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Measurement of top quark pair production in association with charm
quarks at 4/s = 13 TeV with the ATLAS detector

Abstract

The Large Hadron Collider at CERN has produced a uniquely large set of proton-proton collision
data at never-before-seen energies since the beginning of its operation in 2010.

Using data collected by the ATLAS detector at a centre-of-mass energy of 13 TeV between
2015 and 2018, corresponding to an integrated luminosity of 140 fb™!, this thesis presents the
results of the first dedicated ATLAS measurement of the production cross-section of top quark
pairs in association with charm quarks. This measurement tests and provides information for
future improvements of the modelling in quantum chromodynamics of systems which act at
multiple distinct energy scales. This process is also an important background to measurements
of other, much rarer, top quark processes such as t#H(H — bb) and tttt.

A key challenge of this measurement is the simultaneous identification of b- and c-jets, for
which a custom heavy-flavour tagging algorithm is employed. A profile likelihood fit is used to
extract the cross-sections for top quark pairs in association with two or more c-jets (tt+>2¢) and
with one c-jet (¢t + 1c). This measurement is performed both in a fiducial phase space designed
to mimic the acceptance of the ATLAS detector, and in a more inclusive phase space. In the
fiducial phase space this measures cross-sections of 1.2879-37 pb and 6.4 )5 pb for ¢ + >2¢ and
tt + 1c production, respectively. An additional fit extracts the ratios of ¢t +>2c and ¢t + 1c cross-
sections to that of total ¢t + jets production. The measured values tend to exceed predictions
from simulation, but nonetheless are consistent with them within 0.5 to 2 standard deviations.
Sensitivity is ultimately limited by uncertainties in the modelling of the ¢f system, as well as in
the calibration of the heavy-flavour tagging algorithm and by limited data statistics. A focus is
placed in this thesis on the work done to validate and understand the fit model.
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CHAPTER 1

Introduction

A quote from Albert Michelson of the famous Michelson-Morley experiment [2], the
sentiment of which is often misattributed to the (Belfast-born) Lord Kelvin, itself quotes
another unnamed scientist: “An eminent physicist remarked that the future truths of
physical science are to be looked for in the sixth place of decimals.”

This idea, to whomever it is attributed or in whichever form, is often taken as an
example of the arrogance of physicists of the era. It supposes a belief in the practice of
physics as simply an exercise in neatening up the edges of the existing fabric of ideas. The
modern era of particle physics may be viewed as, in some ways, having reached a similar
stage. The greatest breakthroughs of the last decades arguably have more represented
confirmations of pre-existing ideas than revolutions. Certain constants of the Standard
Model have indeed been measured with precision far beyond the sixth decimal place.

The most obvious objection to such a characterisation is that many fundamental
parameters of nature have yet to be precisely measured in the first place. Furthermore
there are many obvious incomplete holes in the current best theories of fundamental
physics.

However the sentiment of these words need not necessarily be viewed in simply a
dismissive light. It is quite possible that at such a sixth decimal place, when it is
found, a new chink in the armour of current understandings may be opened. It may be
through such a surprising digit that a new understanding will ultimately be motivated
into existence. The project that the author feels they have played a small part in,
alongside thousands of others, may be viewed as a search for such inconsistencies and
surprises.

This thesis presents a measurement of the production cross-section of top quark pairs
in association with charm quarks. Chapter 2 provides an overview of the Standard
Model of particle physics, which is the theoretical basis for the thesis topic. Chapter
3 then describes the experimental setup needed to obtain the data used: the LHC and
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the ATLAS detector, alongside a brief overview of the work the author performed to
contribute to its future operation. The Monte Carlo (MC) simulations used to model
the signal and background processes are the topic of Chapter 4. Chapter 5 summarises
the relevant set of procedures used to identify and reconstruct particles from detector
information. Of particular importance is the identification of jets containing b and ¢
hadrons. Chapter 6 then outlines how the full dataset is narrowed down to only those
of interest, and split into several analysis regions. More information is given on back-
ground estimation, focusing on the data-driven procedures used for non-prompt leptons.
It furthermore details the way top quark pairs produced in association with additional
jets are categorised, and the observables used in signal regions to better separate the
different contributions. The topic of Chapter 7 is the procedure used to fit the expected
number of events to those observed, and the steps to extract the final cross-section mea-
surements. A description of the systematic uncertainties considered, both experimental
and theoretical, is given in Chapter 8. Chapter 9 aims to highlight some of the work
done in studying and validating the fit model. In Chapter 10 several complementary sets
of results are presented corresponding to the different procedures described. These are
compared both to predictions from simulation, and previous measurements. Chapter 11
finally gives a summary and conclusions. Additional material is contained in Appendices
A to E.



CHAPTER 2

Standard Model

The Standard Model (SM) [3-15] is our current best understanding of fundamental
physics, built up over the course of the 20th century. Of the four fundamental forces
of nature: gravity, electromagnetism, and the strong and weak interactions, it provides
a description for the latter three that has remained almost entirely robust to decades
to experiment. It also comes with a description of fundamental particles, all of which
have now been experimentally observed. Section 2.1 gives a summary of the underlying
theory of the SM, then in Section 2.2 the unified electroweak interaction is described,
combining the theories of the weak and electromagnetic interactions, in addition to the
mechanism of spontaneous symmetry breaking responsible for particle masses. Section
2.3 describes the strong interaction, which is particularly relevant to the measurement
performed in this thesis. In Section 2.4 the physics of top quarks in association with
heavy flavour quarks, like the charm quark, is examined in detail. As already indicated,
the SM is not a complete theory of nature - these limitations are discussed in Section
2.6.

2.1. Overview of the Standard Model

Mathematically, the SM is a renormalisable quantum field theory based on a local
SU(3)® SU(2) ® U(1) gauge symmetry.

Two categories of particle exist in the SM: fermions, which have half-integer spin,
and bosons, which have integer spin. In reality all of the elementary fermions have
spin equal to % Three types of interaction are described by this model, with each
being mediated by bosons. The strong interaction, governed by the theory known as
quantum chromodynamics (QCD) is experienced by the quarks and mediated by the
massless gluon (g). The electromagnetic interaction, with its coupling of electric charge,
is mediated by the photon (7) - the massless boson familiarly known as light. Finally
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the weak interaction is participated in by all fermions, and has three associated bosons:
the W, W~ and the neutral Z. These are massive, and the W bosons carry an electric
charge.

The fermions are divided into the categories of quarks and leptons, with 6 of each
type (as well as associated anti-particles). They are arranged into three generations,
with increasing mass. The quarks, the up and down flavours of which are familiar in
everyday life as the constituents of atomic nuclei, are characterised by having colour
charge, the quantum number associated with the strong interaction. They participate in
all interactions, having both weak and electric charges in addition. In each generation
there is one up-type quark with charge +% and one down-type with charge —%, forming
an isospin doublet (see Section 2.2). The up-type quarks are the up (u), charm (c)
and top (t) quarks, and the down-type are the down (d), strange (s) and bottom (b) in
generational order. All leptons have weak charges, however they are further divided into
two groups: the charged leptons, which have electric charge, and the massless neutrinos,
which do not. Charged leptons and neutrinos also form weak isospin doublets in each
generation. The charged leptons are the electron (e), muon (u) and tau (7), with the
neutrino in each generation named for these.

The final particle to complete the SM is the Higgs boson - the only scalar boson, having
spin 0, while the others are vector bosons, with spin 1. The Higgs field is responsible
for particle masses, via coupling to particles following spontaneous symmetry breaking
of the electroweak interaction. Figure 2.1 summarises the particle content of the SM.

Gauge theory

Any quantum field theory can be described by a Lagrangian density', which prescribes
its equations of motion. This Lagrangian must reflect the underlying symmetries of
the system, which by Noether’s theorem also correspond to conserved quantities. Gauge
theories are core to the SM, originating in the theory of quantum electrodynamics (QED),
and extended by Yang and Mills [17]. They are field theories which are invariant under
gauge transformations, the symmetries of which can be described by symmetry groups.
Of relevance for particle physics are the special unitary groups SU(2) and SU(3), and
the unitary group U(1).
The QFT Lagrangian for a free spin—% particle (fermion) is:

L=V(i§ —m)¥ (2.1)

where @ denotes Y0y, ¥ is a bi-spinor, m is a mass term and v are the four gamma
matrices. Now it is imposed that £ remains gauge invariant under the transformation
¥ — UV, with U a member of the symmetry group being considered, which is a Lie
group. The group is defined by a set of generators T, satisfying the relation [Ty, Tp] =
T,y — Tyl = ifapele. The terms fu. are anti-symmetric, and called the structure

!Shortened hereafter to Lagrangian
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constants. For an Abelian group like U(1) these structure constants are evidently zero.
The Lagrangian can be modified in the following way to maintain gauge invariance:

I (7 1 a apyv
ﬁy]\/[ = \IJ(Z],D — m)\If - ZFIWF o (2.2)

where the covariant derivative has been replaced @ — P and the new term L gauge in
F,,, is introduced with definitions:

D, =0, +igA;T, (2.3)
Ff, = 0,A% — 0,A% — g™ AL AS '

A new set of fields Af, has been introduced - the same number as the number of
generators of the underlying symmetry group. Physically, these describe the bosons
for the given interaction. ¢ is termed the coupling constant. The new F? term in
the Lagrangian contains third- and fourth-power terms in these fields, corresponding to
self-interactions of the field. However given that the structure constants are all 0 for an
Abelian group like U(1), no self-interaction is present for them. This has the consequence
that for the U(1) electromagnetic interaction, photons do not directly couple to each
other.

The gauge theories used to build the SM also have the property of renormalisability
[7,8]. This will be discussed again in Section 2.3.

2.2. Electroweak interaction and symmetry breaking

Historically, the electromagnetic and weak interactions were physically modelled sepa-
rately, described by quantum electrodynamics and flavourdynamics respectively. Glashow,
Weinberg and Salam developed an electroweak theory combining these [3—5]. This used
both the groups underlying the existing theories, resulting in a SU(2) ® U(1) symmetry
group. As per the discussion above, this results in a total of four new gauge fields:
WZL:LZ’?’ for SU(2), and B, associated with U(1), with associated quantities termed the
weak isospin, I'=123 and weak hypercharge, Yyy. Naively one would associate these
directly with the three weak bosons W+ and Z, and the photon respectively. However
as shown below this is not the case.

One key experimental observation preceding this theoretical leap was that the weak
interaction is parity violating [18], and it is in fact maximally parity violating. Following
conventional notation, this means that left-handed chiral components v, act as doublets
in SU(2), while the right-handed components ¥ are singlets. The doublets, known as
weak isospin doublets are:

(i) G Go) () () () 2



2.2. Electroweak interaction and symmetry breaking

1
defined by the eigenvalue of the third component of weak isospin I® = CE) Addi-

tionally considering the right-handed singlets, it is notable that in the SM rigflt—handed
neutrinos do not exist.

The dashes on the down-type quarks are indicative of the fact that these are the weak
eigenstates, and are a linear combination of the down-type quark mass eigenstates. This
mixture is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [19,20]:

d/ Vud Vus Vub d
Sl =(Vea Ves V| |5 (2.5)
v Via Vis Vi b

The diagonal elements of this matrix are experimentally determined to be the largest,
with magnitudes close to 1.

Using the above fields in the previously described gauge-theoretical lens yields a co-
variant derivative:

/

Dy = 0 +i50' Wi +i% B, (2.6)

with o; the Pauli matrices, the generators of the SU(2) symmetry group, and terms
of % introduced by convention.

Considering the new corresponding Lagrangian for (as an example) the lepton field

(VS’LL) and multiplying out the Pauli matrices yields terms in W1 and W2 of the form:

er(W' + iWQ)Ve,L De,L(Wl - Z'Wz)eL (2.7)

so the flavour-changing field can be more neatly rewritten:

1
V2
corresponding to the previously-seen W bosons.
If the B,, field is to describe electromagnetism, there is an issue whereby it would
interact with the uncharged neutrinos. This can be resolved by making the remaining

weak gauge field Z,, and the electromagnetic field A, an orthogonal combination of W[j’
and By;:

w* (W Fiw?) (2.8)

Z, = —Bysin(0w) + Wi’ cos(Ow)

) 5. (2.9)
p = By cos(Ow) + W, sin(0w)

In keeping with this, the electric charge must be expressed in terms of I® and Yy,
written in the form Q = I3+ YTW The QED coupling strength e can also be expressed in
terms of the previously defined coupling constants as e = gsin(fy ) = ¢’ cos(Ow). Ow is
termed the weak mizing angle?. This mixing allows the fact that while W bosons couple
solely to left-handed fermions, the Z boson couples to left and right handed bosons,
albeit not equally.

2 Also known as the Weinberg angle.
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Brout—Englert—Higgs mechanism

One aspect that has been left unaddressed in the preceding description is how particles
gain mass in the SM. This was resolved by the theoretical framework put forward by
Brout, Englert and Higgs among others® [14,15]. This adds an additional SU(2) com-
plex doublet ¢ = (iiizig) with an associated potential V(¢) as shown in its associated
Lagrangian:

Liggs field = (D) (DF0) — V(¢) = (Do) (D")* — (—p*dTd + A(6T¢)%) 1> >0
(2.10)
If the condition for p is met the potential no longer has a minimum at 0, but an
infinite number of minima at ¢f¢ = %, where v is termed the vacuum expectation value.
The choice can then be arbitrarily made, given the resulting freedom to choose a gauge,
thus rewriting the field in the form:

= \;5 (v +(;z<x)> .

where h is the physical Higgs field. This choice is known as the unitary gauge, and
ultimately these degrees of freedom correspond to the longitudinal degrees of freedom of
the W and Z bosons. Expanding the covariant derivative and considering the previously
defined W= and Z field definitions, it can be seen that mass (quadratic in the field) terms
appear, dependent on the coupling constants and v:

My = %”
o (2.12)
Z= 2 cos(Ow)

As well as the mass of the Higgs boson itself:

My = V2 2 (2.13)

Only the W and Z bosons gain mass through this symmetry breaking - the photon
remains massless.

To explain the fermion masses requires postulating the Yukawa coupling terms of the
Lagrangian, of form v¥¢1. This acts on up and down-type fermions, coupling states of
opposite helicity. Each fermion f has a coupling strength y, and in the unitary gauge
the vacuum expectation term yields quadratics in the fermion fields, with masses:

_yrv
V2

3Higgs himself reportedly suggested the hyper-inclusive name of ‘ABEGHHK’tH mechanism’.

my (2.14)




2.3. Quantum chromodynamics

Additional terms in h describe couplings between the Higgs boson and the fermions,
as well as trilinear and quartic self-interaction terms.

The discovery of the Higgs boson at the LHC in 2012 [21,22] confirmed the existence
of a Higgs mechanism and completed the observations of the particles of the SM. Brout,
Englert and Higgs were subsequently awarded the Nobel Prize for Physics.

