in the calorimeters. Therefore, in order to correct
the 1-jet four-momenta, the softmuon objects deࡖned in Section 6.3.2 are used in the
BB̄(�→ 11̄) legacy analysis to correct the four-vector of the closest jet passing the
85% Dl1r working point in the following manner:

pcorr
jet = pjet + pmuon − pmuonCaloCluster .

Here, pcorr
jet , pjet, and pmuon refer to the four-momenta of the corrected jet, the uncor-

rected jet, and the muon, respectively. The time-like four-momentum pmuonCaloCluster
of the muon calorimeter deposit is subtracted to avoid double counting since the
deposits are already taken into account in the uncorrected jet four-momentum. Each
25 Explicit anti-fermion labels are neglected in this section for simplicity.
26 Using the inclusive fraction, where additional particles, such as a photon, may be produced.
27 This value neglects contributions from jets containing multiple 1-quarks.
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1-jet is only corrected by the muon closest to it to reduce fake lepton contributions.
While electrons can be produced via in-jet 1-hadron decays in a similar fashion,
their momentum contribution is reconstructable in the electromagnetic calorimeter.
Therefore, no electron-in-jet corrections are performed.

The muon-in-jet procedure mirrors a similar technique utilised for Atlas+(�→ 11̄)
analyses since Run 1 [408, 409] following extensive studies on the procedure. In a
study performed in the single-lepton channel of the BB̄(�→ 11̄) analysis with relaxed
1-tagging requirements of at least two jets tagged at the 70% Dl1r Wp, the muon-
in-jet corrections led to a shift from 116 ± 24GeV to 118 ± 24GeV in the invariant
mass of the two reco-level 1-jets truth-matched to the 1-hadrons originating in the
Higgs boson decay. The muon-in-jet corrected 1-jets are only used in the inputs to the
Transformers trained for the BB̄(�→ 11̄) legacy analysis, where the Sm Higgs boson
mass represents an important discriminating feature learned by the models. The
corrections are also applied during the Higgs boson four-vector reconstruction from
the two most likely decay jets, as determined by the reconstruction Transformers,
in order to improve the object-based four-vector predictions. All other parts of the
analysis rely on uncorrected jets.

6.5.4. Region Deٰnitions via Multivariate Analysis Techniques

The BB̄(�→ 11̄) legacy analysis extensively relies on Transformer networks for both
event classiࡖcation and reconstruction as outlined in the owchartࡗ contained in
Figure 6.5. As the rstࡖ step in the region assignment, two separate classiࡖcation
Transformers in the single-lepton resolved and the dilepton channel split events
into the BB̄� signal category and the veࡖ BB̄+ jets background categories deࡖned in
Section 6.2.5 using six classiࡖers – one for BB̄� and veࡖ for the BB̄+ jets categories:
events with a BB̄� classiࡖer above a threshold chosen to maximise the signal-over-
background noise ratio (/

√
� in the BB̄� region get assigned to the Srs, while other

events get assigned to the Cr with the highest associated classiࡖer value. Discrimi-
nant classiࡖers are used for the event categorisation as motivated in Section 7.3.1,
where the optimisation procedure for the BB̄� classiࡖer threshold is also described
in detail.

Following the event categorisation, a second Transformer network infers the two
jets in each event in the Srs most likely to originate from an �→ 11̄ decay. The
four-vectors of these two jets are then combined to reconstruct the Higgs boson
four-vector and determine >�T . As a result, the events in the BB̄� region are further
divided into six Srs, each corresponding to one of the Stxs stage 1.2 bins, so that the
sensitivity of the analysis in the diࡓerential cross-sectionmeasurement ismaximised.
In the single-lepton resolved channel, the BB̄ +≥21 Cr is also split into three parts via
the reconstruction Transformer: to increase the control of the tࡖ over the dominant
BB̄ +≥21 background process, events with a reconstructed >�T falling into the Stxs
bins 1+2, 3+4, and 5+6 are assigned to BB̄ +≥21 Cr 1, Cr 2, and Cr 3, respectively.
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Events in the single-lepton boosted region are instead just categorised in a combined
Sr or a combined Cr depending on whether the BB̄� classiࡖer output by the single-
lepton classiࡖcation Transformer lies above or below threshold, respectively. After-
wards, the single-lepton reconstruction Transformer is used in an analogous way to
the other channels. Both the boosted Sr and the boosted Cr use the reconstructed
>�T as a tࡖ variable.

The development, validation, and performance of the Transformer networks used
in the analysis are described in detail in Chapter 7. After the event categorisation,
the fraction of all BB̄� events decaying via �→ 11̄ is 97.7%, 98.4%, and 94.7% in
the single-lepton resolved Srs, the single-lepton boosted Sr, and the dilepton Srs,
respectively.
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Figure 6.5: Flowchart of the joint event classiࡖcation and >�T reconstruction strategy em-
ployed in the BB̄(�→ 11̄) Run 2 legacy analysis. The discriminant classiࡖers 37 deࡖned
in Equation (7.2) are used for event classiࡖcation with Sr thresholds of 4.072 and 9.031

in the single-lepton and dilepton channels, respectively. The reconstruction Transformer
is also used on events in the single-lepton boosted channel, where >�T is used as the tࡖ
variable, and the single-lepton BB̄ +≥21 Cr, which is further split into three regions Cr 1,
Cr 2, and Cr 3 corresponding to the >�T ranges of Stxs bins 1+2, 3+4, and 5+6, respectively.
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Multivariate Analysis Techniques for tt̄(H→bb̄)

Transformer networks are agnostic to the number and ordering of input objects.
Simultaneously, they incorporate pair-wise interactions via the attention mecha-
nism introduced in Section 5.3. As a result, the Transformer architecture is well
suited for perturbative high-energy physics processes, where the number of parti-
cles generated in the inclusive process is not xedࡖ and where a clear ordering of
nal-stateࡖ particles is ambiguous at best – the symmetries and structure inherent
in the physical system are matched well to the structure and processing of its data
representation.

In the following, the development and validation of the networks used for event
classiࡖcation and reconstruction in the BB̄(�→ 11̄) Run 2 legacy analysis will be out-
lined in Sections 7.1 to 7.3. Additionally, a comparison with previous Mva methods
and alternative strategies is presented in Section 7.4.

7.1. Network Architecture

While the original iteration of the BB̄(�→ 11̄) Transformer models was developed
in the course of another PhD project, two retraining campaigns incorporating signif-
icant changes to architecture and setup were undertaken during the course of this
thesis in addition to extensive network validation studies. In the following, the three
Transformer iterations are called Mk1, Mk2, and Mk3, respectively. Additionally, a
separate Deep Set1 network based on high-level input features [410] was developed

1 Deep Sets can be thought of as Transformers without an attention mechanism, so that no pair-wise
object interactions are possible prior to the nalࡖ pooling operation.
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for the single-lepton channel in parallel to the Transformers. It is included in the
performance comparisons of Section 7.4.

7.1.1. Model Inputs

Table 7.1: List of all reco-level input features used by theMk3Transformers in this analysis.
Where appropriate, values given to the diࡓerent input objects and transformations on the
input feature distributions, shifting and scaling them to a speciࡖc mean ` and standard
deviation f, are included for reference. Overall, kinematic properties are calculated from
the object four-vectors, where �miss

T is assumed to have no rest mass and no momentum
component in the H-direction. Redundant information is supplied to simplify the task of
building the latent feature space in the fully-connected embedding layers set before the
attention blocks.

Feature Description Feature Transformations

>F Object momentum in F–direction. Rescaled to ` = 0, f = 1.
>G Object momentum in G–direction. Rescaled to ` = 0, f = 1.
>H Object momentum in H–direction. Rescaled to ` = 0, f = 1.
energy Object energy. Rescaled to ` = 0, f = 1.
>T Object transverse momentum. Rescaled to ` = 0, f = 1.
mass Object mass. Rescaled to ` = 0, f = 1.
[ Object pseudorapidity. Rescaled to ` = 0, f = 1.
q Object azimuthal angle. Rescaled to ` = 0, f = 1.
cosq Sine of object azimuthal angle. Rescaled to ` = 0, f = 1.
sinq Cosine of object azimuthal angle. Rescaled to ` = 0, f = 1.
Pcbt bin Dl1r pseudo-continuous 1-tagging bin assigned

to jets in the following manner. Set to 0 for lep-
tons and �miss

T .

feature =




1, if un-tagged
2, if tagged at [85%, 77%)
3, if tagged at [77%, 70%)
4, if tagged at [70%, 60%)
5, if tagged at 60%.

None.

lepton type Lepton type of input objects. Set to 1 for elec-
trons, 2 for muons, and 0 for jets and �miss

T .
None.

lepton charge Charge of lepton objects in units of 4. Set to 0
for jets and �miss

T .
Rescaled to ` = 0, f = 1.

�miss
T agࡗ Whether input object is �miss

T (value of 1) or not
(value of 0).

None.

The Transformer networks in the BB̄(�→ 11̄) legacy analysis use low-level four-
vector information of the nal-stateࡖ objects as input features. Consequently, no
feature engineering, which might be biased by prior assumptions, is required be-
cause the Transformer can learn the reconstruction of event-level information. In
dedicated studies, it was found, however, that supplying redundant kinematic infor-
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mation improved the training performance. This is likely due to the simpliࡖed latent
feature construction in the Transformer, resulting from a more varied input feature
selection. All kinematic input features are rescaled to fall within a normal distribu-
tion in order to aid regularisation in the Transformer. During the Mk2 retraining, a
jet charge estimate was included as an additional input variable. However, due to
validation issues of the variable and its negligible impact on the overall network per-
formance, it was removed again for the Mk3 models. An exhaustive list of reco-level
input features used in the Mk3 models with the corresponding rescaling is provided
in Table 7.1.

The Mk1 Transformer only used jets and leptons present in the events as input ob-
jects. In the Mk2 retraining, the muon-in-jet corrections described in Section 6.5.3
were included to improve the 1-jet four-vector inputs to the event classiࡖcation and
especially the Higgs boson >T reconstruction based on object four-vectors. Finally,
�miss

T was added as an additional input object for the Mk3 retraining to make the
complete kinematic information inherent in the events available for model infer-
ence.

7.1.2. General Structure

Table 7.2: Table of optimal hyperparameter values of the Mk3 Transformer architecture
used in the analysis depicted in Figure 7.1. The total number of trainable parameters
present in each resulting model is listed in the last row. Additional hyperparameters
deࡖning the training procedure are listed in the appendix.

Parameter Classiࡖcation Reconstruction
Single Lepton Dilepton Single Lepton Dilepton

3 256 256 128 128
ℎ 4 4 8 8
<embed 2 2 2 2
<attblock 11 10 10 8
<dense 5 4 3 3

Resulting total number
6 716 416 5 466 368 1 207 424 976 256of parameters

The networks developed for event classiࡖcation and >�T reconstruction mainly diࡓer
in their nalࡖ layers as shown in Figure 7.1. Therefore, the common aspects of the
architecture are outlined in the following, while the speciࡖc diࡓerences will be dis-
cussed afterwards. The optimal architecture hyperparameters for the Mk3 models
are contained in Table 7.2.

Both avoursࡗ of Transformer initially perform a feature embedding operation. This
step involves <embed linear layers for transforming the input features object-wise
into 3 latent features. In addition to coupling the number of input features to the
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Figure 7.1: Combined schematic of the Transformer network architectures used in the
BB̄(�→ 11̄) Run 2 legacy analysis. Separate networks are trained for the event classiࡖca-
tion and >�T reconstruction task in each channel. The multi-headed self-attention layers
in the attention blocks use the mechanism shown in Figure 5.3 and are followed by <dense
linear layers. Meanwhile, the nalࡖ cross-attention pooling layer in the classiࡖcation net-
work follows the structure of Figure 5.4 with a trainable 6 × 3 query tensor with linear
regularisation loss. Afterwards, a linear layer without bias and activation performs a
reduction over the 3 latent features to the six output nodes. The structure of the pairing
layer in the reconstruction Transformer follows Figure 5.5. A linear regularisation loss is
applied to the symmetric tensor in the pairing layer. Residual connections in the attention
blocks are shown to the left of the layers contained in the blocks. The dropout layers are
only used during training. Hyperparameter values found to yield optimal performance
are speciࡖed in Table 7.2.
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number of latent features, the embedding also combines and transforms the inputs
in a fashion useful for the task at hand. Although it is possible to vary the number of
latent features throughout the network after the initial coupling, it is held constant
in the analysis Transformers. Following the embedding, layer normalisation [411] is
performed across the latent features for additional regularisation: layer normalisa-
tion rescales all latent features to restore a normal distribution across each training
batch, so that the inputs to the following network layers always lie in a similar range.
This procedure stabilises the training when non-linear activations are involved.

After the embedding operation, the latent feature representation is fed into a series
of <attblock multi-headed attention blocks. Each attention block begins with a self-
attention layer (c.f. Figure 5.3) with ℎ heads, as described in Section 5.3, followed
by a single linear layer without bias and a linear activation function. After the at-
tention layer, a so-called dropout layer [412] is employed to reduce the network’s
reliance on individual latent features by randomly setting each feature to zero with
a certain probability. Dropout eࡓectively results in the training of a stochastic en-
semble of similar models to avoid overࡖtting on speciࡖc patterns in the training
data. No dropout is applied during model inference. Following the dropout, an ad-
ditional Mlp with <dense linear layers and a nalࡖ dropout layer further combines
and transforms the latent features. The nalࡖ linear layer in the block uses a linear
activation. Additionally, input and output of each attention block are connected di-
rectly using residual connections [413], which directly feed the block input behind
the attention layer and to the end of the attention block. Residual connections im-
prove the gradient owࡗ to layers deep in the network, which are diࡔcult to optimise
due to vanishing gradients from later layers otherwise. After each recombination of
the block and the residual connection, layer normalisation is performed to keep the
latent features around O(1). Since the swish activation function [414], deࡖned as

swish(F)= F · sigmoid(F)= F

1 + 4−F ,

was found to perform better than the Relu2 function used in Reference [311] in
initial tests, it is used for all linear layers where no linear activation is used.

7.1.3. Classiٰcation Layer

Event classiࡖcation with a Transformer network presents the diࡔculty of turning
a variable number of input objects into a xedࡖ number of event classes. As a solu-
tion, each latent feature of the nalࡖ attention block is pooled across all <obj objects.
The six classiࡖcation scores for BB̄�, BB̄ +≥21, BB̄ + 11, BB̄ + 1�, BB̄ +≥12, and BB̄ + light
are derived from these pooled features. Finally, six class probabilities >7 for the
classes 7 can be obtained by feeding the scores through a softmax function as the
canonical link for multi-class classiࡖcation. In the Mk1 Transformer, the pooling was
2 The rectiޮed linear unit is an activation function deࡖned as relu(F)=max(0, F).
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performed via a simple max-pooling operation, in which the maximum value across
all objects was chosen for each latent feature. For the Mk3 networks, the pooling
operation was switched to a cross-attention layer (c.f. Figure 5.4) with slightly better
performance. The resulting cross-attention classiࡖcation layer uses a trainable 6 × 3
query matrix in the cross-attention layer, followed by a single linear layer without
bias terms using a softmax activation function.

7.1.4. Higgs Boson Transverse Momentum Reconstruction

The inference of the Higgs boson >T was tested both via a direct regression using
pooling with a single output node and an Mse loss and via indirect reconstruction by
combining the four-vectors of the two jets most likely to be the Higgs decay products.
The latter method employs a pairing layer introduced in Section 5.3 to extract the
most likely jet combination based on the latent features of the jet objects.
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Figure 7.2: Comparison of Stxs migration matrices in the Sr of the single-lepton resolved
channel for (a) the direct >�T regression and (b) the pairing layer >�T reconstruction meth-
ods outlined in Section 7.1.4. Both models were trained during the Mk2 retraining cam-
paign. The values displayed in the matrices are normalised row-wise, so that each value
represents the fraction of events in some truth Stxs bin falling into the individual reco
Stxs bins.

In the Mk1 reco Transformers, the regression method was utilised. During the Mk2
campaign, a direct comparison of the regression and the pairing layer reconstruc-
tion performance was performed. For this validation, the reconstructed >�T was
compared against its parton-level truth analogue in the BB̄� Mc samples using so-
called confusion matrices as shown in Figure 7.2 for the Srs in the single-lepton
resolved channel. The regression method was found to skew the >�T prediction to-
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wards the second and third lowest Stxs bins at 60GeV ≤ >�T < 200GeV resulting
in asymmetric oࡓ-diagonal elements for the outer Stxs bins. Meanwhile, the >�T
inference of the pairing layer model was more aligned with the main diagonal of
the confusion matrix. Therefore, the indirect pairing layer inference method was
chosen for the >�T reconstruction in the analysis. This reconstruction method addi-
tionally has the advantage of being more easily interpretable compared to the direct
>T regression, since it is fundamentally based on the physical objects in the event
and allows additional validation of the jet matching as performed in Section 7.4 for
the Mk3 models.

While the Mk2 pairing layer was based on a direct pairing layer described via Equa-
tions (5.12) and (5.13), the layer was reࡖned by an additional trainable symmetric
tensor for the Mk3 networks. The resulting tensor pairing layer (c.f. Figure 5.5) is
very similar to the permutation-invariant tensor attention employed by Spanet [323]
and was found to improve training performance with respect to direct pairing. Ad-
ditionally, the reco-level Stxs bins edges were optimised with respect to the amount
of correctly assigned BB̄� events by designating the intersection points of the nor-
malised reco >�T distributions for each truth-level Stxs sample as the shifted bin
edges. The corresponding values are listed in Table 7.3.

Table 7.3: Optimised reco-level Stxs bin edges for the Mk3 reconstruction models com-
pared to those of the stage 1.2 Stxs formalism.

Channel Stxs Bin Edges [GeV]

Stage 1.2 Stxs 0 60 120 200 300 450 ∞
Single Lepton Resolved 0 60 114 192 282 408 ∞Dilepton 186 270 402

7.2. Network Training

7.2.1. General Training Setup

Thenetworks are trained separately for the single-lepton and the dilepton channel on
simulated events passing the single-lepton resolved or dilepton pre-selection using
Keras [415] with the TensorFlow backend [416]. Model inference is performed using
OnnxRuntime [417] in the TTHbbAnalysis framework. The speciࡖc BB̄(�→ 11̄)
Transformer implementation is contained in a dedicated repository [418].

The classiࡖcation networks are trained using BB̄�, BB̄ +≥11, and BB̄ samples with train-
ing and validation batch sizes of 2048. A list of samples used in the training for each
category, together with the total amount of Mc events available per sample, is pro-
vided in the appendix. In order to facilitate the training of batches with a variable
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number of objects, the feature arrays are padded and empty jet objects masked dur-
ing training to allow up to 11 (10) jets for the training in the single-lepton (dilepton)
channel. For events with more jets, only the leading jets ordered by their Pcbt bin
and subsequently by their >T are used during training3. No Mc event weights are
taken into account during the training4. As a result, the network training is not
entirely optimal for data inference because of phase-space eࡓects.

Events in the BB̄+ jets samples are classiࡖed into veࡖ categories using the procedure
described in Section 6.2.5 for the training of the event classiࡖcation networks. The
resulting six event categories to be predicted by the networks are balanced in each
training and validation batch by drawing one sixth of every batch from each of the
event categories5. Simultaneously, events are shuࡕed after each training iteration,
while ensuring that each event is used an equal number of times. Meanwhile, the
reconstruction networks are trained in batches of size 2048 on BB̄� events with two
distinct reco-level jets truth-matched to the 1-hadrons originating from the Higgs
decay as determined from the parton history. The JetTruthMatchingTool [419]
tool in the TTHbbAnalysis framework carries out the 1-hadron parton assignment
and performs the truth matching with a maximum separation of Δ' = 0.3 between
the hadron and the jet axis. Events with truth >�T falling into the six diࡓerent Stxs
bins are balanced during the reconstruction Transformer training in an analogous
way to the event classes in the classiࡖcation Transformer.

Five-fold cross-validation is performed on the Mc samples used for training by parti-
tioning the samples into veࡖ parts based on their event number modulo .veࡖ During
inference, events from data were equally split into veࡖ folds based on their event
number modulo ,veࡖ such that the inference of MC and data events is performed
consistently in the analysis workࡗow using the network trained on the respective
fold. To further enhance training statistics without altering kinematic properties
of the physics processes, the Mc events used for training are augmented by two
transformations: the rstࡖ of them consists of a random rotation of the whole event
by an azimuthal angle q around the beam pipe. The second augmentation consists
of a beam inversion achieved by randomly mirroring the G- and H-coordinates si-
multaneously to preserve parity. During the Mk1 and Mk2 iterations, an additional
random Lorentz boost along the beam was employed. The boost augmentation was
removed for the Mk3 retraining, as it was found to produce highly unphysical results
and could not be motivated by general phase-space considerations.

Both classiࡖcation andHiggs boson >T reconstruction use a categorical cross-entropy
loss with label smoothing [420] of 10% (meaning that 10% of the truth label are dis-
tributed equally among the other labels to smooth the training process). Linear regu-
larisation losses are included for the trainable tensors in the cross-attention pooling
3 While the Transformer is permutation invariant, the jet ordering has to be deࡖned in the training

because of the maximum jet cutoࡓ used. No jet multiplicity cuts are employed during inference.
4 The usage of weights in the loss to more accurately reࡗect kinematic distributions in the analysis

phase space was tested, but led to unstable training results.
5 As a result, events from categories with lower Mc statistics are used more often during the training.
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and the pairing layer of the classiࡖcation and reconstructionmodels, respectively. To
update model parameters during backpropagation, the AdamW optimiser [322, 421]
with weight-decay _ = 1× 10−6 and rstࡖ and second moment decay rates of V1 = 0.9

and V2 = 0.999, respectively, is used following the notation of Reference [421]. Addi-
tionally, an early stopping procedure is adopted to terminate the network training
and restore the best model after ten epochs6 of no improvement in the validation
loss, thus avoiding model overtraining. The loss and accuracy curves of the Mk3
networks show no overtraining and are included in the appendix.

7.2.2. Hyperparameter Optimisation

An extensive programme to optimise the Transformer hyperparameters was carried
out during the Mk3 retraining campaign. In a rstࡖ step, the atࡗ learning rate used for
the Mk1 and Mk2 modelswas replaced by an annealing-like learning rate schedule to
improve training performance [422, 423]. The schedule consists of a burn-in period
at a low learning rate of 1× 10−8, a cosine ramp-up to a high learning rate plateau at
3.5 × 10−5, and nallyࡖ a slow ramp-down to a rate of 1 × 10−7 to allow the model to
slowly settle in a loss minimum after exploring the parameter phase space during
the plateau at a high rate. The burn-in period helps to settle down the Transformer
parameters after their random initialisation, which leads to a more stable training.
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Figure 7.3: Proࡖle of the learning rate annealing used for the Mk3 retraining campaign.
Both ramp-up and ramp-down follow cosine curves.

The lengths of the annealing periods as well as the diࡓerent learning rates were op-
timised based on training performance and speed, leading to the schedule shown in
Figure 7.3. The precise hyperparameters are listed in the appendix. After the learn-
ing rate optimisation, other hyperparameters of the Mk3 models were optimised
6 An epoch marks the period during which each event of the event class with the highest Mc statistics

is used once during the Transformer training.
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separately in several grid searches via the nalࡖ validation losses and under consid-
eration of signs of overtraining or mode collapse7 in the training curves. The nalࡖ
Mk3 Transformers encompass between 9.8 × 105 trainable parameters for the dilep-
ton reconstruction models and 6.7 × 106 trainable parameters for the single-lepton
classiࡖcation models.

7.3. Transformer Performance
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Figure 7.4: Roc curves of the event classiࡖcation Transformer in the analysis (a) single-
lepton resolved and (b) dilepton pre-selection regions for a comparison of BB̄� against
BB̄ +≥11 events. Signal classiࡖcation is performed based on the fraction classiࡖer 5BB̄�,
except for the Mk3 model, which uses the discriminant classiࡖer 3BB̄�. Performance gains
with every retraining campaign are visible, especially in the dilepton channel.