2.3. Quantum chromodynamics

Quantum chromodynamics is the theory of the strong interaction - its name coming
from the colour charge carried by the quarks and gluons which participate. This name
is chosen to analogise real-life colour theory, with the three colours red, green and blue
(r,g,b) combining to make a colourless state [10-13]. It is a gauge theory with SU(3)
symmetry, with eight generators %)\c, with Ac=123..8 the 3 x 3 Gell-Mann matrices as
the canonical representation. This means there are a total of eight gluons, the gauge
bosons of the strong interaction, each carrying colour?. They are massless, have spin 1,
and couple to each other. The QCD Lagrangian can be written, with gauge covariant
derivative expanded and without fermion mass terms, as:

- n ¢ 1 C cuv
LQCD = Z Z¢q,aawq,a - gswq,a'YH()\c)abGudjq,b - ZGHVG H (2'15)
q

where sums are implied over a,b = 1, 2, 3 for the three colours in quarks, and c = 1,2, 3...8
for the gluon fields and corresponding Gell-Mann matrices. g runs over all quark flavours.
G, 1s defined:

GS\, = 0G5, — 0,G, — gs [ GIGE, (2.16)

One can see from the Lagrangian all possible strong interaction vertices: ¢gqg, ggg and
gggg. Rather than gg, the coupling strength ag = % is usually used to describe the
effect of the strong interaction.

Non-physical infinite predictions arise when this theory is applied straightforwardly,
considering loop effects and self-interactions - hence remormalisation must be used to
be able to make perturbative calculations. This requires the choice of a renormalisation
scale ug, normally chosen to be close to the energy scale of the interaction being consid-
ered. Furthermore the value of g depends on the momentum transfer @2, which can also
be thought of as the energy scale involved. Expanding perturbatively, the dependence

on uy is to leading order (corresponding to considering one-loop effects):

dag(p?) 11ng —2n

200s\Hy) c f 2 3

o — 197 ag + O(ag) (2.17)
where n,/; is the number of colours and flavours of quarks, respectively. While natu-

rally n. = 3, the number of flavours depends on the energy scale, where the formalism

“There is no colourless gluon state due to the SU(3) group structure. If the strong interaction were
based on U(3) this would exist, and would in many ways behave like a photon.
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used is valid only for quarks with masses m, < pg. With such assumptions, as can be
written:

OZS(QQ) _ O‘S(/‘I%)

1In.—2 2
L+ (T2 ) as (42) In()

(2.18)

showing that for increasing Q?, ag — 0. This property is known is asymptotic freedom
[23,24]. The changing value of ag is termed running, with the decreasing value at
higher energies meaning that at this scale, which is prevalent at the LHC, perturbative
calculations can be performed. Numerous measurements have been made of the running
of ag, as depicted in Figure 2.2. ag can also be expressed in terms terms of Agcp,
the QCD scale, which is the energy scale where the perturbative approach breaks down
entirely.

The rapid growth of ag at low energies hints towards a key property of the QCD
sector: confinement, whereby single quarks or gluons do not exist as unbound stable
particles, but must combine to form colourless states: the hadrons. These may take
the form of mesons (¢q/Gq), baryons such as the proton and neutron (¢qq/qqq), or even
rare states such as tetraquarks [25,26] and pentaquarks [27]. This phenomenon is often
modelled with a potential that grows linearly. It has also been shown in models of lattice
QCD, which provides a way to perform QCD modelling at low energy scales [28].

QED features a similar running of the coupling o = % = ﬁ Due to lack of photon
self-interaction, this actually increases with increasing energy scale.

2.3.1. QCD at the LHC

The LHC does not collide elementary particles, but rather protons: hadrons with nominal
quark composition of uud. These are the valence quarks. However these are not simply
lone, static constituents of the proton - there are also sea quarks (and anti-quarks)
and gluons being produced, interacting and annihilating in numbers which diverge at
lower energies Q* < Agcp. When protons collide, it may be any of the range of
constituents which undergoes the hard interaction, carrying a fraction, x, of the proton’s
total momentum. The constituents are known as partons. This superficially simple
description of a complex system assumes that the probability of finding a particular
flavour of parton at a particular momentum fraction is independent of the subsequent
interaction process. These probabilities are called parton distribution functions (PDFs),
written in the form f, p(z, u%) for parton a in hadron h. The factorisation scale,
sets the energy scale separating the long-distance interactions inside the hadron from
the high-energy hard interaction which can once more be described perturbatively. The
relation to yup is described by the Dokshitzer—Gribov-Lipatov—Altarelli-Parisi (DGLAP)
evolution equations [44-46].

PDFs are key to the factorisation theorem [47] for cross-sections in proton-proton
collisions, here for a process p+p — X for a given final state X (not necessarily a single
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Figure 2.2.: Summary plot of different measurements of ag, compared to a theoretical
prediction computed at the five-loop level, taking as input the world average
value for ag(m?%). Taken from Ref. [16], with data from Refs. [29-43].

particle):

1 1
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a,b

with a, b running over all possible partons and & the parton-level cross-section, which
can be calculated using perturbative QCD. This is the ‘factorisation’ - separating the
non-perturbative regime described by PDFs from the hard-scattering cross-section. § is
the effective squared centre-of-mass energy for the partons, related to the overall proton-
proton centre of mass energy s by § = z,xps. 6 naturally depends on §, as well as the
chosen scales and the particular final state X.

The determination of PDFs is a complex task, relying on a wide range of data from sev-
eral collider experiments. This is combined with calculations such as using the DGLAP
equations to extrapolate to new energy scales, and has been performed by groups in-
cluding ABM [48], CTEQ [49], MSTW [50] and NNPDF [51].

Another consequence of the proton’s extended nature is multi-parton interaction (MPI).
This describes the phenomenon where at least one additional parton from each proton
interacts, contributing additional scatterings to the overall collision final state. Most of
these additional interactions are at low energy, however that may also occur at large
transverse momentum. Like many complex QCD effects this cannot be modelled rigor-
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2. Standard Model

ously from first principles, but through a combination of phenomenology and theoretical
considerations [52].

2.3.2. b/c jets

As previously stated, all coloured objects are subject to confinement, meaning that when
produced all quarks (with the notable exception of the top quark, see Section 2.4) will
undergo hadronisation. The resultant collimated spray of mesons and baryons is termed
a jet. However the relatively large mass of b and ¢ quarks mean that the b/c-hadrons
they form are able to undergo weak decay, producing a wide range of possible final states
including leptons and other hadrons, depending on the hadron initially formed. Cru-
cially, these hadrons have sufficient lifetime to fly macroscopic distances before decay.
As one example, the B* mesons, with a quark content of uE/ﬂb, have a mean lifetime
of g+ = 1.6 ps [16], meaning the distance travelled | = SycTp+ may be on the order
of several millimetres at the LHC. In the case of b-hadrons, it is also possible to decay
to states containing ¢ quarks. Typical lifetimes for c-hadrons are shorter, but have a
similar displaced decay. This decay separated from the primary interaction point pro-
duces a secondary vertexr, which can be experimentally reconstructed. Furthermore the
subsequent fragmentation behaviour of b/c-hadrons have distinctive topologies, typically
producing clusters within the jet. These behaviours enable heavy flavour tagging: the
identification of jets originating from b and ¢ hadrons [53]. This technique is of particular
importance to the measurement in this thesis, and its experimental details are discussed
in more detail in Section 5.4.

2.4. The top quark

The existence of the top quark was first postulated by Kobayashi and Maskawa in 1973,
with the CKM mechanism [19], with its name credited to Harari [54]. A third generation
of quarks provided a way to account for observed CP violation in the decay of neutral K
mesons [55]. This theory was lent support by the discovery of the 7 lepton in 1975 [56],
with the b quark joining the observed third generation of fermions in 1977 [57].

It took until 1995, following many developments in accelerator and detector technol-
ogy, for the top quark itself to be observed at the TEVATRON collider by the CDF [58]
and DO [59] collaborations. This completed the quark sector in the SM.

The most striking property of the top quark is its mass, with a current world average
of 172.57 & 0.29 GeV® [16], coming from electroweak precision measurements and a
combination of direct measurements made at the LHC [60]. It is thus the most massive
particle in the SM. The Yukawa coupling of the top quark and Higgs is order unity, with
the values of these particles’ masses being key to understanding electroweak symmetry
breaking. One question of note is vacuum stability [61,62], determining the nature of
the minima of the Higgs potential. The top quark mass is a principal uncertainty in
determining whether the current vacuum is only a local minimum, and in a meta-stable

5This figure is specifically the ‘pole mass’
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2.4. The top quark

state. Its Yukawa coupling and large mass also mean that, through loop corrections, the
top quark is an important parameter in electroweak measurements, such as that of the
mass of the W boson. Therefore measurements of its properties are an important way
to test the consistency of the SM.

Like all up-type quarks, the top quark has a charge of +% and a predicted, but un-
measured, third component of weak isospin —l—%. Another characteristic property is its
lifetime 7; (equivalent to the decay width I'y), which is discussed in more detail in Section
2.4.2.

2.4.1. Top quark production
Top quark pair production

The LHC performs pp collisions at a high centre-of-mass energy: /s = 13 TeV for the
data used in this analysis (see Chapter 3 for more detail). This produces a large number
of top quarks, such that the LHC has been called a ‘top factory’. Top quark production
mainly occurs in ¢t pairs, modelled as either gluon-gluon fusion or quark-anti-quark an-
nihilation, both via the strong interaction. Leading-order Feynman diagrams for these
are shown in Figure 2.3. At the TEVATRON, a proton-anti-proton collider, quark-anti-
quark annihilation was the dominant production mechanism. This was due to having
both valence quarks and anti-quarks in the collision, and due to the fact that the (com-
pared to the LHC) relatively low centre-of-mass energy of /s = 1.96 TeV meant a high
momentum fraction x was necessitated in each parton to reach the threshold production
energy. However at the LHC (at /s = 13 TeV) gluon-gluon fusion is responsible for
about 90% of tf production, due to the higher density of gluons with sufficient energy.
Figure 2.4 compares measurements of the top quark production cross-section from the
TEVATRON and LHC with theory predictions at NNLO in QCD, with NNLL resum-
mation of soft gluons and an assumed top quark mass of 172.5 GeV. For the LHC at
/s = 13 TeV this yields a prediction of o7 = 833.9f§8:8f%%:8pb, with the first uncer-
tainty due to scale dependence and the second from parton distribution functions and
ag [63]. The predictions show good agreement across the whole range of centre-of-mass
energies, and for both collider types.

Single top production

The other way top quarks can be made is singly, known as single top production. This
occurs via the weak interaction, specifically through the exchange or decay of a W
boson in association with a b quark. Leading order Feynman diagrams for this are
shown in Figure 2.5, consisting of ¢-channel and s-channel W boson exchange, as well
as the production with a W boson in the final state, termed tW production. When
discussing uncertainties in theoretical predictions for single top cross-sections in the
following, the first uncertainty is from scale dependence and the second (if given) is
from parton distribution functions and ag. All of the values given are for the LHC at
/s = 13 TeV. NNLO predictions for the t-channel production cross section yield a value
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2. Standard Model

g g % q

Figure 2.3.: Leading order Feynman diagrams for production of top quark-anti-top quark
pairs, shown in blue. Left: s-channel gluon-gluon fusion. Centre: ¢-channel
gluon-gluon fusion (u-channel production is also possible). Right: quark-
anti-quark annihilation.

T I T T T I T T T I T T T I T T T I T T T I T T T I
I ATLAS+CMS Preliminary
LHCtopWG April 2024

[EnY
o
w

NNLO+NNLL, PDF4LHC21 (pp)

= NNLO+NNLL, PDFALHC21 (pP)

|~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Mygp = 172.5 GeV, a(M,) = 0.118 + 0.001

¥ Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

Q ATLAS comb., ee, py, ep, l+jets (5.02 TeV, 257 pb'l) 2]
4 CMS comb., ey, l[+jets * (5.02 TeV, 302 pb™) [3]
¥ LHC comb., LHCtopWG, ep (7 TeV, 5 fo™) [4]
A LHC comb., LHCtopWG, ep (8 TeV, 20 fb™) [4]
H ATLAS, ey (13 TeV, 140 fb'l) [5]
A
O
A

[ ]

[ ]

Inclusive tt cross section [pb]

=
o
N

CMS, e (13 TeV, 35.9 fb™) [6]

ATLAS, l+jets (13 TeV, 139 fb™) [7]

CMS, I+jets (13 TeV, 137 fb™) [8]

ATLAS, ep (13.6 TeV, 29 fb™) [9]

CMS, ee, p, e, l+jets (13.6 TeV, 1.2 fb™) [10]

[1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368

10 — [2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797 —
- [3] CMS-PAS-TOP-23-005* [8] PRD 104 (2021) 092013 —
~ [4] JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376 .
o [5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204 * Preliminary |

Il I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
e
c — —
2.9 11F E
=5 1F Y 3
N ' i d
& 0.9F —

| L L L | L + L | L L L | L L L | L L L | L L L |
2 4 6 8 10 12 14
(s[TeV]

Figure 2.4.: Summary of measurements of the top quark pair production cross-section
at a range of centre-of-mass energies /s at the TEVATRON and LHC
colliders [64-73]. They are compared to NNLO QCD theoretical predictions
with NNLL resummation for pp and pp colliders [63]. Figure is taken from
Ref. [74].
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Figure 2.5.: Representative leading order Feynman diagrams for production of single
top quarks, shown in green. Left: t-channel production. Centre: s-channel
production. Right: Wt production.
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of 04, t-channel = 214.2f%§f§’:gpb [75,76]. There is also a predicted asymmetry between top

and anti-top production due to the underlying matter-anti-matter imbalance in the col-
liding protons, with top quarks expected to make up around 63%. Approximated NNLO
calculations for s-channel productions predict oy, s-channel = 6.84f8:8§ pb [77], while for
Wt associated production NNLO + NLL predictions yield o,y = 79.3719733 pb [78].
These values are significantly less than those for ¢t pair production, and the final states
produced are not as easily separated from similar backgrounds.

Wt production poses a challenge for studies, as at NLO there is interference between
some of its associated diagrams and those for ¢ production [79]. Thus strictly speaking
this process cannot be calculated truly separately. Strategies used to mitigate this are
discussed in Section 8.3.2 in the context of systematic uncertainties.

2.4.2. Top quark decay

The top quark has decay characteristics unlike any quark. Its large mass means that it is
able to decay via an on-shell W boson, greatly increasing its rate of weak decay compared
to lighter quarks. Furthermore the fact that the CKM matrix element |Vy| is close to
unity [80], and much larger than |Vis| and |Vi4|, means that it decays almost exclusively
by t — Wb (and the equivalent for £). The theoretical decay width of the top quark
has been calculated up to NNLO in perturbative QCD as I't = 1.331 GeV at m; =

172.69 GeV, with an uncertainty of below 1% [81]. Experimentally, CMS performed
B(t—Wb)
B(t—Wq)’
where B is a branching ratio and ¢ may be any down-type quark, with a measurement

of the partial decay width I'(t — Wb) from ¢-channel single top production, yielding a
value of T'; = 1.36 + 0.02(stat.) T91}(syst) GeV [82,83].

This corresponds to an average lifetime of 7; ~ 5 x 1072%s, which is shorter than the
typical time-scale of hadronisation: O(AééD) ~ 10723 s. This means it decays before
t-containing hadrons or stable tt toponium bound states can form [84]. However, CMS

an indirect measurement of I'; by combining measurements of the ratio R =
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2. Standard Model

Figure 2.6.: Feynman diagrams illustrating the two decay modes for a W produced from
top decay. Left: hadronic decay to a quark and anti-quark, one up-type and
one down-type (red). Right: leptonic decay producing a charged lepton and
neutrino (green).

has recently seen evidence of a pseudo-bound state 1; near the ¢t production threshold
with cross-section o, = 7.1£0.8 [85]. This agrees with non-relativistic QCD predictions.
Nevertheless, the top quark thus uniquely allows the study of what is effectively a free,
or bare quark. Consequently the spin properties of the top quarks are passed onto their
decay products approximately undisturbed, recently enabling the first ever observation
of quantum entanglement in quarks, made first by ATLAS [86], then CMS [87].