The performance of the Transformer networks is evaluated on all BB̄� and BB̄+ jets
events fulࡖlling the kinematic pre-selection of the BB̄(�→ 11̄) legacy analysis. For
the classiࡖcation models, Receiver-Operating Characteristic (Roc) curves8 are used
as the basic tool for estimating the classiࡖcation performance. Additionally, con-
fusion and event yield matrices of the individual classes are used to judge the full
classiࡖcation performance based on the chosen classiࡖer cuts. Figure 7.4 shows
a comparison of the Roc curves for the model iterations when comparing the BB̄�
classiࡖer against the BB̄ +≥11 background. Areas under the Roc curves (Aucs) of
0.753 in the single-lepton and 0.774 in the dilepton were achieved by the Mk3 mod-
els. Meanwhile, an overview of the Mk3 Roc curves for all target classes is shown
in Figure 7.5. For the reconstruction models, the Stxs confusion matrices, shown
7 This was a failure mode observed in some early dilepton reconstruction models with a non-optimal

pairing layer, where the validation accuracy would suddenly decrease rapidly.
8 Roc curves plot the fraction of correctly assigned target events of a classiࡖer, called the true positive
rate, against the false positive rate, the fraction of other events erroneously assigned to the target
class, in dependence on the classiࡖer threshold. A high true positive rate at a low false positive rate
is desired for good model performance.
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Figure 7.5: Roc curves of the event classiࡖcation Mk3 Transformer in the analysis (a)
single-lepton resolved and (b) dilepton pre-selection regions for all discriminants. The
classiࡖcation is performed using the discriminant classiࡖers 37 for every target class 7,
where the target class is evaluated against events of all other classes 8 ≠ 7.

STXS 1
STXS 2

STXS 3
STXS 4

STXS 5
STXS 6

Reconstruction

0

60

120

200

300

450

Tr
uth

 H
igg

s p
T [

Ge
V]

67 16 10 5 1

24 48 18 8 2 1

10 16 55 15 4 1

3 4 16 62 14 2

1 1 3 15 64 16

1 1 2 11 85

ATLAS Simulation s  = 13 TeV
Single-lepton resolved incl. SR

0

20

40

60

80

100

Fr
ac

tio
n o

f tr
uth

 p T
 sa

mp
le 

[%
]

(a)

STXS 5
STXS 6

Reconstruction

0

450

Tr
uth

 H
igg

s p
T [

Ge
V]

96 4

20 80

ATLAS Simulation s  = 13 TeV
Single-lepton boosted SR

0

20

40

60

80

100

Fr
ac

tio
n o

f tr
uth

 p T
 sa

mp
le 

[%
]

(b)

STXS 1
STXS 2

STXS 3
STXS 4

STXS 5
STXS 6

Reconstruction

0

60

120

200

300

450
Tr

uth
 H

igg
s p

T [
Ge

V]

72 14 8 4 1

25 49 15 7 3

10 15 53 16 4 1

2 3 12 60 20 2

1 2 7 72 18

1 1 1 8 89

ATLAS Simulation s  = 13 TeV
Dilepton incl. SR

0

20

40

60

80

100

Fr
ac

tio
n o

f tr
uth

 p T
 sa

mp
le 

[%
]

(c)

Figure 7.6: Stxs confusion matrices for the Mk3 reconstruction models in the BB̄(�→ 11̄)
Run 2 legacy (a) single-lepton resolved, (b) single-lepton boosted, and (c) dilepton Sr. The
bin edge optimisation introduced in Section 7.1.4 is applied.

in Figure 7.6 for the Mk3 models, form the primary performance metric. Addition-
ally, the bin purities, deࡖned as the number of correct Stxs assignments divided by
the total number of assignments to the same reco Stxs bin, are listed for the Mk3
networks in Table 7.4.

7.3.1. Event Classiٰer & Signal Region Optimisation

The direct usage of the event classiࡖcation probabilities >7 in the BB̄(�→ 11̄) Run 2
legacy analysis is problematic because of signiࡖcant yield diࡓerences between the
BB̄� signal and various BB̄+ jets background processes. To take into account these
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Table 7.4: >�T reconstruction purity of the Mk3 models in the analysis Srs. The rstࡖ veࡖ
Stxs bins are taken together in the single-lepton boosted Sr to be consistent with the
analysis tࡖ setup.

>�T Range [GeV] Single Lepton DileptonResolved Boosted

0 – 60 0.48

0.95

0.48
60 – 120 0.58 0.57
120 – 200 0.53 0.52
200 – 300 0.46 0.43
300 – 450 0.37 0.39
450 – ∞ 0.32 0.80 0.39

yield diࡓerences and maximise the classiࡖer sensitivity, two diࡓerent modiࡖcations
of >7 were tested.

The rstࡖ modiࡖcation, used for the Mk1 and Mk2 models, takes the predicted pro-
cess yields9 #7 scaled to data into account as Bayesian priors for so-called fraction
classiࡖers 57 as

57 =
>7 · #7∑
8 > 8 · # 8

. (7.1)

The fractions retain the property
∑
8 5 8 = 1 of the class probabilities >7 , so that they

can still be interpreted directly as probabilities. However, large imbalances in the
fraction distributions with 5BB̄� � 57 ≠ BB̄� were observed as a result of the signiࡖcant
yield imbalance #BB̄� � #7 ≠ BB̄�, so that BB̄� and other small samples, such as BB̄ + 1�,
are penalised by the fraction classiࡖers.

Therefore, discriminant classiࡖers 37 were included in the Mk3 models as a second
modiࡖcation of >7 . Instead of the unnormalised yields used for the fractions, they
make use of normalised yield fractions as follows:

37 =
>7∑

8 ≠ 7 > 8 · Ê7 8
, where Ê7 8 =

# 8∑
9 ≠ 7 #9

. (7.2)

As a result, the denominator of each discriminant 37 is a weighted average of all
remaining class probabilities > 8 ≠ 7 , where the associated yield fractions Ê7 8 exclude
the yield of process 7. Therefore, Ê7 8 can be thought of as an eࡓective event frac-
tion of process 8 in the ‘background’ of process 7. A similar discriminant is used
in the 1-tagging discriminants of the Dl1r tagger [324]. Because of the property∑
8 ≠ 7 Ê7 8 = 1 of the yield fractions, the balancing problems of 57 do not arise in 37 .

However,
∑
8 3 8 ≠ 1means that the discriminants can no longer be identiࡖed directly

as class probabilities.

9 Calculated from the predicted sample cross-sections, the luminosity, and the BB̄+ jets scale factors
derived in Section 6.5.1.
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Figure 7.7: Dependence of the signal-over-background noise ratio (/
√
� and of the signal-

over-background ratio (/� on the Mk3 BB̄� discriminant classiࡖer threshold in the (a)
single-lepton resolved and (b) dilepton channel. Optimal thresholds were determined by
ndingࡖ the maxima of (/

√
� in each case, while the distribution of (/� did not help to

deࡖne usable thresholds. The optimal thresholds are plotted as dashed vertical lines in
each plot.
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Figure 7.8: Mk3 classiࡖcation confusionmatrices at the optimised BB̄� (a) discriminant and
(b) fraction classiࡖer thresholds in the single-lepton resolved channel. The matrices are
normalised per row. While the classiࡖcation into the BB̄� region is very similar between
the discriminant and the fraction approach, the background classiࡖcation is signiࡖcantly
diࡓerent. Analogous matrices for the dilepton channel are contained in the appendix.
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In general, region assignments are done based on the maximum classiࡖer. However,
a minimum BB̄� classiࡖer threshold 3min

BB̄�
was instead deࡖned for the Srs to increase

control over the Sr composition. The optimal threshold is chosen to maximise the
signal-over-background noise ratio (/

√
� in the resulting signal region. Results from

the discriminant classiࡖer optimisation lead to thresholds of 3min
BB̄�

= 4.072 in the
single-lepton resolved and 3min

BB̄�
= 9.031 in the dilepton channel. The corresponding

threshold scans are plotted in Figure 7.7. Due to the small BB̄� yield, 5BB̄� and 3BB̄�
perform very similar during the threshold optimisation10, while the Cr composition
shown in Figure 7.8 for the single-lepton resolved channel varies between the two
classiࡖer strategies. Therefore, dedicated tࡖ comparisons with both classiࡖcation
strategies were carried out. The discriminant classiࡖers were eventually chosen
for the analysis due to improved expected BB̄(�→ 11̄) discovery signiࡖcance and a
more balanced background event distribution, leading to more stability. In the tࡖ
setups presented in Chapter 8, the discriminants are rescaled to the interval [0, 1)
as 3′

7
according to logistic functions

3′7 = 1 − 4−;7 37 , (7.3)

where the parameters ;7 are manually optimised. As the rescaling is performed
after events are assigned to the analysis regions, it is purely visual.

7.4. Model Comparison

7.4.1. Comparison in the First Full Run 2 Analysis Signal Region

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0

T
ru

e
 P

o
s
it
iv

e
 R

a
te

s  = 13 TeV

Single-Lepton SR, first full Run 2, ttH classifier

BDT

CPPM Deep Set

Mk3 Transformer

Figure 7.9: Comparison of the Roc curves of diࡓerent network architectures in the single-
lepton Sr of the rstࡖ full Run 2 BB̄(�→ 11̄) analysis. Only BB̄ +≥11 events are considered
for the background. The Bdt and Deep Set curves lie on top of each other with an identical
Auc of 0.751, while the Mk3 Transformer outperforms both with an Auc of 0.791.

10 57 ≈ 37 · #7/
∑
8 ≠ 7 # 8 if there is a yield imbalance with #7 �

∑
8 ≠ 7 # 8 .
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Figure 7.10: Comparison of the Stxs confusion matrices for (a) the Bdt of the previous
analysis round, (b) the Cppm Deep Set, and (c) the Mk3 Transformer in the single-lepton
Sr of the rstࡖ full Run 2 BB̄(�→ 11̄) analysis.

In addition to the performance validation of the Transformers, the nalࡖ Mk3 models
used in the analysis can also be benchmarked against the Bdt-based models used in
theࡖrst full Run2 BB̄(�→ 11̄) analysis [211] and theDeep Set developed at Cppm [410]
on high-level event features as an alternative to the Transformers. The phase space
of the single-lepton Sr of the previous analysis was restricted to ≥6 jet and ≥4 jets
1-tagged at the 70% working point11 and the Cppm DeepSet was also trained in this
region. Therefore, the comparisons in this section use the same event selection.

In the Roc curve comparison of Figure 7.9, the Bdt and Deep Set perform similarly,
while the Mk3 classiࡖcation Transformer clearly outperforms both models. Mean-
while, the Stxs confusion matrices of the diࡓerent reconstruction models are shown
in Figure 7.10. Both Bdt and Mk3 Transformer operate by determining the most
likely Higgs boson decay products to reconstruct >�T . Meanwhile, the Deep Set di-
rectly classiࡖes events into the six Stxs bins in a multi-class approach. The Mk3
model and the Deep Set outperform the Bdt. Overall, the Mk3 model also performs
better than the Deep Set except in the region of 200GeV ≤ >�T < 450GeV.

7.4.2. Comparison with Spanet

Themost recent Spanet iteration presented in Reference [424] can take lepton objects
and global features, including �miss

T , into account via heterogeneous embeddings.
Therefore, the Higgs boson assignment accuracies, deࡖned as the fraction of events
with two correctly assigned Higgs decay 1-jets, of Spanet and the Mk3 reconstruction
Transformer in semileptonic BB̄(�→ 11̄) events are compared in Table 7.5. The re-
construction Transformer performance is evaluated in the Sr of the rstࡖ full Run 2
BB̄(�→ 11̄) analysis to approximate the Spanet event selection. Overall, the Mk3

11 The Dl1r 1-tagger is used for the comparisons instead of the Mv2c10 1-tagger used in the rstࡖ full
Run 2 BB̄(�→ 11̄) analysis.
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Transformer slightly outperforms Spanet in every jet multiplicity bin, although it
should be noted that the underlying validation datasets are not entirely identical.