The W produced may decay in two ways: either hadronically, producing a quark and
anti-quark from the same isospin doublet which will then produce jets of hadrons; or
leptonically, producing a charged lepton and its corresponding neutrino. Diagrams for
these modes are shown in Figure 2.6. Considering the decay of top quark pairs, this
produces a total of three decay channels, describing the products which are produced
alongside two b quarks:

e The all-hadronic channel (~ 45.7%), where both W bosons decay hadronically.
This decay has the largest branching fraction, but the decay products, consisting
only of jets, are relatively difficult to distinguish from a large range of other pro-
cesses and QCD background. Additionally, jets are more difficult to accurately
reconstruct in detectors than the charged leptons seen in the other decay channels.

e The dileptonic (2¢) channel (~ 10.5%), in which both W bosons decay leptonically,
producing a total of two charged leptons and two neutrinos, one of each being an
anti-particle. The charged leptons provide a clear event signature, particularly
in the case where one is an electron and one is a muon, having few background
processes with which it can be confused. Precise reconstruction is aided by hav-
ing only two jets, and electrons and muons can be measured relatively well in
detectors. However, the two neutrinos, neither of which interact measurably with
detectors, leave only a signature of missing energy/momentum. This leaves the
overall kinematics of the system underconstrained, though techniques have been
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developed to address this problem [88-91]. In the past analyses were also limited
by poor statistical uncertainties when using this channel given the small branching
fraction.

e The lepton + jets (1¢) channel (~ 43.8%) features one hadronic and one leptonic
W boson decay. Historically this was the most useful channel for analysis, as it
combined large numbers of events with improved reconstruction and background
rates due to the presence of the lepton. Furthermore having only one neutrino
means that (at least in principle) its transverse kinematics can be calculated simply
by considering momentum conservation.

In leptonic decays, any 7 leptons themselves decay before they are detected, with a
lifetime of 2.9 x 10~!7 s and with a branching fraction to hadrons of 64.79%, otherwise
decaying to an electron or muon alongside neutrinos [16]. Thus in analyses such as the
one presented here, when considering ‘leptons’ in final states, unless otherwise specified
this will hereafter refer to electrons and muons alone, which may in some cases come
from 7 decays.

2.5. Top quarks in association with heavy flavour quarks

A feature of QCD calculations, as shown earlier in this chapter, is that when performing
perturbative calculations it is necessary to define a renormalisation scale puy and factori-
sation scale pup. While there are conventions for this, picking values close to the energy
scale of the process being examined, ultimately there is no exact prescription and the
choice of scale remains a significant source of uncertainty in many QCD predictions.
This becomes a particular challenge when attempting to model the production of so-
called heavy flavour (HF) quarks® in association with ¢ pair production. Due to the
significant mass differences between the top and HF quarks, their production occurs at
very different energy scales. This is particularly true as the HF quarks are predicted to
be mainly produced via gluon splitting: eg. g — bb [92], and there is no longer a natural
single choice for pur and pp. Thus the measurement of this process provides a test for
multi-scale QCD modelling.

Of the HF production modes, the one with bottom quarks (t£bb)” has received more
attention from the experimental particle physics community, with several studies per-
formed modelling it at next-to-leading-order in QCD matched to parton showering al-
gorithms (NLOPS) [92-96]. Furthermore numerous dedicated measurements have been
made of the ttbb production cross-section in different ¢ decay channels at the LHC, at
Vs =7 TeV [97], /s = 8 TeV [98-100] and /s = 13 TeV [101-103]. Comparisons
between experiment and theory at /s = 13 TeV show that modelling predictions con-
sistently under-estimate the measured cross-section values, but still agree at the level

5This term is used hereafter to refer to only b and ¢ quarks, exluding the top quark.

"Here the terminology tfbb and tfcé is used to describe these processes, in keeping with common ter-
minology. However when discussing events used for analysis, the more precise form tt + 1b, tt + >2c¢
etc will be used.
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~|

Figure 2.7.: Illustrative Feynman diagrams for the production of ¢ quarks alongside tt.
Left: cc pair produced by splitting of a gluon radiated from the initial state,
producing two separate jets. Centre: The same process, but with the c¢ pair
forming a single jet. Right: Production of a single ¢ quark from the initial
state.

of one to two standard deviations. This highlights the previously discussed modelling
challenges.

The equivalent process with ¢ quarks, ttcé, meanwhile, has received less attention,
providing motivation to perform the measurement in the analysis presented here. The
only dedicated measurement of its cross-section prior to this analysis was performed by
CMS [104] at y/s = 13 TeV in dileptonic ¢t decays. Its results and methods are discussed
in more detail below.

Similar to b quarks, ¢ quarks are expected to be mainly produced through strong
interactions via emission of a gluon which splits into a c¢ pair. The gluon may be
emitted by any of the particles in the initial or final state (which participate in the
strong interaction). The jets produced following hadronisation may be reconstructed
separately, producing two c-jets. However they may also be sufficiently collinear so as
to be reconstructed as a single jet, termed a C-jet. For the remainder of this analysis,
no distinction is made between c¢- and C-jets. It is also possible for a single ¢ quark
to be present in the initial state from the sea quarks of the proton. These modes are
exemplified in Figure 2.7.

A secondary motivation for measuring this process is its status as a major background
to measurements of other, rarer processes. These include ttH(H — bb), where a top
quark pair is produced alongside a Higgs boson which decays to bb, and the production
of four top quarks: tftt. In fact tfcé, as well as ttbb, are irreducible backgrounds to
these, which both have final states with ¢¢ decay products and additional jets. Therefore
better measurement and understanding of tfcc has the potential to improve the precision
of such measurements, which are sensitive to parameters such as the top-Higgs Yukawa
coupling, and potential new effects beyond the SM.
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2.5.1. Previous measurements of top quarks in association with charm
quarks

The one existing dedicated measurement of ¢f in association with charm quarks was
published by the CMS Collaboration in 2020 [104]. It targeted dileptonic ¢¢ final states
in y/s = 13 TeV data with an integrated luminosity of 41.5 fb~!. The principal results
were cross-sections of tfcé, ttbb and tfLL, corresponding to events containing at least
two additional ¢, b or light-flavour jets, respectively. Two phase spaces were considered:
a fiducial phase space designed to match the acceptance of the detector, and a full phase
space without fiducial cuts applied. In each of these phase spaces, a template fit was
performed to extract either the cross-sections (04z.s, o455 and oyz7,7,) directly, or the ratio
of ttcc and ttbb events to the total number of tf + jets events (R.;, = Z;%Ci/;ézl;) This
gives a total of four sets of measurements which are compared to predicted values from
the PowneG Boxv2 [105-109] and MADGRAPH5_aMC@NLO v2.4.2 [110] generators
simulating QCD at NLO. The values found from both measurement and prediction are
given in Appendix A. The measured cross-sections and ratios for tfcé and tthb exceed
the predictions, but nevertheless agree within uncertainties at the level of one to two
standard deviations. A more detailed discussion of the analysis methods is given in
comparison to those used here in Section 7.4.

Previous measurements targeting t£bb, ttH (bb) and tttt have necessarily included ttce
as a background, and have thereby often included its normalisation as a free parameter of
fitting. Recent examples of this include ATLAS t£Hbb [111] and #tbb [112] measurements
at /s = 13 TeV. Their in-situ measurements were of events containing at least one c-jet®
and no b-jets, and found a value larger than that predicted in MC simulation.

2.6. Limitations of the Standard Model

Despite its remarkable success in producing accurate experimental predictions across
fundamental physics, the SM as presented has been known since its inception not to be
a complete description of reality.

Perhaps the most obvious example of this is gravity: quantum mechanics, the basis
of the SM, is generally considered to be inconsistent with general relativity, the theory
which best describes gravity and the large-scale structure of the universe. The proposal
of adding a graviton as a gauge boson and quantising gravity in a similar manner to the
other forces suffer from a lack of renormalisability [113].

Remaining in the domain of cosmology, observations of the rotations of galaxies pro-
vided the first strong evidence for the existence of dark matter [114]. Its exact nature
remains a mystery, as it is only known to interact gravitationally, yet it is key to a
wide range of astrophysical and cosmological theories and observations, currently being
believed to make up 84.4% of the mass in the universe [16]. Current dark matter models
agree with observations at high accuracy [115]. The SM contains no particles which are

8¢-jets are defined for these purposes as jets associated at the particle level with at least one c-quark
and not associated with any b quarks.

19



2. Standard Model

suitable candidates to act as dark matter, with one of the goals of high-energy particle
colliders being the observation of such a new dark matter candidate. Further questions
are provoked by dark energy, which in current models makes up around 69% of the
universe’s energy, and is also unaddressed in the SM.

There are obvious contradictions to the SM even in the domain of its particle content,
in the form of neutrino masses. Observations of neutrino oscillations [116,117] prove
that they cannot be massless as predicted, although the values of their masses are as yet
not known. Instead constraints have only been placed on the differences between them.

Another issue with the SM could be considered less concrete: the large number (19) of
seemingly arbitrary free parameters without motivation. Some argue that there appear
to be aspects of fine-tuning in certain parameters, for example the seemingly near-
perfect cancellation between the Higgs boson bare mass and its quantum loop corrections.
Even the presence of three generations of fermions is a priori unmotivated. Numerous
alternative models have been suggested to resolve these and other issues. One of the
most popular class of theories is termed supersymmetry, in which each SM particle
has a corresponding superpartner, which may have large masses and be dark matter
candidates. The most prominent supersymmetric theory is the Minimal Supersymmetric
Standard Model [118].

One prominent way in which searches for new physics have been performed is using
Standard Model Effective Field Theory (SMEFT) [119-121]. This provides a framework
to parameterise deviations from the SM, with minimal assumptions about the nature of
such deviations. In SMEFT additional terms are added to the SM Lagrangian, and the
extent of deviations is parameterised in terms of Wilson coefficients. A number of these
are highly sensitive to top quark measurements, making top quark physics potentially
key to the next revolution in fundamental physics.
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CHAPTER 3

Experimental Setup

The Large Hadron Collider (LHC) [122] is the world’s largest and most powerful particle
accelerator, as well as being considered by many to be the world’s largest machine of
any kind. It is a synchrotron accelerator designed to collide protons and/or lead nuclei
at high energies and collision rates. The data used for the work in this thesis was
collected from pp collisions with the ATLAS detector, one of a number of experimental
apparatuses which measure the products of these collisions. The structure and operation
of both the LHC and ATLAS are described in this chapter, followed by an overview
of the work done by the author in developing a tool for the monitoring of the ATLAS
Pixel Detector.

3.1. The Large Hadron Collider

The plan for the LHC was approved in 1994, with construction lasting from 1998-2008.
It is housed in the tunnel previously occupied by the LEP (Large Electron-Positron)
collider. This has a ring shape with a circumference of 27 km and is located at an aver-
age of 100 m under the ground at CERN, spanning the Franco-Swiss border beside Lake
Geneva. The purpose of the LHC is to accelerate and steer bunches of charged particles
(protons or lead nuclei) travelling in opposite directions around the ring. Bunches trav-
elling in opposite directions are brought into collision at one of four interaction points
(IPs). In the case of protons, it is designed to be able to accelerate them to each have
an energy of 7 TeV, for a centre-of-mass energy of /s = 14 TeV. However the data used
in the work in this thesis is collected at /s = 13 TeV from 2015 — 2018, with the energy
for current operation being /s = 13.6 TeV.

The LHC is the largest of an interlinked series of accelerators: the CERN accelerator
complex, a schematic of which is shown in Figure 3.1. In Run 2, the data from which is
used in this thesis, hydrogen atoms had their electrons stripped to make protons, which
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The CERN accelerator complex
Complexe des accélérateurs du CERN

LHC

T2

o | 1976 7 k) | \/ AWAKE
HiRadMat
TT66
ho MEDICIS
AD
ISOLDE
eemmmeemmmnnaea
o REX/HIE- |  East Area

Mo - ISOLDE

200112015 H /-l—C H
: H
!

H T H
PS : :
1959 (626 m) | it J

LINAC 4
H

CLEAR
LINAC 3 LEIR | 2017 |
lons ‘
D H (hydrogen anions) ) ions ) RIBs (Radioactive lon Beams) P p (antiprotons) D e (electrons) P p (muons)
LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear

Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
// HiRadMat - High-Radiation to Materials // Neutrino Platform

Figure 3.1.: The CERN accelerator complex, including the LHC and the pre-accelerators
which feed into it. For current operation these are, in order of increasing
energy: LINAC 4; the PS BOOSTER ring; the PS; the SPS, and finally the
LHC itself. Additionally the four largest LHC detectors are shown at the
four interaction points where the beams collide [123]. () CERN

were accelerated by the LINAC 2 linear accelerator! using radio-frequency (RF) cavities
to an energy of 50 MeV. The Proton Synchrotron BOOSTER ring is itself made up of
four synchrotron rings, raising the energy of protons to 1.4 GeV before they enter the
Proton Synchrotron (PS) itself. This was CERN’s first synchrotron accelerator, with a
circumference of 628 m, and further accelerates protons to an energy of 26 GeV. The
Super Proton Synchrotron raises this further to the energy of 450 GeV, from which they
are injected into the LHC. It has a circumference of around 7 km, being the second-
largest accelerator at CERN, and uses over 1317 room temperature electromagnets to
bend and focus its beam.

The LHC ring has a total of eight straight sections and eight curved ones, at which
the paths of particle beams are bent. This steering, as well as the focusing of beams,

'From 2020 onwards LINAC 4 has been used instead, accelerating H™ ions.
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3.1. The Large Hadron Collider

is performed by Nb-Ti superconducting magnets kept at a temperature of 1.9 K by
liquid helium. The steering is done principally by 1232 dipole magnets which produce
a field of ~ 8.3 T. Additional quadrupole, sextupole and octupole magnets act to focus
the counter-rotating beams. Acceleration is performed by RF cavities operating at a
frequency of 400 MHz. This system utilises one klystron in each cavity to raise the
energy of hadrons from the insertion energy of 450 GeV up to of 6.5 TeV. In the LHC,
the ‘beam’ is in fact composed of up to 2808 bunches of around 10" protons each. These
are separated in time by 25 ns (= 7.5 m in space).

Several experiments are located at each of the four IPs where particle bunches collide.
The four largest of these are the ATLAS (A Toroidal LHC ApparatuS) [124], CMS
(Compact Muon Solenoid) [125], ALICE (A Large Ion Collider Experiment) [126]
and LHCb (LHC beauty) [127] experiments. ATLAS and CMS are both general-
purpose detectors with near-complete angular coverage. ALICE is specialised for the
measurement of heavy-ion collisions, while LHCb covers a single arm, and is specialised
to investigate the physics of the b quark via the decay and interactions of b-hadrons.