Table 7.5: Comparison of the Higgs boson reconstruction performance of the Mk3 model
with Spanet in the single-lepton Sr of the rstࡖ full Run 2 BB̄(�→ 11̄) analysis split by jet
multiplicity. Only events where both 1-quarks coming from the Higgs decay can be truth-
matched to reco-level jets are considered. For a successful match, both truth-matched jets
have to be correctly identiࡖed. For the Mk3 model, the fraction of partially reconstructed
events is provided in addition.

Model
Higgs Boson Assignment Accuracy [%]

6 Jets 7 Jets ≥ 8 Jets Combined
Full Partial Full Partial Full Partial Full Partial

Spanet 50 – 49 – 47 – 49 –
Mk3 Transformer 55 28 53 29 49 30 53 29
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CHAPTER 8

Results

Using the analysis strategy outlined in Section 6.5, the Mc samples presented in Sec-
tion 6.2 can be ttedࡖ to the collision data collected during Run 2 of the Lhc by the
Atlas detector. To arrive at a meaningful statement about the degree of certainty
on the analysis results, systematic uncertainties on the detector and the Mc mod-
elling of signal and background processes have to be considered in addition to the
statistical uncertainties of the collected data and the Mc samples. The systematics
model employed in the proࡖle likelihood ,tsࡖ motivated by tࡖ studies performed in
the course of the analysis, will be introduced in Section 8.1. Since the tࡖ optimisation
was not the primary focus of this thesis, only a summary of the pre-ࡖt modelling in
the signal and control regions deࡖned in Section 6.5 is shown in Section 8.2. Finally,
the results of inclusive BB̄� cross-section and signal strength measurements, as well
as a measurement of the cross-sections in the Stxs bins, are presented in Section 8.3
and compared to previous results afterwards.

8.1. Systematic Uncertainties

In the BB̄(�→ 11̄) Run 2 legacy analysis, systematic uncertainties arise from the mod-
elling of signal and background processes, and from detector eࡓects. Additionally,
systematic uncertainties can aࡓect both the normalisation of process yields and the
shapes of their variable distributions.
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8.1.1. Experimental Systematics

The experimental systematics cover all of the objects reconstructed in the detec-
tor, as well as the luminosity and pile-up modelling. For the luminosity, a atࡗ un-
certainty of 0.83% is employed following the calibration procedure described in
Reference [277]. The uncertainty inherent in the pile-up modelling described in
Section 6.2 is parametrised using a variation in the pile-up reweighting procedure
corresponding to a per-event scale factor.

For electrons and muons, the uncertainties can be divided into components arising
from the triggers, the lepton reconstruction, identiࡖcation, isolation, and momen-
tum scale and resolution. To account for diࡓerences between Mc simulation and
data for leptons, scale factors are derived for the Mc events using tag-and-probe
techniques on /→ �+�− and �/k→ �+�− events [390, 391, 425]. The uncertainties in
these scale factors are directly propagated to event weights, resulting in four inde-
pendent components for the electrons and ten for the muons. Similarly, the lepton
momentum scale and resolutions of simulated events are corrected to match those
in data [426]. The associated uncertainties are evaluated by varying the scale within
its uncertainty, while the resolution uncertainties are estimated by smearing the lep-
ton energy and momentum. This procedure results in two independent components
for electrons and four for muons. The muon identiࡖcation uncertainties are also
applied as independent systematics to the softmuons used in the muon-in-jet correc-
tions, while the softmuon energy scale and resolution uncertainties are correlated
with those of the muons.

Systematic uncertainties in the jet energy scale consist of contributions from jet-
avourࡗ composition, [-intercalibration, punch-through, single-particle response, the
response of the calorimeters to jets of diࡓerent ,avoursࡗ pile-up eࡓects, and eࡓects
from in-situ jet calibration techniques. Alltogether, these give rise to 30 uncorre-
lated systematics, where the uncertainties originating from the in-situ calibration
are combined into eight eࡓective components using a Principal Component Analysis
(Pca) in the so-called category reduction scheme [427]. Meanwhile, uncertainties in
the jet energy resolution arise from diࡓerences between in-situ measurements of
the jet energy resolution in data and Mc events. These diࡓerences are split into 13
uncorrelated components to smear Mc samples or data as appropriate. Addition-
ally, the uncertainty associated with the jet vertex tagger discriminant is estimated
via variations of the Mc eࡔciency between diࡓerent Mc generators [387]. For the
uncertainty treatment of the reclustered jets used for the boosted Higgs candidates,
the systematic uncertainties of their sub-jets are propagated.

Uncertainties associated with the calibration of the Dl1r 1-tagger are derived on a
jet-ࡗavour basis for light, 2-, and 1-jets. They are divided into 20, 20, and 45 uncor-
related components, respectively, via a Pca [428–430]. Additionally, extrapolation
uncertainties are derived for high->T jets not covered by the calibration range. This
results in a further four (two) Nps each for 1- and light jets (2-jets).
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The uncertainties in �miss
T are determined by propagating the energy scale and reso-

lution uncertainties of all other detector objects. Three additional uncertainty com-
ponents estimated in /→ �+�− events arise from the modelling of the �miss

T soft
term [394].

8.1.2. Modelling Systematics

In principle, all of the uncertainties mentioned in Section 6.2 are considered for the
modelling of signal and background processes. For the BB̄� signal, these include the
cross-section uncertainties accounting for the Qcd scale variations aswell as those of
the Pdfs and U(. Additionally, theory uncertainties originating from the migration of
events between the diࡓerent truth >�T Stxs bins [431] are considered in the inclusive
cross-section and signal strength measurement, but not in the diࡓerential cross-
section measurement. A systematic uncertainty of 2.2% is assigned for the �→ 11̄

BR [168]. Additionally, the uncertainties due to varying `R and `F, Isr and Fsr
radiation from the Var3c variations, and the alternative samples for the Ps and the
Nlo matching are considered for BB̄�.

For the BB̄+ jets components, all systematic uncertainties are assigned independent
Nps in each component. No normalisation eࡓects due to the modelling uncertain-
ties are included since the background normalisation factors are free-ࡗoating in
the likelihood .tsࡖ Therefore, all BB̄+ jets systematic uncertainties are reweighted
to the same yield as the nominal samples in the analysis pre-selection deࡖned in
Section 6.3.3. All modelling uncertainties introduced in Section 6.2.3 are used for the
modelling of the BB̄+ jets components. Uncertainties from the �T reweighting of the
BB̄ +≥12 and BB̄ + light background processes introduced in Section 6.5.1 are included
independently per channel via alternative reweightings in which the BB̄ +≥12 and
BB̄ + light normalisation factors are varied within their respective uncertainties. The
BB̄+ jets distributions without �T reweighting for each jet multiplicity bin are used
as additional uncertainties for the procedure.

Meanwhile, the modelling uncertainties of B,, BB̄,, BB̄/ are based on those intro-
duced in Section 6.2.4. The cross-section uncertainties of the background processes
correspond to those listed in Table 6.3. Independent normalisation uncertainties of
50% are considered for the single-lepton and dilepton fake estimates. Additionally,
an alternative parametrisation of the single-lepton fake estimate is used to cover
uncertainties related to the choice of fake factor parametrisation.

8.2. Pre-Fit Modelling

Prior to the ttingࡖ procedure, the pre-ࡖt yields for the diࡓerent Mc processes were
calculated. For this, the cross-sections determined theoretically under Sm assump-
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Figure 8.1: Log-scale pre-ࡖt summary histograms of the event yields in (a) the Srs and (b)
Crs of the single-lepton channel, where each region is aggregated into a single bin. The
uncertainty band includes all uncertainties considered in the analysis.
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tions, as summarised in Section 6.2, and the Run 2 luminosity were used to normalise
the yields to those expected in the data under consideration of reweighting factors
originating from both the Mc modelling and the object reconstruction calibration.
Additionally, the BB̄+ jets backgrounds are rescaled by the normalisation factors in-
troduced in Section 6.5.1. Summary plots of comparisons between data and the
Mc processes considered in the analysis prior to the tࡖ procedure are shown in
Figures 8.1 and 8.2. Meanwhile, pre-ࡖt yield comparisons between data and Mc
processes with symmetrised uncertainties are listed in Tables 8.1 to 8.4. The full
eࡓect of all statistical and systematic uncertainties enters the overall uncertainty.
The associated uncertainties on the BB̄+ jets normalisation factors do not enter the
uncertainty bands. Detailed post-ࡖt plots are instead shown in Section 8.3.

Table 8.1: Pre-ࡖt yields in the single-lepton Srs. The A- and B-channel single-top, B/?, and
B,/ processes are combined under ‘Other’. The BB̄� samples are split by truth >�T with
a separate forward Higgs boson category. All uncertainties except those of the BB̄+ jets
normalisation factors are included. The yield uncertainties are symmetrised and rounded.

Process Stxs 1 Sr Stxs 2 Sr Stxs 3 Sr Stxs 4 Sr Stxs 5 Sr Stxs 6 Sr Boosted Sr

BB̄�, >�T ∈ [0, 60) GeV 77±12 18.7±3.2 11.1±2.3 5.7±1.0 1.66±0.20 0.42±0.09 0.58± 0.13
BB̄�, >�T ∈ [60, 120) GeV 49±5 99±13 37±6 15.5±2.2 4.4±0.5 1.25±0.19 1.54± 0.25
BB̄�, >�T ∈ [120, 200) GeV 22.7±2.2 37±4 125±16 34±5 8.1±1.3 2.0±0.4 2.31± 0.28
BB̄�, >�T ∈ [200, 300) GeV 4.0±0.5 5.5±0.7 22.5±2.9 88±12 19.4±3.0 2.7±0.4 3.3± 0.6
BB̄�, >�T ∈ [300, 450) GeV 0.39±0.11 0.64±0.16 1.4±0.4 7.6±1.3 32±5 8.0±1.3 20± 3
BB̄�, >�T ≥ 450GeV < 0.1 < 0.1 0.14±0.06 0.21±0.09 1.30±0.31 9.8±1.8 6.9± 1.3
BB̄�, | G� | > 2.5 0.16±0.06 0.10±0.04 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

BB̄ +≥21 870±80 870±90 980±100 640±60 270±40 92±21 103± 8
BB̄ + 11 210±60 210±50 250±80 180±60 78±28 25±9 17± 5
BB̄ + 1� 64±19 73±24 100±40 87±30 46±19 22±11 11± 4
BB̄ +≥12 210±50 210±50 250±50 190±50 88±24 27±13 22± 8
BB̄ + light 42±16 45±12 68±22 64±19 31±11 12±11 3.2± 3.0

B, 20±8 35±12 60±33 55±32 33±25 17±15 5± 4
BB̄/ 36±6 38±6 53±8 43±8 24±5 7.2±1.1 5.8± 1.2
BB̄, 4.2±0.5 5.9±0.8 9.8±1.6 8.9±1.9 5.6±0.7 3.2±0.5 1.06± 0.26
BB̄BB̄ 5.1±2.2 6.9±3.0 11±5 9±4 4.8±2.1 2.5±1.1 1.1± 0.5
B�81 0.77±0.22 1.06±0.21 1.61±0.32 1.58±0.28 1.11±0.30 0.26±0.12 0.72± 0.14
B,� 1.68±0.23 2.16±0.27 3.8±0.4 4.1±0.5 2.22±0.25 1.03±0.12 1.01± 0.11
,+ jets 10±6 12±8 30±15 29±14 23±12 12±6 3.7± 1.9
/+ jets 2.5±1.1 5.1±2.0 6.5±2.6 7.4±2.7 3.1±1.1 1.7±0.6 0.5± 0.2
Diboson 1.3±0.8 2.5±1.4 4.4±2.3 4.7±2.7 3.1±1.6 1.4±0.7 0.7± 0.4
Other 11.3±1.2 11.0±1.5 14.4±2.0 11.9±1.5 7.3±1.1 2.43±0.35 2.2± 0.6
Fakes 29±12 29±15 27±12 31±19 22±13 3.8±2.5 8± 5

Total Mc 1670±160 1710±170 2060±210 1520±150 710±80 250±40 221± 19

Data 1672 1657 2016 1441 676 241 216
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Table 8.2: Pre-ࡖt yields in the single-lepton Crs. The A- and B-channel single-top, B/?, and
B,/ processes are combined under ‘Other’. The BB̄� samples are split by truth >�T with
a separate forward Higgs boson category. All uncertainties except those of the BB̄+ jets
normalisation factors are included. The yield uncertainties are symmetrised and rounded.