Operation of the LHC began in 2008, but was shortly followed by a lengthy shutdown
after an accident involving the magnet systems. Following the restarting of operation
in 2010, a total of 5.5 fb~1 [128] of integrated luminosity was delivered to the ATLAS
detector at /s = 7 TeV by the end of 2011. 2012 saw a further 22.7 fb~! [129] delivered
at /s = 8 TeV. This period is referred to as ‘Run 1’, and was followed by a shutdown
of operations until 2015. In this period numerous repairs and upgrades were made to
the ATLAS detector, as well as the accelerator infrastructure. Run 2, lasting 2015-
2018, saw an increase in energy to /s = 13 TeV, nearer the maximum design energy
for LHC operation. The integrated luminosity delivered to the ATLAS detector during
this period reached 156 fb~* [130], of which 140 fb~! passed data quality checks and
was judged usable for physics analysis. Over the course of Run 2, the peak luminosity
increased from 5 x 1033 cm™2s™! in 2015 to 19 x 1033 cm™2s~! in 2018. This saw a
corresponding increase in the average number of inelastic pp interactions per bunch
crossing (u), rising from a peak value of ~ 16 to ~ 55 from 2015-2018.

Following another shutdown for repairs and upgrades, Run 3 has at time of writing
been ongoing since 2022 at an increased energy of \/s = 13.6 TeV. It has seen a record
quantity of delivered luminosity, with a preliminary total of around 195 fb~! delivered as
of the end of 2024. The cumulative integrated luminosities for each year of data-taking
is shown in Figure 3.2.

Run 3 is planned to finish data-taking in 2026. Following this, an extended period of
upgrades and repair will precede the scheduled beginning of Run 4 in 2030. This marks
the beginning of the High Luminosity LHC' (HL-LHC) era, in which up to 200 proton-
proton interactions per bunch crossing are expected. This presents numerous challenges
to data-taking, but the increased quantity of data also presents a great opportunity for
future analysis.
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Figure 3.2.: Cumulative integrated luminosity delivered to the ATLAS detector in each
year of LHC operation, 2011-2024. Taken from Ref. [131].
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3.2. The ATLAS detector

The co-ordinate system of the ATLAS detector has the z-axis lying along the beam axis
through the centre of the detector. The detector’s side-A is in the 4z direction, with
side-C in the —z direction. In the Cartesian system, the x-axis is then defined pointing
to the centre of the LHC ring, with the y-axis pointing vertically upwards. The centre
of the co-ordinate system is placed at the interaction point, the nominal location where
protons are collided.

To better reflect the detector’s symmetry, the system more conventionally used is
based on z, the azimuthal angle ¢, and the polar angle to the 4z axis §. Combining
this with the transverse component of a kinematic vector, eg. transverse momentum
pr, allows a full description. Given that collision products may be boosted along the
beam axis, it is convenient to define polar angles using rapidity y, defined for a particle
of energy F and momentum component p, along the z-axis as:

1 E+p,
= —1 3.1
y 2“(E_pz) (3.1)

This has the property that the rapidity difference between objects Ay is Lorentz-
invariant under boosts along z. Since this relies on a measurement of the kinematics,
instead the pseudorapidity n is used:

7= —Intan (Z) (3.2)

The rapidity and pseudorapidity are equal in the highly relativistic limit £ > m for
a particle of mass m. Figure 3.3 contains a schematic summarising this co-ordinate
system. Angular separation between two objects is defined in terms of the quantity AR,
with:

AR =/(A¢)* + (An)® (3.3)

3.2.1. Inner Detector

The ATLAS inner detector (ID) [132,133] is, as indicated by its name, the innermost
layer surrounding the interaction point. Its purpose is to precisely measure the tracks
of charged particles produced in collisions, over a pseudorapidity range of |n| < 2.5.
This in turn facilitates the location of vertices and measurement of particles’ momenta.
The latter is possible as the ID is surrounded by a 2T axial magnetic field, curving the
paths of charged particles. The magnetic field is generated by the central solenoid [134],
with a diameter of 2.3 m and a length of 5.3 m. It is designed to be as transparent as
possible to particles passing through it to reach the calorimeters outside. Being closest
to the interaction point, the ID must be particularly hard to radiation. It consists
of three sub-detectors arranged in increasing distance from the interaction point: the
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Figure 3.3.: Schematic showing the co-ordinate system used to describe objects in the
ATLAS detector. The beam axis indicated by the blue band. The system is
centred at the interaction point. The z-axis, azimuthal angle ¢, polar angle
6, and example values of pseudorapidity n = — Intan (6/2) are shown.

NI

‘ End-cap semiconductor fracker

Figure 3.4.: Cut-away diagram showing the structure of the ATLAS inner detector. The
Insertable B-Layer is not shown. Taken from Ref. [124].
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Pixel Detector, the Semiconductor Tracker (SCT) and the Transition Radiation Tracker
(TRT). An overview of its structure is shown in Figure 3.4.

The Pixel Detector [135] is composed of four barrel layers, at average radii r = 33,
50.5, 88.5, and 122.5 mm, and three end-cap disks on each side at |z| = 495, 580, and 650
mm. The innermost barrel layer is the Insertable B-Layer (IBL) [136-138], which was
installed in May 2014 to maintain tracking performance, despite the effects of radiation
damage.

The Pixel Detector employs a total of 92 million silicon pixels of size 50 x 250 pum?
in the IBL and 50 x 400 pm? elsewhere. These are bump-bonded onto front end chips
(FEs), arranged into modules on staves (for barrel layers) or sectors (for end-cap disks).

The SCT [139] uses single-sided, p-in-n silicon microstrips, arranged in stereo pairs,
rather than pixels. These are arranged into four cylindrical barrel layers, with a total
of 8848 sensors, and nine disk layers on each end-cap with a total of 6944 sensors.
The average radii of the barrel layers run from 299 — 524 mm. The arrangement of
the structures is designed to provide four spatial hit points per particle in the covered
pseudorapidity range. Each strip has a width of 80 ym and a length of 6 — 12 cm.

The TRT, the outermost ID sub-detector, is a straw-tube tracker, using gas-filled
proportional drift tubes with a radius of 4 mm [140]. Layers of these are interleaved
with transition radiation material, and arranged into barrel and end-cap sections. Their
placement is such that each particle passing should leave 35 — 40 hit points, albeit in
a smaller pseudorapidity range of || < 2. The barrel is located in the radius range
554 mm < r < 1082 mm. The TRT is particularly useful for the identification of
electrons, as the signal produced in each straw tube is proportional to the Lorentz ~y-
factor of the traversing particle. This means it is especially sensitive to detecting light
particles, which is important since electrons have on average lost 20 —50% of their energy
by the time they exit the SCT.

Before running of the HL-LHC begins, the entire ID will be removed and replaced by
the new, all-silicon Inner Tracker (ITk) detector [141,142]. It will consist of an inner
pixel detector, surrounded by a strip detector. It is designed to have improved granularity
for tracking, improved radiation hardness and increased pseudorapidity coverage up to
n| < 4.

3.3. Monitoring of Pixel Detector tuning

In this section a brief overview is given of the author’s work developing a tool to visualise
the tuning status of the Pixel Detector and IBL? at a given time, as well as to see
historical trends. It was completed as part of a Qualification Project in order to become
an ATLAS author, and the final results were presented in the ATLAS Pixel General
Meeting. Full technical details of the detector and software are not described, rather
a general overview of the tool’s functions and uses are given. Plots are illustrative
examples, and not intended to convey information about detector function. This part of

2For the purposes of this section, ‘Pixel Detector’ refers to the outer layers only, excluding the IBL.
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threshold

amplifier output

L
Figure 3.5.: Schematic displaying the principles of threshold and time over threshold, as
tuned in the ATLAS Pixel Detector.

the detector is key to identifying jets containing b- and c-hadrons, which is an essential
part of the analysis presented here. The methods for performing that task are described
in Section 5.4.

Tuning and tool overview

In order to perform accurate and consistent measurements, each of the over 90 million
silicon pixels must undergo a tuning procedure [143,144]. Additional tuning parameters
are applied at the level of each FE, containing many pixels. Different FE technologies
are used in the Pixel Detector and IBL with different technical details, but the principles
are consistent. Two key parameters to be tuned are the threshold to register a hit, and
the total time over threshold (ToT), displayed schematically in Figure 3.5. The ToT
gives a proxy for the total charge deposited.

Once a particular tuning is set, the corresponding tuning parameters are saved to a
configuration file with an associated series of configuration tags. This also contains key
information regarding which detector components are enabled or disabled, from the level
of individual pixels to entire modules, consisting of groups of FEs.

The purpose of the tool developed is to enable experts to easily retrieve and examine
historical detector configurations, as well as look for trends in the detector tuning over
time. These trends may allow an assessment of the impact of radiation damage, as well
as provide guidance as to when re-tuning must be performed. It is integrated into the
existing ATLAS DAQ software repository as a stand-alone application. Users can pass
a range of parameters to pick a particular detector configuration and get a wide range
of information about its state in a flexible way. The inputs available to users include
the relevant configuration tags, the time or times at which the configuration is to be
retrieved, and lists of detector objects and variables to be examined.
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Figure 3.6.: Example 2D plot showing the fraction of enabled pixels in the L0 barrel layer
of the Pixel Detector, with the time and tags used shown in the bottom left
corner. The system used to label position in 7 and ¢ is standard for relevant
experts. Entirely disabled FEs are shown as white.

Features implemented

The most detailed information made available is a set of 2D plots, plotted by average
value per FE, for each Pixel /IBL region, and for each variable considered. Figure 3.6
shows an example, displaying the fraction of enabled pixels in the LO barrel layer. The
necessary position information, as well as other information on the connectivity of ob-
jects, is taken from a separate database. All variables need to account for which detector
regions are disabled, so these key variables are hard coded into the framework. In addi-
tion to that in the configuration files, information on disabled objects is also given in a
separate set of files, with an additional tag.

For a more detailed understanding of detector behaviour, 2D plots are also split out by
the different pixel types present: normal, long, (long) ganged and (long) inter-ganged.
These types are present in order to provide coverage near the edges of FEs, and may
be subject to different effects from ageing and radiation damage. Furthermore a dedi-
cated set of comparison plots is generated, as demonstrated in Figure 3.7. This enables
comparison between average values, as well as the RMS value, for each variable in each
detector region.

Following DAQ expert requests, three other features are implemented:

e A comparison similar to that given for pixel types above, but for the number of
a FE within the module. This was included in response to the finding of unusual
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Figure 3.7.: Example plot comparing mean TDAC value by pixel type in each detector
region. TDAC is a tuning variable controlling the threshold value per pixel.
The definition of regions follows expert request, as the tuning behaviour is
treated differently in each. The IBL also has a separate plot, as its TDAC
value has a different range and it has two types of pixel rather than six.

row-based patterns in data already produced by the tool.

e Inclusion of a variable monitoring the enable/disable status of entire columns of
pixels, as this is an option available to DAQ experts.

e Summary information, giving mean and, where relevant, RMS values for each
variable, pixel type and detector region.

Perhaps the most important feature of the tool is the ability to visualise the evolution
of detector tuning. With corresponding inputs, a series of plots are generated showing
how tuning variables have changed over time. Two examples are shown in Figure 3.8.
This enables a better understanding of how the tuning changes, as time and radiation
damage impact the pixel detector throughout the remainder of Run 3. Evolution plots
have a similar range of granularity to the 2D plots, being split where possible to enable
detailed analysis, with a range of scaling options to see both small relative differences
and large changes.

3.3.1. Calorimeters

The function of the ATLAS calorimeter system is to completely contain and measure
the deposited energy of incident electrons, photons and hadronic jets. A necessary
feature to contain all the energy is sufficient material, parameterised by radiation lengths
xo 2 and interaction lengths *. The term used for when energy escapes beyond the
calorimeters is punch — through. There are two main calorimeter types: the liquid

3Defined as the amount of material such that the energy of a traversing electron will on average decrease
by a factor of e L.
4Defined as the average length traversed by a hadronic particle before undergoing an inelastic scattering.
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Figure 3.8.: Example plots showing evolution of the values of the TDAC variable, con-
trolling pixel threshold values, over time. Plots are made separately for each
detector region, and are generated both with (left) and without (right) error
bars, denoting the RMS of the value. Where possible, additional plots are
made split by pixel type, as shown on the right.

argon (LAr) calorimeter [145], which is adjacent to the inner detector and is specialised
in electromagnetic calorimetry and therefore termed the ECAL; and the tile calorimeter
[146], which lies outside the ECAL and is specialised for hadronic calorimetry, so known
as the HCAL. At large pseudorapidities additional LAr components are also used for
hadronic measurement, so also included in the HCAL system. A view of the ATLAS
calorimeter system is shown in Figure 3.9.

The ECAL is a lead-LAr detector, consisting of a barrel section and two end-cap
wheels. The lead absorber plates produce showers, which ionises the LAr. A voltage
applied across the LAr then allows measurement of the charge produced. Its resolution
is greater in the |n| < 2.5 region, corresponding to the coverage of the inner detector.
This allows consistent good identification and measurement, of electrons and photons. To
prevent punch-through, its thickness is everywhere greater than 22 radiation lengths, and
is approximately 9.7 interaction lengths in the barrel, with an additional 1.3 interaction
lengths from the outer support.

In the |n| < 1.8 region, an additional presampler detector is present, consisting of an
additional active LAr layer. It allows a correction for EM energy lost upstream.

The HCAL uses a hadronic sampling calorimeter, with steel as its absorber material
and scintillating tiles as the active medium. These are read out by pairs of wave-length
shifting optical fibres, which in turn go to readout photomultiplier tubes. The tiles
are made from polystyrene, doped with fluors to shift the ultraviolet light produced in
scintillation to the visible range. The tile hadronic calorimeter barrel section covers the
range |n| < 1.0, with two extended barrels for the range 0.8 < |n| < 1.7. Its barrel
extends, radially, from 2.28 m to 4.25 m, and is everywhere segmented into three layers.
At n = 0 its thickness corresponds to 9.7 interaction lengths.

Hadronic calorimetry in more forward regions is performed by two additional LAr
end-cap detectors. The Hadronic End-Cap Calorimeter (HEC) extends from 1.5 < || <
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Figure 3.9.: Cut-away diagram showing the structure of the ATLAS calorimeter system.
The two detector types shown are liquid Argon (LAr) and tile calorimeters,
making up the ECAL and HCAL systems. Each of these has barrel and end-
cap sections to cover a wider pseudorapidity range. Taken from Ref. [124].
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Figure 3.10.: Cut-away diagram showing the structure of the ATLAS muon spectrome-
ter. Taken from Ref. [124].

3.2, overlapping at each end of the range with the tile calorimeter and the Forward
Calorimeter (FCal). The absorber material used is copper, and a total of four layers
are used per end-cap. The FCal has three layers, with copper acting as the absorber
in the first, and tungsten in the second and third. The first layer is optimised for
EM calorimetry, with the others optimised for hadronic calorimetry. It provides full
coverage” in the range 3.2 < |n| < 4.9, and is designed to minimise issues caused by the
large radiation flux experienced in this forward region.

3.3.2. Muon spectrometer

The measurement of muons poses a particular challenge as they are minimum ionis-
ing particles depositing very little energy in the previously described detector systems.
Addressing this is the ATLAS detector’s largest sub-detector: the muon spectrometer
(MS) [147]. An overview of its structure is shown in Figure 3.10.

In order to measure muons’ momenta, a magnetic field is needed. This is provided by
three extremely large air-core toroids: one barrel toroid and two end-cap toroids, each
consisting of eight coils. The barrel toroid covers the region |n| < 1.4 and the end-caps
1.6 < |n| < 2.7. Muons traversing the transition region between these are bent by a
combination of the two.