Process BB̄ + light Cr BB̄ +≥12 Cr BB̄ + 11 Cr BB̄ + 1� Cr BB̄ +≥21 Cr 1 BB̄ +≥21 Cr 2 BB̄ +≥21 Cr 3 Boosted Cr

BB̄�, >�T ∈ [0, 60) GeV 56±6 59±7 89±11 46±6 80±10 12.5± 1.7 2.09± 0.26 0.54±0.14
BB̄�, >�T ∈ [60, 120) GeV 86±5 98±8 133±12 92±13 112±11 33± 5 4.5± 0.9 1.15±0.23
BB̄�, >�T ∈ [120, 200) GeV 59±4 76±7 76±8 88±11 41±4 68± 8 5.4± 1.1 1.36±0.28
BB̄�, >�T ∈ [200, 300) GeV 23.0±2.5 31.9±3.5 21.2±3.1 41±5 7.3±1.1 34± 4 6.7± 1.1 1.42±0.32
BB̄�, >�T ∈ [300, 450) GeV 7.7±1.0 10.0±1.5 4.7±0.8 14.3±2.0 1.12±0.27 4.4± 0.8 9.8± 1.5 4.8±0.7
BB̄�, >�T ≥ 450GeV 1.67±0.27 2.4±0.5 0.78±0.19 4.1±0.7 0.18±0.05 0.35± 0.12 3.0± 0.7 1.75±0.32
BB̄�, | G� | > 2.5 0.98±0.08 0.72±0.17 1.38±0.22 0.57±0.15 0.37±0.05 0.188± 0.029 < 0.1 < 0.1

BB̄ +≥21 2320±280 3800±400 5400±600 3500±400 7200±600 4900± 500 1140± 170 141±10
BB̄ + 11 3900±400 4600±700 10600±1700 5100±600 2100±500 1120± 320 230± 100 54±19
BB̄ + 1� 890±80 1390±270 1780±270 5100±400 530±190 380± 140 100± 50 32±7
BB̄ +≥12 17000±3300 17900±2600 7800±1000 5400±1300 2500±500 1220± 270 240± 70 133±35
BB̄ + light 31800±3500 5900±1100 4000±600 2000±500 700±180 320± 110 49± 26 34±8

B, 1040±200 750±220 820±240 560±190 350±140 360± 150 130± 90 10±6
BB̄/ 152±20 171±25 151±21 146±22 122±18 117± 15 36± 5 5.7±0.9
BB̄, 100±12 114±17 43±7 44±5 25.6±3.5 26± 5 10.5± 1.6 1.97±0.33
BB̄BB̄ 2.9±1.2 24±10 7.1±3.0 19±8 21±9 33± 14 17± 7 1.4±0.6
B�81 8.2±1.4 5.4±0.9 8.1±1.6 3.5±0.6 5.4±1.1 3.6± 0.7 0.53± 0.15 0.65±0.20
B,� 7.1±0.7 6.7±0.7 9.6±1.0 5.7±0.6 5.4±0.6 5.8± 0.7 1.78± 0.20 0.44±0.07
,+ jets 370±180 370±180 230±120 170±80 370±190 250± 130 90± 40 5.6±2.9
/+ jets 110±40 110±40 110±40 64±23 100±40 55± 20 16± 6 0.9±0.4
Diboson 37±19 39±20 23±12 21±11 24±13 23± 12 10± 5 1.1±0.7
Other 370±40 370±40 303±35 228±22 179±22 111± 12 27.4± 2.8 3.9±0.9
Fakes 810±300 800±400 880±350 340±140 660±300 280± 130 57± 32 6.3±3.3

Total Mc 59000±6000 37000±4000 32500±2900 22900±2200 15200±1700 9400± 1000 2190± 270 440±50

Data 61954 36528 32887 23245 15595 9397 2097 426

Table 8.3: Pre-ࡖt yields in the dilepton Srs. The B/?, B,/, and diboson processes are
combined under ‘Other’. The BB̄� samples are split by truth >�T with a separate forward
Higgs boson category. All uncertainties except those of the BB̄+ jets normalisation factors
are included. The yield uncertainties are symmetrised and rounded.

Process Stxs 1 Sr Stxs 2 Sr Stxs 3 Sr Stxs 4 Sr Stxs 5 Sr Stxs 6 Sr

BB̄�, >�T ∈ [0, 60) GeV 10.6±1.5 2.03±0.31 1.14±0.17 0.63±0.11 0.19±0.07 0.046±0.023
BB̄�, >�T ∈ [60, 120) GeV 6.5±0.7 13.0±1.8 4.1±0.7 1.9±0.4 0.70±0.11 0.13±0.07
BB̄�, >�T ∈ [120, 200) GeV 3.06±0.34 4.7±0.5 16.3±2.0 5.0±0.7 1.36±0.19 0.24±0.07
BB̄�, >�T ∈ [200, 300) GeV 0.50±0.07 0.72±0.08 2.50±0.29 13.0±1.7 4.4±0.6 0.41±0.06
BB̄�, >�T ∈ [300, 450) GeV < 0.1 < 0.1 0.197±0.033 0.82±0.18 8.0±1.1 1.98±0.32
BB̄�, >�T ≥ 450GeV < 0.1 < 0.1 < 0.1 < 0.1 0.26±0.08 2.8±0.5
BB̄�, | G� | > 2.5 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

BB̄ +≥21 81±8 76±7 81±13 59±4 36.2±3.0 11.7±2.1
BB̄ + 11 14±5 15±6 20±9 17±5 11±6 2.9±1.9
BB̄ + 1� 4.4±2.6 4.8±3.2 5.7±2.3 6.2±1.9 6.6±2.9 3.5±2.3
BB̄ +≥12 11.3±2.4 11.7±2.6 15.4±3.4 12.5±2.6 7.1±2.6 3.0±1.7
BB̄ + light 1.1±0.7 0.9±0.5 1.4±0.8 1.0±0.5 1.0±0.4 0.37±0.30

B, 1.7±0.8 3.0±1.8 6±4 8±5 7±5 3.1±2.9
BB̄/ 4.6±0.7 4.6±1.1 7.2±1.1 6.2±1.3 5.3±1.1 2.0±0.6
BB̄, 0.65±0.11 1.18±0.15 2.10±0.23 2.64±0.30 2.7±0.4 1.2±0.5
BB̄BB̄ 0.9±0.4 1.1±0.5 1.8±0.7 1.7±0.7 1.3±0.6 0.65±0.28
B,� 0.23±0.04 0.31±0.04 0.57±0.07 0.70±0.08 0.66±0.07 0.243±0.030
/+ jets 1.8±0.9 1.9±0.9 3.4±1.3 3.8±1.4 3.3±1.2 1.8±0.7
Other < 0.1 < 0.1 0.28±0.14 0.42±0.19 0.23±0.08 0.29±0.13
Fakes 1.7±0.9 2.2±1.1 3.2±1.6 2.9±1.5 2.6±1.3 1.1±0.6

Total Mc 144±13 144±13 173±20 143±12 100±11 38±6

Data 150 149 161 149 76 35
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Table 8.4: Pre-ࡖt yields in the dilepton Crs. The B/?, B,/, and diboson processes are
combined under ‘Other’. The BB̄� samples are split by truth >�T with a separate forward
Higgs boson category. All uncertainties except those of the BB̄+ jets normalisation factors
are included. The yield uncertainties are symmetrised and rounded.

Process BB̄ + light Cr BB̄ +≥12 Cr BB̄ + 11 Cr BB̄ + 1� Cr BB̄ +≥21 Cr

BB̄�, >�T ∈ [0, 60) GeV 11.9±1.4 19.7±2.3 19.8±2.3 9.9±1.4 26.0±3.0
BB̄�, >�T ∈ [60, 120) GeV 17.0±1.3 34.5±2.9 29.5±3.0 20.4±2.5 42±4
BB̄�, >�T ∈ [120, 200) GeV 10.0±0.9 27.1±2.7 17.0±2.1 19.2±2.4 34.0±3.5
BB̄�, >�T ∈ [200, 300) GeV 3.10±0.35 11.1±1.3 4.6±0.7 9.2±1.2 14.9±1.9
BB̄�, >�T ∈ [300, 450) GeV 0.94±0.15 3.5±0.5 0.94±0.19 3.3±0.5 5.4±0.8
BB̄�, >�T ≥ 450GeV 0.33±0.07 0.65±0.12 0.116±0.033 0.97±0.15 1.33±0.26
BB̄�, | G� | > 2.5 0.31±0.05 0.25±0.04 0.40±0.05 0.127±0.028 0.166±0.018

BB̄ +≥21 495±35 860±60 1080±200 650±100 2700±200
BB̄ + 11 1410±130 1790±230 3600±700 1540±180 1200±400
BB̄ + 1� 310±40 460±40 540±210 1560±230 310±110
BB̄ +≥12 5600±500 7700±600 2210±280 1590±330 1070±170
BB̄ + light 9200±1500 2800±400 590±130 410±90 190±70

B, 300±60 210±50 220±70 150±50 300±140
BB̄/ 43±6 81±12 35±6 36±5 92±12
BB̄, 37±5 72±7 12.1±1.3 14.3±3.3 29.8±3.5
BB̄BB̄ 1.6±0.7 10±4 1.0±0.4 4.8±2.0 28±12
B,� 0.98±0.11 2.24±0.22 2.69±0.29 1.42±0.14 4.0±0.4
/+ jets 340±130 260±100 250±90 93±34 320±120
Other 5.6±2.4 8.1±3.1 4.4±2.0 2.1±0.7 12±5
Fakes 110±50 120±60 42±21 41±21 90±40

Total Mc 18000±2000 14400±1100 8700±900 6200±500 6400±700

Data 18557 14361 8624 5830 6448

8.3. tt̄H Measurement Results

Three diࡓerent measurements of the BB̄� signal process were conducted with the
regions outlined in Section 6.5: a measurement of the inclusive BB̄� signal strength
`BB̄�, a measurement of the inclusive BB̄� cross-section fBB̄�, and a diࡓerential mea-
surement of the BB̄� cross-section in the Stxs stage 1.2 formalism. Simultaneous
proࡖle likelihood tsࡖ to all Srs and Crs of the single-lepton and the dilepton chan-
nel are used for all measurements. Since the Transformer discriminants retain a
signiࡖcant separation after events are assigned to the analysis regions, the discrim-
inant corresponding to the target process of each region is used as the tࡖ variable.
Exceptions are the boosted Sr and Cr, where the reconstructed Higgs boson >T in
bins corresponding to the Stxs ranges is used as a tࡖ variable.

The signal strength measurement uses a single Poi for the normalisation of the
BB̄� signal process in the full analysis phase space. As mentioned in Section 6.4,
free-ࡗoating normalisation factors for each of the veࡖ BB̄+ jets components are de-
termined simultaneously with the signal strength. A best-ࡖt signal strength of

`BB̄� = 0.81 +0.22
−0.19 = 0.81± 0.11 (stat.) +0.20−0.16 (syst.)

was measured in this setup. Herein, the total statistical uncertainty is deࡖned as
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8.3. tt̄H Measurement Results

the uncertainty arising in a constrained ,tࡖ in which all systematic Nps are xedࡖ
to their best-ࡖt values. Meanwhile, the total systematic uncertainty is deࡖned via
the diࡓerence in quadrature between the total and the statistical uncertainty. The
systematic uncertainty on `BB̄� includes the BB̄� cross-section uncertainties deࡖned in
the previous section. These are dropped for the two cross-section measurements. By
using a proࡖle likelihood ratio between a background-only hypothesis of `BB̄� = 0 and
the best-ࡖt results, the observed excess of events has a signiࡖcance of 4.6f compared
to an expected signiࡖcance of 5.4f determined using an Asimov dataset. Post-ࡖt
normalisation factors of the BB̄+ jets components are shown with their uncertainties
in Table 8.5. Separate signal strengths of the individual channels were determined
in single-channel tsࡖ as

`
single-lep
BB̄�

= 0.72± 0.12 (stat.) +0.21−0.17 (syst.)

in the single-lepton and

`
dilep
BB̄�

= 1.03± 0.26 (stat.) +0.28−0.22 (syst.)

in the dilepton channel, showing good compatibility between the single-channel
and the combined measurements. The overall sensitivity is driven by the single-
lepton channel, where higher event statistics lead to a systematically dominated
measurement.