5Each layer has different coverage, with the first beginning at = 3.0
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The precision measurement of muons is done by two detector types: Monitored Drift
Tubes (MDTS) in the region |n| < 2.0, and Cathode Strip Chambers (CSCs) for 2.0 <
In| < 2.7. In this full range, three layers are present. The MDTs employ aluminium tubes
containing a W-Re wire, and have a typical single-wire resolution of 80 pm. The CSCs
are multiwire proportional chambers with cathode strip readout, achieving a resolution
in the bending direction of 60 um.

Another two sub-detectors are used for fast triggering, the process of which is discussed
more in the following section. Together they cover |n| < 2.4. Resistive Plate Chambers
(RPCs) are in the low pseudorapidity region, using narrow gaps between bakelite sheets
filled with gas. High pseudorapidity regions use thin gap chambers (TGCs). These are
similar to multiwire proportional chambers, with the difference that the separation be-
tween the anode wires and the cathode is smaller than that between wires. The precision
of these is lower than the precision muon detectors, but provide information quickly to
aid with bunch-crossing identification, and also give pt thresholds. Furthermore they
allow measurement of momentum in the orthogonal direction to that measured by the
other systems.

3.3.3. Luminosity measurement and forward detectors

The instantaneous luminosity for observed events in the ATLAS detector can be written:

)

Oincl€

L= (3.4)
Where f is the frequency at which bunch crossings occur; (u) is the average number of
inelastic interactions per bunch crossing, describing the pileup; i, is the inclusive total
cross section for interaction, and € gives the average efficiency for detecting an event.
Since the majority of ATLAS measurements aim to compare the observed number of
a particular event type to those expected based on simulation, an accurate measure-
ment of the luminosity is essential as it provides an overall scaling uncertainty on such
measurements.

Luminosity measurement for Run 2 data is performed primarily using LUCID-2 (LU-
minosity Cherenkov Integrating Detector). It is a Cherenkov detector employing the
quartz windows of photomultipliers as its Cherenkov medium. It performs a procedure
known as charge integration, allowing it to measure the number of interactions in each
bunch crossing. Its location is &~ 17 m from the interaction point, at large pseudora-
pidity of || = 5.6. The beam conditions monitor (BCM) [148] was designed to also
be a main source of luminosity data, but received limited use for this purpose in Run
2 data due to difficulties with the more challenging conditions with respect to Run 1.
Instead its use was limited to certain checks during luminosity calibration. Additional
information is provided by so-called track counting, measuring the number of tracks seen
in the ID without applying the normal selection criteria for triggering described below.
Furthermore the calorimeter systems can provide information on luminosity, averaged
over a data-taking period.
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During Run 2, the luminosity measurement was calibrated once per year in dedicated
fills using the van der Meer method [149,150]. This uses a beam separation scan, and
allows a direct measurement of the visible cross-section, oyis = Oinci€. This in turn allows
a calculation of the total luminosity, so the values from different luminosity detectors
and algorithms can be compared to ensure consistency.

Additional forward detectors are present in ATLAS. The Zero Degree Calorimeters
(ZDC) [151] are located along the beam-line at |z| = 140 m, and observe neutral particles
produced from collisions in the forward regions. Additionally, the Absolute Luminosity
For ATLAS (ALFA) detector [152], at |z|] = 240 m, measures protons from elastic
scattering using so-called “Roman Pots”.

The ATLAS Forward Proton (AFP) detectors [153] are at |z| = 204 m and |z| =
217 m, measure intact protons coming from collisions using silicon pixel detectors. It
is specialised to perform physics measurements involving these objects, where proton
interactions cause small deflections.

3.3.4. Trigger system and data acquisition

Given the collision rate of 40 MHz, it is impossible to fully analyse and store data from
all events occurring inside the ATLAS detector. The process of reducing this rate and
selecting, then storing, only those events likely to be of interest is performed by the
trigger and data acquisition system (TDAQ). For Run 2, the trigger system has two
components: the L1 trigger and high-level trigger (HLT).

The L1 trigger is hardware-based, to facilitate a maximum decision-making time of
2.5 ps [154-156]. This is a basic decision looking for objects with high transverse mo-
mentum, as well as a large total transverse energy or high missing transverse energy.
Information on muons comes from the MS trigger chambers, while the calorimeter sys-
tems supply information with reduced granularity to simplify the calculation process.
Further information comes from the LUCID Cherenkov counter, ZDC and Minimum Bias
Trigger Scintillators (MBTSs) [157]. These are polystyrene scintillator discs mounted
along the beam pipe at |z| &~ 3.6 m, covering the range 2.08 < |n| < 3.75. The central
trigger processor receives this information and selects those events passing a menu of
possible selection criteria. It also applies a minimum dead-time between accepted events
to allow sufficient time for readout of the data. Finally the central trigger processor can
also define Regions-of-Interest (ROIs), the positions of notable features, which may be
used in the next stage of processing of selected events. The L1 trigger passes data on
selected events to the Read-Out System, which acts as a buffer.

Events passing selection by the L1 trigger are passed onto the HLT, which is software-
based and performs a more full analysis [158]. It receives full information from the ID,
calorimeters and MS. However to maintain performance most triggers have a two-stage
selection which quickly rejects events definitely not of interest, then a fuller reconstruc-
tion is performed. During this process information on ROIs may be used. In the end,
on the order of 100 events per second pass selection and are sent to CERN’s Tier-0
computing facility for full off-line reconstruction and storage.
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CHAPTER 4

Modelling of Signal and Background

In order to perform a meaningful measurement and compare observations to theory,
MC events are simulated to compare with data from the ATLAS detector. These are
created not only for the signal process in question, but for all categories of background
events which may produce a similar response in the detector. Section 4.1 describes the
simulation of ¢t events, including top quark pair production in association with charm
quarks. Finally, Section 4.2 describes the process for simulating background processes.

The ATLAS detector response is simulated [159] with the GEANT4 [160] toolkit. For
some MC samples a faster simulation method called ATLFAST-II is employed to improve
computing performance, using the Fast ATLAS Tracking Simulation [161] and Fast
Calorimeter Simulation [162]. The former employs a simplified version of the detector
geometry, while the latter parameterises and reproduces shower shapes to produce a
response similar to that from full simulation.

To account for pileup, additional minimum-bias pp collision events are overlaid on the
simulated hard-scattering event. These are generated using PyTHIA 8.186 [163] with
the A3 set of tuned parameters [164] with the NNPDF2.31,0 [51] PDF set. These are
weighted to match the average number of interactions per bunch crossing observed in
data for each data-taking period, following the procedure described in Refs. [165, 166].
For all processes the mass of the top quark is set to m; = 172.5 GeV

4.1. tt events

Two different types of samples are used to model ¢t events. One is an inclusive sample,
generated in a five-flavour-scheme (5FS), and the other is a dedicated sample of ¢t events
with additional b quarks (t£bb), generated in a four-flavour-scheme (4FS) with the bb pair
included in the matrix element. The flavour scheme describes how many quark flavours
are treated as massless partons and included in PDF's, rather than treated as massive
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and treated solely in perturbative QCD. The 4FS includes the u, d, c and s in this way,
with the 5F'S adding the 6. In this analysis the purpose of the 5FS sample is to simulate
tt events with additional jets coming from ¢ and light-flavour quarks, while the 4FS
sample is dedicated to the events with additional b quarks. A 3FS sample dedicated to
modelling ¢t with ¢ quarks was not available for this analysis. The 5FS ¢t sample and
all variations are reweighted to a predicted tt cross-section of 832 + 51 pb, as calculated
using the Top++ program [167] at NNLO in QCD, with softy-gluon resummation at
NNLL accuracy. The 4FS ttbb samples are normalised to the cross-section calculated by
the POwHEG Box REs [168] generator with OPENLOOPS [169-171].

Unless otherwise specified, the parton shower (PS), hadronisation and MPIs for pro-
cesses in this section are simulated using PYTHIA 8.2 [172] with the Al4 set of tuned
parameters [173] and the NNPDF2.31,o [51] PDF set. Similarly unless otherwise speci-
fied the decays of b- and c-hadrons are simulated using the EVTGEN 1.6.0 [174] program.

4.1.1. tt 5FS sample

The 5FS tt inclusive sample is generated at NLO in QCD using the POWHEG Box2
[105-108] generator with the NNPDF3.0n1,0 [51] PDF set. The hgamp parameter in
POWHEG, which limits the pt of the hardest gluon radiation emitted, is set to 1.5m; [175].

Both s and py are set to the transverse mass of the top quark!: M = 4 /m? + p%t

To enable the estimation of modelling uncertainties, a number of alternative samples
or weightings are used. Here only separate samples are described; reweightings used
for uncertainties are discussed in Section 8.3. One alternative sample is generated with
hdamp doubled to a value of 3m;. Another uses a value of one for the POWHEG pl%ard
parameter rather than the default value of zero. This parameter controls the defini-
tion of the vetoed pr region for showering in PYTHIA, based on information passed
from POWHEG. To probe the choice of parton shower algorithm, an alternative sample
is simulated interfacting POWHEG Box2 to HERwIG 7.1.3 [176-178] with the default
HERWIG 7.1 tuned parameter set and the MMHT20141,0 [179] PDF set. Another sam-
ple uses MADGRAPH5_ aMC@NLO v2.6.0 [110] with NNPDF3.0n1,0 PDF's to calculate
the matrix element. This employs MADSPIN [180,181] to simulate the top quark decay,

and is interfaced to HERWIG 7.1.3 with the same tuning as previously described.

4.1.2. ttbb 4FS sample

ttbb events are generated in the 4FS with the PowHEG Box RES [168] generator along-
side OPENLoOOPS [169-171] and the NNPDF3.0n1,0 PDF set [51]. The b quark mass

is set to 4.95 GeV. The renormalisation and factorisation scales are set to pur =

%\AymTﬁtmijTvme’,; and pp = % E_ mt; where mt; is the transverse mass of

i:tafabvbvj
particle 7, and j denotes any additional partons present. The value for hgamp used is

LTransverse mass’ may be defined in different ways in different sources - for the purposes of this
document this is the only definition used.
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hdgamp = % > mr,; , with the default value for zero used for pl%ard. The POWHEG
i=t,t,b,b
parameter hy,q, which controls the splitting between the finite and singular parts of real

emissions, is set to a value of five.

Alternative sets of events are generated with pl%ard set to one; with hy,q set to two;

and another using a dipole recoil scheme in PyTHIA instead of the default global recoil
scheme, which also has hp,q = 2. The recoil scheme defines whether or not the entire
system recoils from the emission of radiation. A sample is also generated with POWHEG
Box REs interfaced to HERWIG 7.1.6 with the default set of tuning parameters for
that version. Finally, an alternative set of tfbb events is generated using SHERPA 2.2.10
[182], with the NLO accuracy matrix element corrections provided by Comix [183] and
OPENLoOOPS. In this setup the b quark mass used is 4.75 GeV. The SHERPA PS algorithm
[184] is used with a set of tuned parameters as developed by the SHERPA authors.
Matching between the ME and PS uses the MEPSQNLO procedure described in Refs.
[185-188].

4.2. Background processes

4.2.1. Single top production

t-channel single top production is simulated following Ref. [189], using POWHEG Box2
in the 4FS with ug = pp = mg + p% p- S-channel and tW events employ the same

generator in the 5FS, with ug = pur = my. All use the NNPDF3.0n1,0 PDF set corre-
sponding to the given flavour-scheme. For tW production the diagram removal scheme
is used to manage the interference between this process and t¢ production [190]. PS,
hadronisation and MPIs are modelled identically to the nominal ¢¢ production above.

Alternative samples are generated using HERWIG 7.04 with the H7UE set of tuned
parameters and the MMHT20141,0 PDF set, rather than PYTHIA. Another uses MAD-
GRAPH5_aMC@NLO v2.6.2 [110] as the matrix element generator in the 5F'S, with the
same PDF set as the nominal setup. Finally in order to understand the impact of the
handling of tW-tt interference, another tW sample using the diagram subtraction scheme
is generated.

4.2.2. ttH

The background sample for the ttH process is simulated in the 5FS using mpy =
125 GeV, employing POWHEG Box2 with the NNPDF3.0n1,0 PDF set, interfaced to
PYTHIA in the same way as previous samples. The QCD scales are set to pug = py =
YTt 7T i, With haamp = %(mt + mi + mpg). The cross-section value used is
507f§8 fb, calculated at NLO in QCD and the electroweak interaction as taken from
Ref. [191].
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4. Modelling of Signal and Background

4.2.3. ttW, ttZ, tZq and tW Z

The ME generator used to simulate these background processes is MADGRAPH5_aMC-
@NLO v2.3.3 with the NNPDF3.0n1,0 PDF set, and interfaced with PyTHIA 8.2 with
the A14 set of tuned parameters and the NNPDF2.3;,0 PDF set.

Alternative ttW and ttZ samples were produced at LO accuracy using SHERPA 2.2.0
[182] in the MEPS@QLO setup [187,188], using the default SHERPA PS and the
NNPDF3.0xn1.0 PDF set.

4.2.4. W + jets and Z + jets

These processes are simulated using SHERPA 2.2.1, which uses NLO MEs for up to two
partons, and LO MEs for up to four, implemented using Comix [183] and OPENLOOPS
[169-171]. The PS and its matching use the same procedure as the ttbb sample. The
sample is normalised to the cross-section value from NNLO prediction [192]. For events
with one reconstructed lepton and at least one heavy-flavour jet in the final state, as well
as those with two reconstructed leptons and at least two heavy-flavour jets, a correction
of +25% is applied to the cross-section. This accounts for mismodelling, which was
observed in the 2022 ATLAS ttH (bb) analysis [193].

4.2.5. Diboson

Both SHERPA 2.2.1 and SHERPA 2.2.2 are used to simulate diboson background processes
with either semi-leptonic or dileptonic final states?. NLO accuracy is used for up to one
additional parton emission, with LO accurate MEs for up to three additional partons.
Samples for the gg — WW/ZZ processes use matrix elements which are LO accurate
for up to one additional parton emission, in final states with either one or two leptons.
OPENLOOPS supplies corrections for virtual QCD, and the procedure for PS simulation
is the same as above using MEPS@QNLO.

2These are defined in the same way as the decays of tf pairs.
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CHAPTER D

Physics Object Identification and Reconstruction

The ATLAS detector, described in Section 3.2, ultimately measures a series of hit
points and energy deposits. The process of accurately and efficiently interpreting this
information is summarised in this chapter. Following reconstruction and identification,
this results in physics objects which can be analysed: the most relevant ones for this
thesis being electrons, muons, and hadronic jets (Sections 5.1 - 5.3). Sections 5.4 and
5.5 then describe the further steps used to experimentally identify those jets originating
from b and ¢ quarks: a crucial part of the analysis presented here. Section 5.6 briefly
described the process used to determine the transverse momentum missing from the
measured system, due to being carried by non-interacting neutrinos. Finally Section
5.7 lays out the ways in which overlapping objects are removed, preventing potential
conflicting identifications of objects between the different reconstruction algorithms.

5.1. Electrons

Electrons', being electrically charged, leave tracks in the ID, and deposit the majority
of their energy in the ECAL.

The reconstruction of tracks in the ID [194] is performed by first creating clusters
in the pixel and SCT detectors [195,196]. A pattern-recognition algorithm then runs,
using either a pion hypothesis to model energy loss, or else an electron hypothesis which
allows for losses to bremsstrahlung. Track candidates are fit using the ATLAS Global x?
Track Fitter [197], which also uses either pion or electron hypotheses. Additional fitting
is performed using an optimised Gaussian-sum filter [198,199], based on a generalisation
of Kalman filtering [200]. This step further improves the accuracy of reconstructed track
variables.

!The description here applies to both electrons and positrons.
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5. Physics Object Identification and Reconstruction

In the ECAL, a significant amount of energy loss occurs through bremsstrahlung,
whereby the photon emitted may turn into an eTe™ pair which interacts with matter
in the ECAL. This typically occurs within a single topological cluster of connected
calorimeter cells, termed a topo-cluster [201]. Reconstruction relies on matching such
topo-clusters to track information from the ID. However there is not necessarily a neat
one-to-one match: electrons may emit radiation in the ID, producing multiple tracks and
multiple topo-clusters. The full procedure for reconstruction is described in Ref. [202].

The creation of a topo-cluster is seeded by a calorimeter cell which has energy E four
times greater than its expected noise threshold FEiise, accounting for both electronic
noise and pileup. The cluster is expanded in three dimensions, iteratively adding all
neighbouring cells which have E > 2F| 5. Once no more cells meet this criterion, a
final surrounding shell of cells is added to the cluster. Cells in the HCAL are included
in this process, however only those clusters with over 400 MeV deposited in the ECAL,
and more than half of the total topo-cluster energy there, are further considered.

Tracks are then matched to topo-clusters, potentially rescaling the momentum of the
track to match the energy of the topo-cluster in question to allow for energy losses. In
cases of multiple tracks matching a topo-cluster, a ranking is performed based on the
precision of the match and quality of the track reconstruction.

Superclusters are formed using topo-clusters with matched tracks as seeds. Then
nearby topo-clusters are considered as candidates to be satellite clusters and added to
the supercluster, based on proximity and whether they share a matched track. Matching
to ID tracks is re-done with the same procedure as above, but using the superclusters.
This matched track and supercluster constitute a potential electron for the purposes of
analysis. The energy is calibrated using the procedure described in Ref. [203].

A range of criteria are applied to improve the identification of electrons, described in
detail in Refs. [194,202]. The aim is to distinguish prompt electrons from deposits from
hadronic jets, from converted photons and from electrons produced by decays of heavy-
flavour hadrons. The variables considered relate to the ID track, the shape of the shower
in the calorimeter, and the matching between the two. A discriminant is formed from
signal and background likelihoods, themselves from probability density functions (pdfs)
in the discriminating variables. The pdfs are derived in Z — ee and J/1¢) — ee events
using the tag-and-probe method [204]. For this analysis, the TightLH working point
is used on the discriminant, defined in bins of |n| and Ep with an efficiency of around
80%. This further requires that F/p < 10 and the track has pr > 2 GeV. For this
analysis it is also required that the electron candidate has py > 10 GeV, with |ngyster| <
2.47. Additionally, candidates in the poorly-measured region 1.37 < |nguster] < 1.52,
corresponding to the transition between the barrel and end-cap, are discarded. The track
must also have ‘ngo‘ < 5 for transverse impact parameter dy and |Azpsin @] < 0.5 mm,

with Az the longitudinal distance to the track from the primary vertex.

The criterion used for isolation is the Tight_VarRad operating point [205]. For calorime-

ter isolation this requires E%Onezo /pr < 0.06, the term cone20 denoting an angular cone
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5.2. Muons

of AR = 0.2, with:

E%one20 = }Sﬁgv?, - ET,core - ET,leakage(ETa 77) - ET,pileup (77) (51)

E&?‘;ﬁg is the total deposited energy in the calorimeter cells and E7 core is the energy

in a simple rectangular area around the barycentre of the cluster. The latter estimate
is made more accurate by the E7 jcakage correction, parameterised as a function of Ep
and 7 with values from MC simulation. For the term Er pjeup, the pileup contribution
is initially estimated with the same method as described in Ref. [206]?. This estimate is
corrected using a smooth function of n derived from Z — ee events, to account for the
changing detector dimensions at different angles producing different pileup signals.

The Tight _VarRad operating point additionally applies a criterion for the track isola-
tion of pyareone3V /prn < 0.06. This is the scalar pr sum of other tracks within a cone of
angular size:

AR = min <%[1Goew o.3> (5.2)

5.2. Muons

Since muons act as minimum ionising particles at energy scales relevant for this work,
they are not stopped in the calorimeters, depositing minimal energy. Instead they are
mainly reconstructed from tracks in the ID and muon spectrometer (MS), which are
created independently. ID track reconstruction is similar to that performed for electrons,
as described in Ref. [196]. Reconstruction of MS tracks begins by identifying straight
line segments in each MS station, which are combined, then a global x? fit is performed,
accounting for energy loss and the effect of the magnetic field present. Removal of outliers
and other re-fitting is finally done, as described in Ref. [207]. ID, MS and calorimeter
information can be used and combined in several different ways, leading to a total of
five muon types, of which two are relevant for the Medium quality working point used
for this analysis:

o Combined (CB) muons perform a combined track fit using matched MS and ID
tracks, accounting for calorimeter energy loss information.

e Inside-out combined (I0) muons account for regions where MS coverage is poor,
or for low pt muons which may not leave a full MS track. They are created by ex-
trapolating ID tracks to the MS, fitting a combination of the ID track, calorimeter
energy loss and at least three loosely-aligned MS hits.

A requirement of |n| < 2.5 is used, corresponding to the region of full ID coverage.
The ID track must have at least one hit in the pixel detector and at least five in the
SCT detector, with a maximum of two locations where an active sensor is missing an

2See Section 5.3 below for a description of this method in the context of jet reconstruction.
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expected hit. Furthermore this analysis applies the vertex association criteria |Ud70| <3
0

and |Azpsinf| < 0.5 mm, defined in the same way as for electrons. To meet the Medium
working point at least two precision stations are required, defined as those MS stations
with at least three hits. Conversely a precision hole station has less than three hits, and
at least three expected hits are missing. For the most central region || < 0.1 muons
with one precision station are included, provided they have no more than one precision
hole station. The other quality requirement is a q/p compatibility of less than seven,

defined as:
[OFOM

Vo (8o (1)

with (¢/p)ip/ms the ratio of muon charge to momentum as measured in the ID or MS.

The isolation WP used is Tight TrackOnly [207], requiring pyareene30 /pp < 0.06 with
terms defined as for electrons above. A requirement of pp > 10 GeV is also applied.
Calibration of the muon momentum scale and resolution is performed by studying Z —
pp and J/¢ — pp events, and using the observed resonance peaks, as described in
Ref. [208].

q/p compatibility = (5.3)

5.3. Jets

Due to colour confinement, quarks and gluons produced in collisions are not observed
as free particles, but undergo hadronisation. This results in a shower of collimated
hadronic objects. Those which are charged leave tracks in the ID, while all objects then
deposit their energy in the ECAL and HCAL. The object ultimately reconstructed
from this information is termed a jet. The signals from individual calorimeter cells are
combined into topo-clusters, using the same method as described for the reconstruction
of electrons.

The particle flow algorithm? [209] is then applied to the ID tracks and topo-clusters.
Tracks which pass quality criteria and are not matched to candidate electrons or muons
are considered one by one, and matched where possible to a topo-cluster. Based on
momentum information from the track and the location of a topo-cluster, it can be
calculated how much energy would be expected to be deposited. Successive topo-clusters
can be added to the track/topo-cluster system until there is good agreement between
the observed and expected energy deposited. Energy is then subtracted cell-by-cell from
the topo-clusters up to the amount expected from the track. If the remaining energy is
consistent with simply being fluctuations left over from the estimate, the topo-clusters
in question are removed. Otherwise it is assumed that they must have energy from other
particle(s) not associated with the track being considered. The first tracks processed are
those matching exactly one topo-cluster, then the rest, with each group processed in

3¢Particle flow jets’ additionally is used for jets created using the entire jet-reconstruction procedure
summarised here. Ref. [209] contains a complete description of this procedure.
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5.3. Jets

order of decreasing pr. The ouput of the algorithm is then a set of tracks and associated
topo-clusters, and the remaining un-subtracted topo-clusters.

Jets are reconstructed using the anti-k; [210] algorithm, implemented using the FAST-
JET package [211,212]. It considers all of the un-subtracted topo-clusters, as well as the
sets of tracks/topo-cluster systems where the track passes within 2mm of the hard-scatter
primary vertex. This step nominally removes the pileup contribution from charged par-
ticles from secondary vertices. At this point all position information is recalculated to
be relative to the primary vertex. The anti-k; algorithm uses a set of distance measures
d;; between entities ¢ and j, and d;p between entity ¢ and the beam axis, defined as:

1 1\ AR
dij = min | ——, —— Y 5.4
’ (p%“z p2Tj> Rr? o4
1
dip = — (5.5)
Pr;

with AR;; the angular separation between ¢ and j and R a radius parameter. This
analysis uses R = 0.4. The alternative jet-reconstruction k; algorithm [213] uses the
same procedure, but with terms pT in the distance measure in place of

The algorithm sequentially takes the smallest d value. If it is of the type d;;, the two
entities are combined into one. If it is of the type d;p, this entity is labelled a jet, and
is removed from consideration. Between each step the distances must be recalculated.
This continues until all entities have been classified into jets. The effect of this system is
that if there are several well-separated (AR > 2R) hard particles and a large number of
soft ones, each hard particle will be combined with all soft ones within radius R, forming
conical jets. If the separation of hard particles is R < AR < 2R their cone shapes will be
clipped in the middle region, with the boundary depending on their relative prs. Finally
if AR < R they will be combined into a single jet with a more complex shape. For this
analysis jets are only used in they have |n| < 2.5 and pr > 25 GeV.

All ATLAS calorimeters are set to the electromagnetic scale, so the lower response
seen to hadronic objects must be calibrated for, as well as a number of other physics
effects. This is done through a series of steps:

1. The contribution from charged underlying-event hadrons, charged out-of-time events
and neutral pileup components not removed through the particle flow algorithm’s
use of track information must be subtracted. The first step to do this uses the
jet ghost-area subtraction method [214,215]. This calculates an average transverse
energy density p per-event using k; jets. k; jets are used for this because this
algorithm tends to produce a number of large jets composed of soft particles. The
measurement is performed in the central region of the calorimeter where occupancy
is lower. The jet area A used is the ghost area. This adds a large number of evenly
spaced, effectively infinitely soft ghost particles to the jet-finding procedure and
uses the number ultimately associated with each jet as an area measure. This
must additionally be done accounting for the effect of the particle flow algorithm’s
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removal of topo-clusters associated to tracks. The energy of each jet can then be
corrected by subtracting p x A.

2. A residual pileup correction is applied, calculated using the reconstructed and
true pr in MC-simulated events [216]. It accounts for the remaining dependence
observed on the number of primary vertices Npy and the amount of pileup u,
especially in more forward regions of the detector. For each of these, a linear
dependence is seen, with coefficients « and 3 fit to them, producing an additional

correction:
p%grrected _ p%n—corrected —ax (NPV . 1) . B X L (56)

3. The absolute jet energy scale (JES) is calibrated, based on the ratio of recon-
structed to true energy in isolated jets in MC events after previous corrections
have been applied. An additional correction is applied to correct an observed bias
in the 7 distribution.

4. The global sequential correction scheme [217] corrects the jet four-momentum using
MC events as a function of pt and 7, sequentially and independently in three
observables. These are chosen to improve the JES resolution, accounting for the
differences between quark and gluon-initiated jets, and the composition of hadrons
in jet fragmentation.

5. Remaining mis-modelling of the detector and underlying physics is addressed
through a final in situ calibration. The 7 intercalibration corrects the response
of forward jets using well-measured central jets. Three further calibrations then
correct the jet response further using well-measured objects in central regions, as
described fully in Ref. [218].

Suppression of jets coming from pileup is improved through the use of the jet-vertex-
tagger (JVT) [219] multivariate discriminant. This is based on two variables, both using
track information to determine the extent to which the tracks and pr associated to
a jet are from the primary hard-scatter vertex. A two-dimensional likelihood is con-
structed based on the k-nearest neighbour algorithm [220] for the jet to come from the
primary hard-scatter vertex. For this analysis the Tight JV'T working point is used as a
requirement for jets with |n| < 2.4| and pr < 60 GeV.

5.4. Heavy flavour tagging

The underlying features enabling the identification of jets containing b and c-hadrons (b-
and c-jets) were described briefly in 2.3.2. A number of low-level variables are constructed
to measure these features, then combined into the high-level multivariate DLir [53]
classifier:

e Discriminating variables from the impact parameter (IP)-based IP2D and IP3D
[221] algorithms are used. IP2D uses the ratio of the signed transverse IP to its
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uncertainty?, while IP3D additionally uses the ratio of the signed longitudinal IP
to its uncertainty. Log-likelihood ratio discriminants are formed for each of IP2D
and IP3D defining the separation between each pairing of b-jets, c-jets and light
jets.

e The SV1 [222] secondary-vertex-tagging algorithm considers combinations of tracks
and evaluates their compatibility with a x? test to find a single secondary vertex
consistent with decay of a b- or c-hadron. It produces eight discriminating variables
to be used as inputs to DL1r.

e The JetFitter [223] algorithm aims to reconstruct the full decay chain of b- and c-
hadrons inside the jet, exploiting the typical topology of weak hadronic b — ¢ — s
decays. A modified Kalman filter [200] is used to approximate the flight path and
positions of all decays vertices. Information about the kinematics and number of
tracks matched at each vertex is passed to the high-level algorithm.

e A recurrent neural network (RNN) architecture, named RNNIP [224], considers a
number of variables for each track in sequence by their importance. This allows
it to exploit correlations and dependencies between the track variables, unlike the
more simple algorithms described previously. The network outputs b-, c- and light
jet probabilities, which are subsequently input into DL1r.

The DL1r tagger takes the outputs of the above as inputs to a fully connected multi-
layer feed-forward neural network (NN) [225], the training of which is described in Ref.
[53].

The outputs of DL1ir are the probabilities to belong to the class of b-, ¢- or light
jets, denoted py/c/tighs- In most tt analyses this is further optimised to perform as a
b-tagging-only discriminant, defined:

Py
Dorir =1 5.7
oLt n<fcxpc+(1_fc)xplight> ( )

where f. is the fraction of c-jets in the background to b-jets, the value of which can
be chosen to optimise performance. A standard choice is f. = 0.018. A particular cut
on the discriminant is referred to as a working point (WP), and is characterised by its
efficiency in selecting b-jets. Commonly used WPs are at 60%, 70%, 77% and 85%,
where the efficiencies are in MC tt events. They differ in their rejection of ¢ and light
jets. This is simply the inverse of the efficiency for these objects. The calibration is
performed in bins of pr and 7.