Table 8.5: Best-ࡖt values of the BB̄+ jets normalisation factors as determined in the inclusive
BB̄� signal strength measurement. The values are consistent with those from the inclusive
BB̄� cross-section measurement. Independent single-channel normalisation factors are
used for BB̄ + light, BB̄ +≥12, and BB̄ + 11.

Channel BB̄ + light BB̄ +≥12 BB̄ + 11 BB̄ + 1� BB̄ +≥21

Single Lepton 0.78 +0.08
−0.08 1.51 +0.19

−0.18 1.06 +0.10
−0.10 1.15 +0.15

−0.14 0.94 +0.08
−0.08Dilepton 0.85 +0.11

−0.10 1.36 +0.10
−0.10 1.24 +0.09

−0.09

As opposed to the BB̄� signal strength measurement, no theory uncertainties for the
BB̄� cross-section enter the result in the inclusive cross-section measurement. The
inclusive BB̄� cross-section is measured to be

fBB̄� = 411 +101
− 92 fb = 411± 54 (stat.) +85−75 (syst.) fb

using a proࡖle likelihood .tࡖ The statistical and systematic uncertainties are de-
termined analogously to those of the signal strength measurement. Overall, the
measured BB̄� cross-section is compatible with the Sm prediction of fSm

= 506 +35
−50 fb.

A ranking of the dominant systematic uncertainties impacting the inclusive signal
strength measurement is shown in Figure 8.3. Additionally, the impact of diࡓerent
groups of systematics was determined by sequentially repeating the tࡖ with each
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Figure 8.3: Ranking of the 20 dominant systematic uncertainties of the inclusive BB̄� cross-
section measurement. The empty and lledࡖ rectangles represent the pre- and post-ࡖt
impact of the systematic on the BB̄� cross-section, respectively, as determined by proࡖling
the respective Np of the uncertainty. Meanwhile, the markers show the Np pulls and
constraints, which reࡗect the shift of the best-ࡖt value of each Np with respect to its pre-ࡖt
value.

systematics category xedࡖ to the best-ࡖt values of the corresponding Nps. The group
uncertainty was then determined as the diࡓerence in quadrature between the total
uncertainty and the uncertainty of the constrained .tࡖ The resulting grouped im-
pacts are presented in Table 8.6. An overview of the full analysis phase space, where
the individual bins entering the tࡖ are grouped by their respective signal-over-back-
ground ratios (/�, is plotted in Figure 8.4.

The tࡖ setup for the diࡓerential BB̄� cross-section measurement is identical to that
of the inclusive cross-section measurement, but uses a total of six Pois for the BB̄�
process yields in the diࡓerent Higgs boson >T ranges. For this purpose, the BB̄� signal
sample is split into six parts based on the truth Higgs boson >T in the Mc events.
Simultaneously, no BB̄� migration uncertainties are considered for the diࡓerential
cross-section measurement. Additionally, Mc events with an absolute Higgs boson
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8.3. tt̄H Measurement Results

Table 8.6: List of the absolute uncertainties of the inclusive BB̄� cross-section grouped into
categories of systematic uncertainties. The procedure used to arrive at the individual
uncertainties is outlined in the text. Correlations between the groups of uncertainties
are not taken into account. Isr, Fsr, and Qcd scales are included in the BB̄� and BB̄ +≥11
radiation categories, while the BB̄� theory category includes Higgs boson BR uncertainties
and the Stxs migration uncertainties. Uncertainties in the background normalisation
factors are included with the statistical uncertainties.

Uncertainty source ΔfBB̄� (fb)

Process modelling
BB̄� modelling
BB̄� radiation + 35 −21
BB̄� parton shower + 32 −19
BB̄� matching < 0.1 −0.3
BB̄� theory + 25 −17

BB̄ +≥11modelling
BB̄ +≥11 radiation ± 31

BB̄ +≥11 parton shower ± 29

BB̄ +≥11matching ± 19

BB̄ +≥12 modelling ± 18

BB̄ + light modelling ± 5
B,modelling ± 16
Minor background modelling ± 19

Flavour tagging ± 36
Jet modelling ± 22
Monte-Carlo statistics ± 17
Other instrumental ± 10

Total systematic uncertainty + 85 −75
Normalisation factors ± 21

Total statistical uncertainty ± 54

Total uncertainty + 101 −92
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Figure 8.4: Logarithmic overview plot over all bins in the analysis phase space grouped by
their respective signal-over-background ratios (/�. Both the observed and the expected
event yields are shown on top of the background yields and compared to the measured
yields in data. The bottom plot shows the ratio of data, observed, and expected yields
with respect to the background yields. The shaded band represents the uncertainty in the
background prediction.

rapidity of | G� | > 2.5 are not considered for the Pois but instead held constant at
the Sm prediction following the Stxs recommendations. The cross-section result of
this diࡓerential cross-section measurement is shown in Figure 8.5, while the post-
tࡖ correlations between the measured per-bin BB̄� cross-section Pois are shown in
Figure 8.6.

Post-ࡖt plots of the inclusive cross-section tࡖ are shown in Figures 8.7 to 8.12. For
readability, their captions are kept short and all common information is provided in
the following: all post-ࡖt comparisons of data and Mc predictions stem from a simul-
taneous proࡖle likelihood tࡖ of the inclusive BB̄� cross-section to all regions in the
single-lepton and dilepton channels. The uncertainty band includes all uncertainties
from the corresponding tࡖ setup with their correlations. The single-lepton resolved
and dilepton Srs are split by >�T as reconstructed by the Transformer networks as
introduced in Section 6.5.4. Similarly, the single-lepton BB̄ +≥21 Cr as determined
by the classiࡖcation Transformer is further split into three regions corresponding
to the Stxs bins 1+2, 3+4, and 5+6 by the reconstruction Transformer to improve
the constraints of the associated background after mis-modelling was observed dur-
ing the analysis. The discriminant classiࡖers lie in the range between zero and one
following the rescaling introduced by Equation (7.3).
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Figure 8.7: Post-ࡖt comparison of data and Mc predictions in the single-lepton resolved
Srs from a combined proࡖle likelihood .tࡖ Additional details are contained in the text.

130



8.3. tt̄H Measurement Results

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 Discriminantb + 1tt

0.9

0.95

1

1.05

 

D
a
ta

 /
 P

re
d
. 0

2000

4000

6000

8000

10000

E
v
e

n
ts

ATLAS
-1 = 13 TeV, 140 fbs

Single-lepton

 CRb + 1tt

 = 0.81µPost-fit, 

Data Htt

b 2≥ + tt b + 1tt

B + 1tt c 1≥ + tt

 + lighttt Ztt

tW  + jetsW

Other Uncertainty

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 DiscriminantB + 1tt

0.9

0.95

1

1.05

 

D
a
ta

 /
 P

re
d
. 0

1000

2000

3000

4000

5000

6000

7000

8000

E
v
e

n
ts

ATLAS
-1 = 13 TeV, 140 fbs

Single-lepton

 CRB + 1tt

 = 0.81µPost-fit, 

Data Htt

b 2≥ + tt b + 1tt

B + 1tt c 1≥ + tt

 + lighttt Ztt

tW  + jetsW

Other Uncertainty

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 Discriminantb 2≥ + tt

0.9

0.95

1

1.05

 

D
a
ta

 /
 P

re
d
. 0

1000

2000

3000

4000

5000

6000

7000

E
v
e

n
ts

ATLAS
-1 = 13 TeV, 140 fbs

Single-lepton

 CR 1b 2≥ + tt

 = 0.81µPost-fit, 

Data Htt

b 2≥ + tt b + 1tt

B + 1tt c 1≥ + tt

 + lighttt Ztt

tW  + jetsW

Other Uncertainty

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 Discriminantb 2≥ + tt

0.9

0.95

1

1.05

 

D
a
ta

 /
 P

re
d
. 0

500

1000

1500

2000

2500

3000

3500

4000
E

v
e

n
ts

ATLAS
-1 = 13 TeV, 140 fbs

Single-lepton

 CR 2b 2≥ + tt

 = 0.81µPost-fit, 

Data Htt

b 2≥ + tt b + 1tt

B + 1tt c 1≥ + tt

 + lighttt Ztt

tW  + jetsW

Other Uncertainty

(d)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 Discriminantb 2≥ + tt

0.9

0.95

1

1.05

 

D
a
ta

 /
 P

re
d
. 0

200

400

600

800

1000

1200

1400

1600

1800

E
v
e

n
ts

ATLAS
-1 = 13 TeV, 140 fbs

Single-lepton

 CR 3b 2≥ + tt

 = 0.81µPost-fit, 

Data Htt

b 2≥ + tt b + 1tt

B + 1tt c 1≥ + tt

 + lighttt Ztt

tW  + jetsW

Other Uncertainty

(e)

Figure 8.8: Post-ࡖt comparison of data and Mc predictions in the single-lepton resolved
BB̄ +≥11 Crs from a combined proࡖle likelihood .tࡖ Additional details are contained in
the text.
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Figure 8.9: Post-ࡖt comparison of data and Mc predictions in the single-lepton resolved
BB̄ +≥12 and BB̄ + light Crs from a combined proࡖle likelihood .tࡖ Additional details are
contained in the text.
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Figure 8.10: Post-ࡖt comparison of data and Mc predictions in the single-lepton boosted
Sr and Cr from a combined proࡖle likelihood .tࡖ Additional details are contained in the
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Figure 8.11: Post-ࡖt comparison of data and Mc predictions in the dilepton Srs from a
combined proࡖle likelihood .tࡖ Additional details are contained in the text.
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Figure 8.12: Post-ࡖt comparison of data and Mc predictions in the dilepton Crs from a
combined proࡖle likelihood .tࡖ Additional details are contained in the text.

134



8.3. tt̄H Measurement Results

8.3.1. Comparison to Previous Results

As mentioned in Section 1.2.3, both the previous full Run 2 Atlas analysis published
as Reference [211] and the full Run 2 Cms analysis contained in Reference [208]
measured low BB̄� signal strengths of `BB̄� = 0.35 +0.36

−0.34 and `BB̄� = 0.33 ± 0.26, respec-
tively. Consequently, their compatibility with the Sm expectation is 8.5% and 2%,
respectively. Meanwhile, the measurements of the Atlas BB̄(�→ 11̄) Run 2 legacy
analysis do not appear to be in tension with the Sm.

Since the rstࡖ full Run 2 Atlas analysis uses the same dataset as the legacy analysis
presented in this thesis – albeit with a diࡓerent event selection and obsoleted object
recommendations – a compatibility study of the two analyses was performed. Over-
all, 64% (29%) of events in the BB̄(�→ 11̄) legacy single-lepton (dilepton) channels
were not selected by the previous analysis. In a bootstrapping method assigning
each data event a Poisson distribution with a mean value of unity, the statistical cor-
relation between the analyses was estimated to be 19% when assuming entirely un-
correlated systematics between both analyses. The overhauled BB̄ +≥11 systematics
model and the updated experimental uncertainties may justify this approximation.
Based on these correlations, the probability of compatible results between the two
analyses is estimated at 21%.

Comparing dominant systematic uncertainties of the previous analysis, shown in Fig-
ure 8.13, with those of the legacy analysis in Figure 8.3 reveals that BB̄ +≥11 system-
atic uncertainties completely dominated the previous analysis, while the legacy anal-
ysis is dominated by systematics related to the BB̄� signal modelling, while BB̄ +≥11
systematics follow at lower ranks. Therefore, it seems as though the improved back-
ground model developed in Reference [219] together with the higher constraining
power of the auxiliary BB̄+ jets measurements aࡓorded by the state-of-the-art Trans-
former models were able to reduce the impact of the uncertainties in the dominant
BB̄ +≥11 background. This fact can also be seen when comparing the expected sig-
niࡖcance of 2.7f in the rstࡖ full Run 2 Atlas analysis with that of 5.4f expected
by the BB̄(�→ 11̄) legacy analysis. Additionally, the improvements in the analysis
strategy have aࡓorded the legacy analysis a measurement in all six bins of the Stxs
formalism, while the previous Atlas analysis had to combine the two lowest bins.
The Cms analysis, meanwhile, combined the two highest Stxs bins. Overall, the
inclusive cross-section measurement of the Atlas BB̄(�→ 11̄) Run 2 legacy analysis
constitutes the most precise cross-section measurement of the BB̄� process in a single
Higgs boson decay channel to date.
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Summary and Conclusion

Since the discovery of theHiggs boson as the lastmissing piece of the StandardModel,
its properties have been extensively probed in high-energy collisions by the Atlas
and Cms collaborations. The Yukawa coupling of the heavy top quark to the Higgs
boson has a special place in these investigations. As the largest Higgs coupling with
a value close to unity, it is a crucial ingredient to the shape of the Higgs potential due
to higher-order corrections. In 2018, the observation of the BB̄� production process
opened the door for direct measurements of the top Yukawa coupling.

In this thesis, a measurement of BB̄� production in the �→ 11̄ decay channel and
targeting the leptonic top quark decays was presented. The analysis uses the full
Atlas Run 2 dataset collected in >> collisions at 13TeV. It represents a re-analysis
incorporating various improvements from the modelling of the dominant BB̄ +≥11
background process, new object deࡖnitions, and a loosening of event selection re-
quirements. Additionally, the analysis utilises state-of-the-art Transformer neural
networks, leading to signiࡖcant improvements in event classiࡖcation and Higgs bo-
son >T reconstruction performance. The development and validation of these ma-
chine learning techniques was one of the main topics discussed in this thesis.

As a result of these improvements, the BB̄(�→ 11̄) legacy analysis can claim strong
evidence of the production process with an observed event excess of 4.6f, while an
excess of 5.4f was expected. The inclusive cross-section measurement of

fBB̄� = 411± 54 (stat.) +85−75 (syst.) fb

represents the most precise BB̄� cross-section measurement in a single Higgs boson
decay channel to date. Additionally, a measurement of the diࡓerential cross-section
in the full Stxs stage 1.2 formalism could be realised by the analysis. The improved
BB̄+ jets process modelling and usage of control regions for auxiliary measurements
of each BB̄+ jets component led to a shift of the dominant systematic uncertainty
from the modelling of the BB̄ +≥11 background to the modelling of the BB̄� signal
process.
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Summary and Conclusion

The performance gains achieved by the usage of the Transformer networks fore-
shadow the shape of things to come for Mva methods in future particle physics
analyses: machine learning techniques are developing at lightning speed, exempli-
edࡖ by the fact that many of the methods used in the Transformers trained as a part
of this thesis have arrived on the scene in the past veࡖ to ten years. Nevertheless,
this still represents an eternity in machine learning research. Given the length of
an average particle physics analysis in Atlas, many measurements utilising mod-
ern machine learning techniques are likely to be published in the upcoming years.
At the same time, there are still many improvements to be made to the Mva tech-
niques used in the BB̄(�→ 11̄) legacy analysis: a combined model encompassing
both channels, as well as the event classiࡖcation and Higgs boson >T reconstruction
tasks, might beneࡖt from larger training statistics and mutual data patterns used
in both classiࡖcation and reconstruction. More broadly, the pooling of computing
resources for the development of truly general models in event reconstruction and
data analysis might yield signiࡖcant improvements for future analyses. Larger and
more diverse training sets have the potential to build generally applicable models.
Simultaneously, the usage of the same model by multiple analyses might simplify
combination eࡓorts and streamline systematic uncertainties arising from the usage
of machine learning techniques.

In addition to the BB̄(�→ 11̄) Run 2 legacy measurement, this thesis also presented
the development of automated system tests for the Atlas Pixel detector. The Pixel de-
tector is crucial for track reconstruction and transverse momentum measurements.
By identifying secondary displaced decay vertices and tracks with large impact pa-
rameters, the Pixel detector is also a critical component in the identiࡖcation of 1-jets,
which represent an important event signature for the BB̄� process, but also many
physics processes in general. Since the high level of pile-up and the continued high
radiation environment during Run 3 present unique challenges to the Pixel detector,
several mitigation strategies have been developed and deployed since Long Shut-
down 2. Changes to the rmwareࡖ and software of the oࡓ-detector electronics are the
only viable option to retain detector operability in this context, as the on-detector
components are not programmable and cannot be accessed physically during the
multi-year runs of the Lhc. By reducing the time required for testing and enhanc-
ing the validation of the oࡓ-detector read-out system following any changes, the
automated tests to validate detector rmwareࡖ and software play an important role
in ensuring the continued peak performance of the Pixel detector until the end of
Run 3.

In the future, the increased event statistics of Run 2 and Run 3 in combination with
further developments in process modelling, object deࡖnitions, and analysis tech-
niques should enable even more precise measurements to probe the top Yukawa
coupling. These analysis eࡓorts will also provide a testbed to develop suitable strate-
gies for other challenging processes suࡓering from similar diࡔculties as BB̄(�→ 11̄)
production, such as B� or the elusive di-Higgs boson production. Modern machine
learning techniques will play a crucial part in these eࡓorts going forward.
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APPENDIX A

Additional Mva Material

A.1. Network Training

A.1.1. Training Curves

In Figures A.1 to A.4, the training curves of the nalࡖ Transformer networks used in
the BB̄(�→ 11̄) Run 2 legacy analysis are shown. To conserve space, no subࡖgure
captions are included. In each plot, training dataset curves are plotted in black solid
lines and validation dataset curves are plotted in blue dashed lines. Loss curves
are plotted on the left, while accuracy curves are plotted on the right. The diࡓerent
network folds are plotted with increasing index starting with fold zero on the top
row of each .gureࡖ The point of early stopping after ten training epochs without any
decrease in the validation loss is shown as two intersecting red dashed lines in each
plot.

The validation dataset loss curves for the reconstruction Transformer networks are
translated along the G-axis so that the barycentres of training and validation loss
curves agree on the G-axis. The respective translated G-axis is displayed to the right
of the loss plots.

167



Appendix A. Additional Mva Material

0 20 40 60 80
Epoch [-]

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

Lo
ss

 [-
]

train
validation

0 20 40 60 80
Epoch [-]

0.15

0.20

0.25

0.30

0.35

0.40

0.45

Ac
cu

ra
cy

 [%
]

train
validation

0 20 40 60 80
Epoch [-]

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

Lo
ss

 [-
]

train
validation

0 20 40 60 80
Epoch [-]

0.20

0.25

0.30

0.35

0.40

0.45

Ac
cu

ra
cy

 [%
]

train
validation

0 20 40 60 80
Epoch [-]

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

Lo
ss

 [-
]

train
validation

0 20 40 60 80
Epoch [-]

0.15

0.20

0.25

0.30

0.35

0.40

0.45

Ac
cu

ra
cy

 [%
]

train
validation

0 10 20 30 40 50 60 70
Epoch [-]

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

Lo
ss

 [-
]

train
validation

0 10 20 30 40 50 60 70
Epoch [-]

0.20

0.25

0.30

0.35

0.40

0.45

Ac
cu

ra
cy

 [%
]

train
validation

0 10 20 30 40 50 60 70 80
Epoch [-]

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

Lo
ss

 [-
]

train
validation

0 10 20 30 40 50 60 70 80
Epoch [-]

0.20

0.25

0.30

0.35

0.40

0.45

Ac
cu

ra
cy

 [%
]

train
validation

Figure A.1: Single Lepton Classiࡖcation Network.
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Figure A.2: Dilepton Classiࡖcation Network
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Figure A.3: Single Lepton Reconstruction Network
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Figure A.4: Dilepton Reconstruction Network
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A.1.2. Mc Statistics

The samples used for training the Transformermodels are listed in Tables A.1 andA.2
with the corresponding Mc statistics.

Table A.1: List of Mc samples used during the classiࡖcation Transformer training with
associated combined Mc statistics of the training samples. Several alternative samples
are included in the training in addition to the nominal PowhegBox + Pythia8 samples
to enhance training statistics.

Process Combined MC Statistics SamplesSingle Lepton Dilepton

BB̄� 4 438 478 2 511 844 PowhegBox + Pythia8
PowhegBox +Herwig7

BB̄ +≥21 2 761 118 996 653 PowhegBox + Pythia8
BB̄ + 11 2 390 870 1 332 277 PowhegBox +Herwig7
BB̄ + 1� 837 097 429 334 PowhegBox + Pythia8, >hard

T variation
BB̄ +≥12 696 998 908 461
BB̄ + light 1 431 191 1 121 241

Table A.2: Mc statistics for the BB̄� training samples of the reco Transformers. Stats are
listed both split by truth Stxs bin and as a combined total. The same samples as listed
in Table A.1 for the classiࡖcation models are used with reduced Mc statistics due to the
requirement of two distinct jets truth-matched to the Higgs boson decay products.

Truth >�T [GeV] Combined MC Statistics
Single Lepton Dilepton

0 – 60 659 432 340 025
60 – 120 1 031 029 518 148
120 – 200 919 209 441 637
200 – 300 484 514 225 734
300 – 450 206 597 94 472
450 – ∞ 51 627 23 394

Total 3 352 408 1 643 410
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A.1.3. Training Hyperparameters

The optimal training hyperparameters for the Mk3 retraining campaign are listed in
Table A.3. The parameters were determined in a series of grid search optimisations
informed by the converged validation losses and accuracies. Care was taken that
the associated training curves, similar to those displayed in Section A.1.1, did not
exhibit problematic behaviour such as overtraining or mode collapse.

Table A.3: List of optimal training hyperparameters used in the Mk3 networks.

Parameter Classiࡖcation Reconstruction

Max. number of jet objects 11 (single lepton)
10 (dilepton)

Dropout Rate 0.04
Pooling query regulariser L1, 1 × 10−6 n/a
Pairing layer regulariser n/a L1, 1 × 10−6

Training batch size 2048
Validation batch size 2048
AdamW weight decay 5 × 10−6 1 × 10−6

AdamW rstࡖ moment decay rate 0.9
AdamW second moment decay rate 0.999
Label smoothing 0.1
Max. number of training epochs 300
Early stopping min. loss decrease 0
Early stopping patience 10
Initial learning rate 1 × 10−8

Max. learning rate 3.5 × 10−5

Final learning rate 1 × 10−7

Learning rate burn-in duration 10
Learning rate ramp-up duration 10
Learning rate plateau duration 15
Learning rate ramp-down duration 100
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A.2. Transformer Performance

A.2.1. Mk3 Fraction Performance
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Figure A.5: Stxs confusion matrices for the Mk3 pairing layer >�T reconstruction in the
BB̄� Srs deࡖned via the fraction classiࡖers of Equation (7.1). Overall, no signiࡖcant dif-
ference to the Stxs confusion matrices in Figure 7.6 resulting from Srs deࡖned via the
discriminant classiࡖers of Equation (7.2) is visible.
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Figure A.6: Dependence of the signal-over-background noise ratio (/
√
� and of the signal-

over-background ratio (/� on the Mk3 BB̄� fraction classiࡖer threshold in the (a) single-
lepton resolved and (b) dilepton channel. Optimal thresholds were determined by ndingࡖ
the maxima of (/

√
� in each case, while the distribution of (/� does not help to deࡖne

usable thresholds. The optimal thresholds are plotted as dashed vertical lines in each plot.