4The transverse IP measures the closest distance between the track and primary vertex in the transverse
plane. The ‘sign’ denotes whether the intersection between track and plane happens in front of or
behind the primary vertex.
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5.5. b/c-tagger

In order to jointly optimise for high-efficiency ¢- and b-tagging, a custom tool was de-
veloped for this analysis, termed the b/c-tagger. It uses the probability outputs from
DL1ir to define a set of two-dimensional working points, rather than the standard one-
dimensional ones. The axes use b and ¢ discriminants similar to the one above:

Py/c )
Dy = In 5.8
d (fc/b X Pe/b + (1 - fc/b) X Plight ( )

The value of f. = 0.018 is chosen to align with the standard calibration, then f;, = 0.4
is used due to the good balance of backgrounds seen following choices of binning. Five
WPs are used in total: two optimised to select c-jets, two for b-jets and one untagged
WP. This optimisation was performed using an independent subset of the same sample
of non-all-hadronic® tf events used to calculate the final efficiency and rejection rate
values. The c-jet WPs both have the requirement D’ > 0.625% and a looser (c@22%)
and tighter (c@11%) are defined. Their names indicate their efficiencies in selecting
c-jets, and c@22% is inclusive of c@11%. c@11% has an additional requirement of
Dj, > 0.825 to improve light jet rejection. The b-jet WPs have the requirement D), <
0.625, excluding the c-jet WPs. They are bQ70% and b@60%, requiring D} > 0.963 and
D}, > 0.990 respectively. All WPs are chosen to have efficiencies which are approximately
independent of pt and 7. Their rejection rates for the other jet categories are given in
Table 5.1. The remaining bin is termed ‘untagged’ and dominated by light jets. The
distributions of jet categories and the working points chosen are shown in Figure 5.1.

Table 5.1.: Rejection rates for b/c-tagger WPs, the names of which indicate their effi-
ciency in selecting their given jet category. Looser WPs are inclusive of their
tighter counterparts.

Rejection rate for: ‘ c@22% cQ11% bQ70% bQ@60%

c-jets - - 12.2 37.1
b-jets 18.9 28.7 - -
light jets 104 1051 D73 2320

The calibration is performed using the same procedure as for the DL1r tagger, de-
scribed in Refs. [226-228]. The first step is the determination of scale factors (SFs) to
account for the differences between different MC generation setups [229]. The light jet
calibration of WPs uses the negative tag method [230,231], following the procedure of
Ref. [228], in four pr bins at each WP. This method is designed to allow calibration in
bins with very high light jet rejection, hence very low statistics for light jets. It inverts

SWhere at least one top quark decays via the leptonic channel.

5The prime indicates the application of the standard logistic function, D;)/C = m.
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Distribution of ¢-, b- and light jets with respect to discriminants, which
have a logistic function applied to aid readability. Contours show lines of
equal density, and are smoothed with a kernel density method. Grey dashed
lines denote the boundaries of the five total working points used, with two
b-tagging bins in the top left corner, two c-tagging bins on the right, and
an untagged bin in the bottom left. The percentage values denote efficiency
with respect to the given jet category at the given working point. Figure

taken from Ref. [1].
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the sign of all impact parameters, assuming that this leaves the light jet efficiency ap-
proximately unchanged, while the efficiency for b- and c-jets is lowered. Calibration SFs
are extracted by fitting the invariant mass of secondary vertices in Z + jets events. Once
appropriate corrections are applied to account for the different b and c-jet behaviour,
the data-MC SF's for light jets are all compatible with unity within uncertainties, with
the exception of the b@60% WP. Here the number of light jets is too low, with too high
heavy flavour contamination, so a value of unity is assumed and additional conservative
systematic uncertainties are applied. The c@Q11% WP also has large uncertainties for
similar reasons. In both cases these large uncertainties are expected to have a small im-
pact on the final result, since they affect only a small number of light jets by definition.
Uncertainties considered include MC modelling, an uncertainty linked to the negative
tag method, statistics of data and MC events and one for the fitting procedure.

The events used for b-jet calibration [226] come from ¢t events decaying in the dilep-
tonic ep channel. The selection is similar to that for the main analysis described in
Chapter 6, but with exactly two jets required, meaning it is statistically independent.
It is assumed that the ¢ — Wb branching fraction is 100%. Pairings are performed
between the two jets and leptons, minimising m%a a7t m?b’ o> where the terms are invari-
ant masses. For b-jets, the maximum value of my ; will be around the mass of the top
quark: 172.5 GeV. A signal region, targeting bb events, and control regions, targeting
bl, Ib and 1l events’, are defined. In this process, b jets are those with my; < 175 GeV,
with [ having my ; > 175 GeV. For example, the bl CR requires my, ;, < 175 GeV and
my, j, > 175 GeV. Regions are further split into nine jet pr bins, and by the tagging
bin in the signal region. An extended log-likelihood is then used to extract the b-jet
tagging efficiencies in data. All resultant data-MC SF's are consistent with unity within
uncertainties. In addition to experimental, modelling and statistical uncertainties, the
uncertainties from the light jet calibration are propagated into the b-jet calibration un-
certainties.

The c-jet calibration is performed in the ¢t lepton + jets channel, targeting those with
W — cs decays®, with a requirement of exactly four jets making the selection applied
similar but orthogonal to the event selection for the analysis presented here. SFs for
each tagging bin, split further into four pr bins, are derived by minimising a x? function,
considering the tagging status of jets originating from W decays. The assignment of
which jets originate from top quark or W decays is performed using KLFitter [232],
a likelihood-based reconstruction algorithm. A considerable number of the resultant
SFs show deviation from unity outside uncertainty, particularly for jets tagged with
c@22%, exclusive of the tighter c@11% WP. The major source of uncertainty is related
to MC modelling of the tt system, particularly the choice of parton shower algorithm.
Large statistical uncertainties are additionally present in a number of bins at high pt. In
addition to a similar suite of uncertainties as the b-jet calibration, the previous calibration
uncertainties are propagated to this procedure for c-jets.

For jets with pt above the calibrated range, the uncertainty in the highest calibrated

"Ordering is based on jet pr, and [ here denotes any non-b jet.
8The SM branching fraction for this decay is assumed.
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bin is doubled. This is chosen rather than a dedicated uncertainty as the number of jets
in this range is small, being less than 2% for for tt events decaying in the lepton + jets
channel.

Figures showing the full range of data-MC SF's from calibration can be found in the
auxiliary material of Ref. [1].

5.6. Missing transverse momentum

The missing transverse momentum, also referred to as missing transverse energy or E%iss,
is used to estimate the transverse component of the momenta of particles which are not
detected in the detector, notably neutrinos. In the case of multiple such particles being
present, it naturally can only give the vector sum of these values.

The primary input to its calculation is the negative of the vector sum of pr from
all hard-event signals, comprising reconstructed objects such as leptons and jets. This
simply relies on the principle of momentum conservation. A correction is applied for
soft-event signals from ID tracks associated to the primary hard-scatter vertex, but not
to any reconstructed objects. Finally a signal ambiguity resolution procedure is applied
to resolve the same detector signal being reconstructed as two different objects, avoiding
issues from double counting. The full procedure is given in Ref. [233].

5.7. Overlap removal

The reconstruction procedures described above are performed independently for each
object type. Hence it is possible that a single detector signal may be reconstructed as
two different objects. To account for this an overlap removal procedure is performed.
For this purpose the measure of angular separation used is AR,, defined identically to
AR but using rapidity y rather than pseudorapidity n. If an electron and muon share
a track, the electron is removed, as it is likely it was produced by bremsstrahlung. The
closest jet within AR, < 0.2 of an electron is removed, but if any jets remain within
AR, < 0.4 the electron is removed as it likely came from a weak decay inside the jet.
Similarly, muons within AR, < 0.4 of a jet are removed. However in the case that this
jet has fewer than three tracks associated with it, the jet is removed. This accounts for
high-pt muons which can deposit a large amount of energy in the calorimeter.
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CHAPTER 6

Event Selection and Classification

Two channels are used in this analysis, corresponding to different decay modes of the top
quark pair, as introduced in Section 2.4. The dileptonic t¢ decay is relatively rare, with
a branching ratio of around 4%, but the channel benefits from a pure signal with limited
contamination from non-tt events. Meanwhile the lepton + jets channel is characterised
by a greater number of events, reducing statistical uncertainty. However it has larger
number of background events, and there is the possibility of the hadronically-decaying
W boson producing a c-quark, which may be mistaken as additional to the tf system.

In this chapter the series of selection cuts and classifications are described, which
are used to select events and structure their information so as to facilitate a sensitive
measurement of tf + >1c events. Section 6.1 sets out the preselection used to select
data events in the the channels described above. Section 6.2 outlines the procedure
used to estimate the contribution from background processes. In particular, it describes
the steps taken to estimate the contribution from events with non-prompt, or ‘fake’,
leptons. Then in Section 6.3 events are categorised by the types of jets they contain,
thereby defining precisely the signal being measured. Finally in Section 6.4 it is described
how the selected events are sorted into analysis regions to be used for fitting, also the
variables chosen to further separate event categories within those regions.

6.1. Event pre-selection

The data used in this analysis comes from pp collisions recorded by ATLAS at /s =
13TeV during Run 2, from 2015-2018. The quality of collision data is monitored both
online and offline [234], forming what are known as good run lists (GRLs): periods of
data taking when all detector components are judged to have been functioning to a high
standard. This full dataset is used, corresponding to a total of 140fb~! of integrated
luminosity.
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6. Event Selection

With simulated events in place to be compared to data, it is necessary to make a
broad pre-selection of events which are likely to be of interest and used to define analysis
regions. This also reduces the amount of data which must be processed further. For this
analysis the aim is to have a large number of ¢t events with additional jets, with a bias
towards heavy flavour jets. All selection criteria (including further selection criteria) are
applied both to data and MC.

The ATLAS trigger system was described in Section 3.3.4. In this case since events
both in the lepton + jets and dilepton channel feature leptons (electrons or muons),
events are selected using single-lepton triggers [235,236]. These triggers are organised
into chains, where firing any one of them is sufficient for the event to be selected, and
are listed in Table 6.1 The change in pr threshold from 2015 to 2016-2018 data-taking
periods was due to increased pileup in the detector. The higher threshold helped to
reduce the number of events recorded and maintain a stable data-taking rate.

Table 6.1.: List of single-lepton triggers applied for each data-taking period of data used
with associated pr thresholds.

Year ‘ Single-e trigger pr/GeV ‘ Single-p trigger pr/GeV
HLT_E24_LaMEDIUM_L1EM20VH 24 HLT _mu20_iloose_L1MU15 20
2015 HLT_E60_LHMEDIUM 60 HLT _mub0 50
HLT_E120_LHLOOSE 120
HLT _E26_LHTIGHT_NOD(O_IVARLOOSE 26 HLT _mu26_ivarmedium 26
2016-2018 HLT_E60_LHMEDIUM_NODO 60 HLT _mub0 50
HLT_E140_LHLOOSE_NODO 140

All objects must pass the quality criteria outlined in Section 5. Furthermore all
events must have at least one primary vertex which is associated to at least two tracks
having pt > 0.5 GeV. In the case of multiple vertices matching this criterion, the
hard-scattering vertex is taken to be the one with the highest value of Y p4 [237] over
associated tracks.

Further pre-selections are split depending on the analysis channels studied.

In the lepton + jets channel, events are required to have exactly one electron or muon
with pr > 27GeV, ensuring they are above the trigger threshold. At least five jets must
be present, with pp > 25GeV and |n| < 2.5. Finally at least two jets must be b-tagged
using the DL1r tagging algorithm at a 70% efficiency working point, and at least three at
the looser 85% working point. These are mainly natural requirements to select ¢t events
decaying to lepton + jets, with at least one additional jet. The third b-tag is intended
to enhance the contribution from heavy-flavour jets. Note that the pre-selection b-tag
requirements in this channel use DL1r working points rather than those from b/c-tagger.
This is done for technical reasons, and the relatively loose additional b-jet requirement
does not remove a significant number of signal events.

1

! As discussed in Section 2.4.2, these are the only particles considered when discussing ‘leptons’ for the
purposes of this analysis.
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In the dilepton channel, exactly two leptons of either flavour are required (i.e. they
can be ee,up or ep), which must be of opposite charge. One of these leptons must have
pr > 27 GeV, and also be matched to a lepton of the same flavour reconstructed by the
trigger system. Only for ee and pp events, requirements are placed on the invariant mass
of the lepton pair my,. These are that my, > 15 GeV, to reduce Drell-Yan production,
and an additional veto in a window around the mass of the Z: 83 GeV < my < 99 GeV.
There must be no reconstructed hadronically-decaying 7 leptons. To select events with
at least one additional jet, at least three jets are required in total, two of which must be
b-tagged using the b/c-tagger bQT70% working point.

6.2. Estimation of backgrounds

The majority of background processes have their contributions estimated using events
passing pre-selection from the dedicated simulations described in Section 4.2. However
a separate process is used for events containing ‘fake leptons’ or simply ‘fakes’. In
this document these are defined as any leptons not originating from the original hard-
scattering interaction. They may come from mis-reconstruction or mis-identification
of another object, including mis-assigning the charge of a lepton of the correct flavour.
Alternatively they may be real leptons produced by weak decays in jets, or by interactions
of particles with the detector material. In MC events, generator information can be used
to identify events containing fakes.

For the dilepton channel the contribution of fake leptons to the selected sample is
estimated from MC, considering ¢ non-all-hadronic, V+jets, V'V, ttV and single-top
processes. However for the lepton + jets channel a data-driven approach is used, termed
the matriz method [238]. This method in each of the lepton+jets channel analysis regions
defined in Section 6.4, where a set of lepton isolation, identification and reconstruction
quality criteria are applied. In each region two sets of criteria are defined: one is tight,
the one used for analysis, and the other is loose, which is inclusive of tight leptons and
has looser quality and identification requirements, with none on lepton isolation. All
other requirements are the same. The quantity to be estimated is th;i%]gt: the number of
fake leptons passing the tight selection in the analysis region. It can be expressed:

i €fake loose tight
Night _ _ ake (e |N'oose _ ptis ) 6.1
fake €real — €fake rea ( )
Nloose . . .

with the effeiencies e = ity e and N/ = Ny 4 NG e
To estimate €,ea1, the tag-and-probe method is used in Z boson decays using only MC
events. €ge uses both data and MC in a region selected to be enriched in fake leptons.
This requires at least three jets, at least two jets b-tagged with the DL1r [53] tagger
at the 70% efficiency WP, and one lepton fulfilling the loose criterion. Furthermore, to
increase the fraction of fake leptons, the sum of the missing transverse momentum and
leptonically-decaying W boson mass must be less than 60 GeV. The efficiency estimation

is done in bins of pr and |n|. To estimate a full binned distribution of fake lepton events
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in data, a weight w; is applied to those events satisfying the loose requirement in the
analysis region, with efficiencies being taken from the appropriate bins for the event:

w; = & (ereal - Pz) (62)

€real — €fake

where P; = 1 if the tight criteria are met, and otherwise P; = 0.

The final template for fake events produced has positive and negative contributions.
When this procedure is performed in the lepton+jets regions, the statistical fluctuations
are large. Some bins have a negative yield and the shapes of the distributions are
distorted. To account for this, the shape of the fakes template is taken from events with
negative weights flipped (i.e. taking the absolute values of weights). This ‘smoothed’
shape is rescaled in each region to the fake background already calculated, with statistical
uncertainties kept for each bin of the distribution. These uncertainties are large and cover
all discrepancies between the original and smoothed shapes.

6.3. Classification of simulated events

In the LHC, quarks produced in events are ultimately seen in the detector as jets follow-
ing hadronisation, which contain a large number of different objects. How the flavour
of the original quark is determined experimentally is discussed in Sections 5.4 and 5.5.
However it is also necessary to classify MC events, thereby defining what is actually
meant by ‘tt in association with charm quarks’, in addition to the other ¢t event cat-
egories used. The procedure used for this is known as ‘heavy flavour classification’,
which has been used by several ATLAS analyses [193,239]. This common definition
aids comparability and consistency across analyses.