174



A.2. Transformer Performance

ttH tt +
1b

tt +
1B

tt +
2b

tt +
c

tt +
light

Predicted Class

ttH

tt + 1b

tt + 1B

tt + 2b

tt + c

tt + light

T
ru

e
 C

la
ss

21 14 12 24 19 9

1 38 16 12 19 15

1 17 48 10 14 10

6 18 11 44 14 8

12 9 6 42 31

4 3 1 21 69

s  = 13 TeVDilepton
Mk3 Discriminant

0

20

40

60

80

100

F
ra

ct
io

n
 o

f 
T

ru
e

 E
ve

n
ts

 [
%

]

(a)

ttH tt +
1b

tt +
1B

tt +
2b

tt +
c

tt +
light

Predicted Class

ttH

tt + 1b

tt + 1B

tt + 2b

tt + c

tt + light

T
ru

e
 C

la
ss

21 19 3 17 34 6

1 42 4 6 35 12

1 28 23 6 34 8

6 22 3 35 27 6

10 1 2 63 23

3 36 60

s  = 13 TeVDilepton
Mk3 Fraction

0

20

40

60

80

100

F
ra

ct
io

n
 o

f 
T

ru
e

 E
ve

n
ts

 [
%

]
(b)

Figure A.7: Mk3 classiࡖcation confusion matrices at the optimised BB̄� (a) discriminant
and (b) fraction classiࡖer thresholds in the dilepton channel. The matrices are normalised
per row.
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A.3. Additional Layer Schematics
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Figure A.8: Schematic of the information owࡗ in a direct pairing layer. The computation
follows Equations (5.12) and (5.13).
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Figure A.9: Schematic of the information owࡗ in a self-attention layer. The query, key,
and value tensors are obtained from the = × 3 dimensional input feature tensor via three
feed-forward layers. The computation involving the three tensors follows Equation (5.11).
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Terms & Acronyms

2Hdm

Two Higgs Doublet Model. 14, 15

4fs

Four-Flavour Scheme. 23, 24, 26, 27, 78, 82–86

5fs

Five-Flavour Scheme. 23, 24, 26, 78, 82–84, 86

Afii

Fast simulation of the Atlas detector response. 80, 84, 85, 90

Alice

A Large Ion Collider Experiment, one of the experiments at the Lhc. 29

Aod

Analysis Object Data. 81

Asic

Application-Speciࡖc Integrated Circuit. 42, 47, 48, 53

Atlas

One of the experiments at the Lhc. 13, 17–19, 22, 24–27, 29, 32–37, 39–43, 47, 49,
50, 52–54, 58, 61, 77, 80–82, 84, 85, 87, 89, 94, 99, 117, 135–138, 179, 181, 185, 186,
188, 189

179



Terms & Acronyms

Auc

Area Under the Roc Curve. 110, 114

Bcf

Boc Control Fpga. 49

Bcm

Beam Conditions Monitor. 43

Bdt

Boosted Decision Tree. 65, 77, 114, 115, 185

Bmf

Boc Main Fpga. 49

Boc

Back-of-Crate Card. 49, 50, 53, 57–61, 180

BR

Branching Ratio. 17, 20, 21, 25, 98, 119, 127

Bsm

Physics Beyond the Standard Model. 14, 23, 24, 40

B-Layer

Innermost layer of the original Pixel detector. 37, 53, 56

Cdf

Collider Detector at Fermilab, one of the experiments at the Tevatron. 15

Cern

Conseil Européen pour la Recherche Nucléaire
(European Organisation for Nuclear Research). 13, 29–31, 34, 49, 50, 58, 181, 188

Ci

Continuous Integration. 58, 60–62

Ckm

Cabibbo-Kobayashi-Maskawa (Matrix). 10, 12, 14

Cmb

Cosmic Microwave Background. 14
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Terms & Acronyms

Cms

Compact Muon Solenoid, one of the experiments at the Lhc. 13, 18, 19, 22, 24, 25,
27, 29, 32, 135, 137

Cr

Control Region. 78, 91, 93, 94, 99, 100, 114, 120, 121, 123, 124, 128, 131, 132, 134

Csc

Cathode Strip Chamber. 41

Ctp

Central Trigger Processor. 42, 53

Cvmfs

CernVM File System. 58, 61

CoM

Centre-of-Mass (Energy). 7, 15, 16, 30, 34, 35

Dac

Digital-to-Analogue Converter. 52

Daod

Derived Analysis Object Data. 81, 188

Daq

Data Acquisition. 47, 58–62

Dglap

Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (Evolution Equations). 8

Dis

Deep Inelastic Scattering. 6, 8

Dl1r

Rnn-based Atlas Run 2 1-tagging algorithm. 77, 88, 90, 91, 94, 96, 98, 99, 102,
112, 115, 118

Dnn

Deep Neural Network. 88, 90

Dr

Diagram Removal (Scheme). 17, 23, 83–85
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Terms & Acronyms

Ds

Diagram Subtraction (Scheme). 17, 84

DØ

One of the experiments at the Tevatron. 15

Ecal

Electromagnetic Calorimeter. 39, 40, 42, 88–90

Ecr

Event Counter Reset. 53, 55

Eft

Eࡓective Field Theory. 9

Ewsb

Electroweak Symmetry Breaking. 11, 12, 23

Ew

Electroweak. 11–13, 18, 23, 85

Fcnc

Flavour-Changing Neutral Current. 13, 15

Fdac

Pixel-level register for neࡖ control of the ToT response. 52, 60

Fe-i4b

Fe read-out chip used for Ibl. 47, 54, 59

Fe-i3

Fe read-out chip used for the Pixel detector. 47, 54, 59

Fe

Front-End. 47–52, 54, 55, 60, 61, 182–184

Fpga

Field-Programmable Gate Array. 42, 43, 49, 50, 57, 58, 180

Fsr

Final State Radiation. 82, 83, 119, 127
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Terms & Acronyms

Ftk

Fast Tracker. 43, 49

Fw

Firmware. 49, 50, 53, 54, 57, 58, 60–62

Gdac

Fe-level register for control of the discriminator threshold. 52, 60

ggF

Gluon–Gluon Fusion. 15, 19, 20, 22, 23, 26, 41

Gim

Glashow-Iliopoulos-Maiani (Mechanism). 13, 15

Grl

Good Runs List. 82

Gui

Graphical User Interface. 58, 59, 184

Gut

Grand Uniࡖed Theory. 14

Hcal

Hadronic Calorimeter. 40, 42

Hera

Hadron-Elektron-Ringanlage
(Hadron-Electron Ring Accelerator). 8

Hlt

High-Level Trigger. 42, 43, 49, 87

Hw

Hardware. 49, 50, 57

Ibl

Insertable B-Layer. 36–38, 47–49, 54–56, 182, 186

ID

Inner Detector. 34–39, 43, 88–90
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Terms & Acronyms

Ifdac

Fe-level register for control of the ToT response. 52

Igui

Integrated Gui. 58, 61

Isr

Initial State Radiation. 82, 83, 119, 127

Lb

Luminosity Block. 43

Leir

Low Energy Ion Ring. 31

Lep

Large Electron-Positron Collider. 30

Lhcb

Large Hadron Collider beauty, one of the experiments at the Lhc. 29

Lhc

Large Hadron Collider. 8, 15–17, 19, 21, 22, 26, 29–35, 37, 41, 43, 49, 53, 55, 56, 81,
82, 117, 138, 179, 181, 184, 189

Lo

Leading Order. 17, 19, 80–82, 84, 85

Lucid

Luminosity Cherenkov Integrating Detector. 43

Linac

Linear Accelerator. 31

L1

Level-1 (Trigger). 41, 42, 48, 49, 52–54, 56, 61, 87

Mcc

Module Controller Chip. 48, 53, 55

Mc

Monte-Carlo. 8, 15, 17, 23, 26, 27, 67, 77, 79–82, 84–87, 92, 93, 96, 97, 106–109,
117–119, 122, 126, 128, 130–134, 172
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Terms & Acronyms

Mdt

Monitored Drift Tube. 41

Me

Matrix Element. 79, 82, 84, 85

Mlp

Multilayer Perceptron. 65–67, 71, 73, 105

Mse

Mean-Squared Error. 67, 70, 106

Mssm

Minimally Supersymmetric Standard Model. 15

MS

Muon Spectrometer. 34, 40, 42, 88

Mva

Multivariate Analysis (Technique). 26, 77, 78, 101, 138

Mv2c10

Bdt-based Atlas 1-tagging algorithm. 77, 115

Micromega

Micro Mesh Gaseous Structure, a type of wireless gaseous drift chamber able to
cope with environments of high particle .uxesࡗ 41

Nlo

Next-to-Leading Order. 16–18, 23, 78, 82–85, 119

Nnll

Next-to-Next-to-Leading-Log Order. 16, 85

Nnlo

Next-to-Next-to-Leading Order. 16, 18, 83–85

N3lo

Next-to-Next-to-Next-to-Leading Order. 19

Np

Nuisance Parameter. 92, 93, 118, 119, 125, 126
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Terms & Acronyms

Nsw

New Small Wheel. 35, 41

Onnx

Open Neural Network Exchange. 107

Pca

Principal Component Analysis. 118

Pcbt

Pseudo-Continuous 1-Tagging. 88, 102, 108

Pdf

Parton Distribution Function. 8, 16, 17, 23, 80–85, 119

Pixel

Original three-layered Atlas pixel detector, complemented by Ibl in Long Shut-
down 1. 37, 38, 47–49, 53, 54, 180, 182

Pmns

Pontecorvo-Maki-Nakagawa-Sakata (Matrix). 14

Pmt

Photomultiplier Tube. 40, 43

Poi

Parameter of Interest. 92, 93, 124, 126, 128, 129

Ppc

PowerPC. 50, 60

Prm

Program Reset Manager. 50

Psb

Proton Synchrotron Booster. 31

PS

Proton Synchrotron. 31

Ps

Parton Shower. 78–80, 82–85, 94, 119
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Terms & Acronyms

Qcd

Quantum Chromodynamics. 4–9, 16–20, 23, 25, 26, 79, 82–85, 90, 119, 127

Qed

Quantum Electrodynamics. 3, 9

Qft

Quantum Field Theory. 5, 6

Rnn

Recurrent Neural Network. 65, 77, 88, 89, 181

Rob

Read-Out Buࡓer. 49

Roc

Receiver-Operating Characteristic. 110, 111, 114, 115, 180

Rod

Read-Out Driver Card. 49–51, 53, 54, 57, 58, 60–62

Ros

Read-Out System. 42, 47, 49

Rpc

Resistive Plate Chamber. 41

Sct

Semiconductor Tracker. 36, 38, 49

Set

Single Event Transient. 54

Seu

Single Event Upset. 54

Sgd

Stochastic Gradient Descent. 68

Sm

Standard Model (of Particle Physics). 4–6, 10, 13–15, 17, 19–25, 79, 90, 99, 119, 125,
128, 135
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Sps

Super Proton Synchrotron. 31

Sr1

Facility at Cern housing the Atlas Pixel detector test system. 50, 58

Sr

Signal Region. 78, 91, 94, 99, 100, 106, 111, 112, 114–116, 120–124, 128, 130, 132,
133, 174

Stxs

Simpliࡖed Template Cross-Section. 26, 73, 78, 99, 100, 106–108, 110–112, 115, 117,
119, 124, 127–129, 135, 137, 172, 174

Susy

Supersymmetry. 14

Sw

Software. 49, 50, 53, 57–62

Spp̄S

Super Proton–Anti-proton Synchrotron. 13

Tdac

Pixel-level register for neࡖ control of the discriminator threshold. 52, 60

Tdaq

Trigger and Data Acquisition. 58, 61

Tevatron

Circular proton–anti-proton accelerator situated at Fermilab. 8, 15, 16, 180, 182

Tgc

Thin Gap Chamber. 41

Topq1

Daod format used by the Atlas BB̄(�→ 11̄) Run 2 legacy analysis. 81, 86

Trt

Transition Radiation Tracker. 36, 38

ToT

Time-over-Threshold. 48, 51–53, 56, 59, 60, 182, 184
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Usa15

Service cavern of the Atlas detector containing the counting room. 49

Vbf

Vector Boson Fusion. 19, 20, 26

Wimp

Weakly Interacting Massive Particle. 14

Wlcg

Worldwide Lhc Computing Grid. 81

Wp

Working Point. 88–91, 94, 96, 99

Yaml

Yaml Ain’t Markup Language. 58, 189

Yets

Year-End Technical Stop. 30, 33, 49
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APPENDIX C

Declaration on the Use of ChatGPT and Comparable Tools
in the Context of Examinations

In this thesis, I have used ChatGPT or comparable AI tools as follows:

� not at all

� during brainstorming

� when creating the outline

� to write individual passages

� for the development of software source texts

�Ø for optimising or restructuring software source texts

�Ø for proofreading or optimising

� further, namely: …

I hereby declare that I have stated all uses completely. Missing or incorrect informa-
tion will be considered as an attempt to cheat.
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