The jets being classified are particle jets formed by the MC generator from stable par-
ticles?. Similar to jets reconstructed from detector information as described in Section
5.3, they are constructed using the anti-k; algorithm with radius parameter R = 0.4,
and additionally must have pr > 15 GeV and |n| < 2.5. Jets (see Section 5.3) are
then matched with underlying hadrons (from MC generator information) at particle
level using ghost matching [206,240]. This method has been shown to have improved
performance relative to geometrical matching, which simply uses the separation AR be-
tween objects [241]. In ghost matching an infinitesimally soft (pr = 1eV) track is added
corresponding to the hadron in question, thereby not affecting the event kinematics.
Following anti-k; clustering, it can be identified which jet this track was clustered into.
In particular the number of - and ¢- containing hadrons matched to a jet is used to
define its flavour.

All events being classified are tf events, with associated decay products from the tt
system. However the heavy flavour classification system is directed towards additional
jets. Hence jets matched to the closest (in AR) b-hadron to a b quark from tt decay are
neglected. The same is true for jets matched to the closest c-hadron to any ¢ quarks from
a W boson in this system. Following this, jets ghost matched to one or more b-hadrons

2Defined as having a mean lifetime > 3 x 107! s.
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are considered b-jets, with a requirement that the leading b-hadron has pr > 5GeV. This
means that one b-jet may contain the hadronisation products from eg. both members of
a bb pair. c-jets are defined analogously, but excluding those jets already labelled b-jets.
This acts to exclude c-hadrons from the decay of b-hadrons.

Following the labelling of particle jets, events are exclusively categorised as one of:

e tt + 1b if they have exactly one b-jet

tt + >2b if they have two or more b-jets

tt + 1c if they have exactly one c-jet, and no b-jets

e tt + >2c if they have two or more c-jets, and no b-jets

tt + light for all other tt + jets events

For most purposes of the analysis ¢+ 1b and tt+>2b are grouped as tt+ >1b. However
certain systematic uncertainties are applied separately to these groups as described in
Section 8.3.

Background events are also grouped in several plots and tables to aid readability.
‘Non-top’ refers to diboson, W + jets and Z + jets events. ‘Other top’ is used for all
t-containing backgrounds, which are single-top production, ttW, ttZ, ttH, tZq and tW Z
processes. ‘Fakes’ contains events with misidentified or non-prompt leptons, as discussed
in Section 6.2.

6.4. Definition of regions

The aim of defining regions for the analysis is to have some with a high fraction of
tt + >1c signal events, termed signal regions (SRs), while others are sensitive to the dif-
ferent background contributions, termed control regions (CRs). This allows an accurate
measurement of all contributions once fitting is performed, as described in Section 7.1.

Regions are defined by the the number of tagged jets, using the outputs of b/c-tagger,
as summarised in Table 6.2. As described in Section 5.5, the looser b/c working points
(b@Q70% and c@22%) are inclusive of the tighter working points (b@Q60% and c@11%).
Regions are further split by total jet multiplicity, into five-jet-exclusive (Njets = 5) and
six-jet-inclusive (Njets > 6) regions in the lepton + jets channel, and into three-jet-
exclusive (Njets = 3) and four-jet-inclusive (Njets > 4) regions in the dilepton channel.
Although additional jets are normally produced in pairs, leading to an expected number
of jets of six and four respectively for the lepton 4 jets and dilepton channels, this choice
allows for cases where one jet is outside of the detector acceptance, or two jets are merged
during the reconstruction process. In the names of regions, a ‘1¢’ superscript denotes the
lepton + jets channel, while ‘2¢’ denotes the dilepton channel. Additional superscripts
may be used to denote the jet multiplicity of the region, while subscripts denote the

o . 165 oo 20>47
name or number of the region in question eg. CR1Z5‘7, SRhfo—Se].
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Table 6.2.: Definitions of signal regions (SRs) and control regions (CRs) in the lepton +
jets (1¢) and dilepton (2¢) channels, by the multiplicity of jets tagged by
b/c-tagger at different working points. Each region definition is further split
by jet multiplicity, into five-jet-exclusive and six-jet-inclusive regions in the
lepton + jets channel, and into three-jet-exclusive and four-jet-inclusive re-
gions in the dilepton channel. Numbers without inequalities indicate an exact
match in the number of tags is required. The main tt + jets event category
targeted by each region is highlighted. * SR%fght is defined only with a four-
jet-inclusive selection.

| CR{*  CRY  CRY SRi. SRig, | CRI®  CR¥  CRY SRi,. SRiu
bQT70% 2 - - 2 2 2 - >3 2 2
b@60% - >3 3 - - - >3 <2 - -
c@22% 1 0 1 >2 - 0 - - 1 >2
c@11% 1 - 1 1 >2 - - - - -

Targeted category | t¢ +light ¢0+>1b t&+>1b tl+1c tt+>2c \ tt+light ¢+ >1b tt+>1b tt+1lc tt+ >2¢

Signal regions are defined to have a high purity of ¢t +>1c signal events, with differing
numbers of events from ¢t + 1c and tt + >2c¢, as well as non-identical backgrounds. For all
signal regions, there is the shared requirement of exactly two b-jets tagged at the looser
b@70% working point, thereby having the expected number of b-jets for a ¢t event, but no
more. In the lepton+jets channel all SRs feature events with at least two c-jets tagged at
the ¢@22% working point. These are split into SREE  and SRgght, with SREL . having

loose loose
exactly one c-jet tagged with c@11%, and SRtliZght having two or more c-jets tagged at
this working point. For the dilepton channel no requirements are placed on c@Q11% tags,
with SR having exactly one jet tagged with ¢@22%, and SRffght having two or more.

loose
There is no SRffght region for the three-jet-exclusive selection. This gives a total of nine
SRs, with the tight signal regions having a higher fractional contribution from ¢t + >2¢
events as shown in Figure 6.1.

A total of 12 CRs are used, defined so as to have differing contributions from ¢t + light,
tt+1b and tt +>2b events. The expected composition of these can also be seen in Figure
6.1. In the lepton + jets channel, CR%E requires exactly two jets tagged with bQ70%, and
exactly one tagged with c@11%, and no more additional jets tagged with c@22%. This
region is enriched in tf + light events, with some additional contribution from ¢t + 1c due
to the c-tag requirement. CR3’ and CR}¢ are both dominated by £ + >1b events, with
differing tf + light contributions. These also contain different fractions of tf + 1b and
tt + >2b events. CR%K requires at least three b@Q60% jets, and none which are c-tagged.
CR}f , meanwhile, requires exactly three jets tagged with b@Q60%, and exactly one c-jet
tagged with c@11%, with a veto on any further c-jets.

In the dilepton channel, CR%z is highly enriched in tt + light events, and requires
exactly two jets tagged with b@Q70%, without any c-tagged jets. CR%é mostly contains
tt + >1b events, due to a requirement of three or more b@Q60% jets, and no requirement
on c-jets. CR%Z has a similar but orthogonal definition, with at least three b-jets at the
looser b@70% working point, but less than three with the tighter bQ60% tag. It similarly
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Figure 6.1.: Expected fraction of each event category in each analysis region.

is enriched in tt + >1b events, but has a significantly higher contribution from tt + >1e¢,
as well as slightly different fractions of ¢t + 1b and tt + >2b events.

Given that both CRy and CRj3 target tt + >1b events, a study was performed on
possibilities to merge them, described in Section 9.3. This found a negative effect on
the sensitivity of the final result, motivating the decision to retain the set of definitions
presented.

It can be observed that all tf+ jets categories have significant contributions in all
analysis regions, though the fraction varies significantly. This cross-contamination is not
entirely unexpected, given that the regions are defined by b/c-tagging, which does not
have 100% efficiency. The fraction of non-tt backgrounds can be seen to be generally
low, with the most significant category being single-top events. A full list of the expected
event numbers by category in each region, alongside the number of data events, can be
found in Appendix B.
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6.4.1. Observables

Rather than simply counting events in each region, the sensitivity of the analysis to each
tt + jets category can be enhanced by fitting their distributions. Such observables are
here used only in the signal regions, with all control regions simply containing an overall

event yield. In the regions SRllfg’sje and SRtlnggt, the observable used is the invariant

mass of the two c-jets closest in AR, denoted Mé?inAR. For the region SRtlggt only
those c-jets tagged with c@Q11% are considered. With this observable, the ¢t + light
contribution shows an increase around the W boson mass, due to c-jets coming from
their decay. For SRlzfgge a similar variable is used, denoted Mé};inAR and corresponding
to the invariant mass of the event’s c-tagged jet and the closest b-tagged jet. The pre-fit
data/MC agreement for these regions is shown in Figure 6.2.

For the six- and four-jet-inclusive regions, the observable chosen to enhance the sepa-
ration of tf + jets categories is the jet multiplicity, as shown in Figure 6.3. Upon visual
inspection it is not immediately clear that this variable provides additional separation
between event categories, but studies performed show that including this information

does indeed improve the sensitivity of the analysis, as will be shown in Section 9.3.
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Figure 6.2.: Pre-fit plots comparing MC predictions and data in signal regions SRllfg’S];,

SR:f;}ft and SRlzfg'ge. The lepton + jets signal regions use the obervable

MmnAR - the invariant mass of the two c-jets separated by the smallest

AR. In SRtlfgSIft only those c-jets tagged with c@11%, the tigher c-tagging
203j

working point, are considered. Events in SR, . have only one c-jet, so the
observable is McnginAR, the invariant mass of it and the closest b-jet. Events
outside the range are put into the first or last bin, and the blue uncertainty
band includes both statistical and systematic uncertainties.
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CHAPTER [

Analysis Strategy

Previous chapters described event selection and categorisation into regions following
selection cuts. This chapter lays out the several closely related fitting procedures used
to extract the tt + >2c and tt + 1c cross-sections, in both a fiducial and inclusive phase
space, as well as the ratio of these to all ¢t + jets events. Section 7.1 describes the profile
likelihood fit applied to the data and simulated events, while Section 7.2 then defines the
fiducial phase space in which the principal cross-section result is measured. Section 7.3
details the different parameterisations of events used in different fit setups, and finally
Section 7.4 compares aspects of the strategy used to the only other similar published
analysis, performed by the CMS Collaboration.

7.1. Fitting strategy

In order to obtain a measurement of the number of ¢t + >1c events, the contribution of
each event category to the observed data must be evaluated, whilst taking into account
the full range of statistical and systematic uncertainties (see Chapter 8 for more detail
on those considered). The method employed for this is a profile likelihood fit. In this
section the theoretical basis for this method and its implementation will be laid out. It
has theoretical strengths, as it tends to zero bias (the difference between expectation
value produced and actual value) in the large sample limit [242]. Furthermore as used it
satisfies the Cramér-Rao bound [243,244] for minimum variance in an unbiased estima-
tor. Practically, it provides an effective way to simultaneously handle a large number of
parameters of interest and systematic parameters, as well as estimate their uncertainties.

The implementation of this method uses TREXFITTER, an ATLAS internal software
package based on HISTFACTORY [245], in turn using tools from ROOSTATS [246]
and ROOFIT [247], part of the ROOT [248] framework.

When performing any experiment, any individual observed value x can be thought of
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as a sample from a probability distribution function (pdf) f(z), which is normalised to
unity. Through performing a series of n independent measurements to make a dataset
{x} = {x1...2,}, a likelihood L(c) can be defined for the given data. Here a denotes
the set of parameters which comprise a model, for example assumed values for certain
cross-sections and detector properties.

L(a) = Pois(n|v(a)) [ | f(xile) (7.1)
=1

This is known as the marked Poisson model, where v(a) denotes the number of ex-
pected events given a particular set of parameters, and Pois denotes the Poisson distri-
bution Pois(alb) = baae; ”. The form of Equation 7.1 can be changed into an extended
likelihood [249]

—InL(a) =v(a)+In(n!) —nlhv(a) — Z f(zi|a) (7.2)
1=1

For the parameter list a, the values which minimise — In L (equivalent to maximising
L) are termed the mazimum likelihood estimates (MLEs) denoted é&. Since only the
relative value of the likelihood is of interest, the constant In(n!) term can be dropped.

Then to test a particular value for one parameter out of the larger set, aqg, the profile
likelihood ratio can be used

0= Hand)

where & in the numerator denotes the MLE parameter values, given the particular value
of ag. The denominator is simply the maximised likelihood value. Thus any model
parameter, whether the main parameter of interest (POI) or systematic uncertainty, can
have a likelihood profile extracted, allowing an estimate both of its ‘best fit’ value and
uncertainty. The profile likelihood ratio is the test statistic used to drive fitting.

For practical purposes, instead of performing calculations event-by-event a binned
dataset in the form of histograms is used, across several statistically independent analysis
regions. The desired goal is to measure one (or more) of the POI, while the rest are
labelled nuisance parameters (NPs). In many cases we may have some knowledge of the
possible values of these NPs (for example the cross-section of a background process which
has been measured previously). To reflect this, constraints are introduced, introducing
penalty terms into the likelihood when NPs deviate from their expected value. This
constraint implements some prior pdf describing its possible values. In HISTFACTORY
model parameters act in three ways:

(7.3)

1. Free-floating normalisation parameters, here denoted 1, are introduced for each
process p. In particular the cross-sections for tt+1c, tt+>2c, tt+>1b and tt+light
are each scaled by the corresponding normalisation factors, with pz, 1. /¢4 >2. being
the POIs. They have no constraint applied, and are defined such that p, = 1
corresponds to the predicted number of events from MC.
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2. Statistical uncertainties for each bin and process considered are controlled by NPs
denoted by «. This is important since the MC predictions used have finite statistics,
which these account for [250]. To avoid an extremely large number of NPs these
are normally combined for several processes, with just one per bin 7. A Poisson
distribution is used to constrain their values.

3. Systematic uncertainties are in general implemented through separate normalisa-
tion uncertainties 7,(0), scaling the process in all bins, and a shape uncertainty
opb(8), acting on each bin b. These systematic uncertainties are estimated through
templates, whereby for each uncertainty (one NP ), for each process, alternative
predictions (termed an up and down variation) are provided. These are parame-
terised to 8 = 6y + A0, and correspond to +1o in a Gaussian distribution constrain-
ing 0, with the nominal prediction 6y corresponding to the nominal prediction. To
enable a continuous nuisance parameter, interpolation must be performed based
on this limited information. For normalisation uncertainties 7,(6) piecewise ex-
ponential interpolation is used, whereas for shape uncertainties o,;,(6) piecewise
linear interpolation is employed [245]. For additional detail on the treatment of
systematic templates see Section 8.1.

Once fitting has been performed, the MLE for 6, 6, may differ significantly from
fp. This is termed a pull, numerically parameterised by 9&20, so that a pull of -1
indicates that the down variation provided is ‘preferred’ by the fit. Additionally,
the likelihood ratio can be used to estimate a post-fit uncertainty of 8: Af. If this
is smaller than the prior uncertainty A6 it is termed a constraint. The presence of
pulls and constraints are not necessarily problematic, as it may be that the prior
pdf was overly conservative, or the data being fit to is providing new information
on the likely value of the systematic uncertainty. However they should ideally be

well-motivated and/or understood.

Correlations between parameters are also calculated, and are taken into account when
uncertainties are calculated.

A key tool in understanding the fit model is the so-called Asimov pseudo-dataset.
This assumes that in each bin, the number of observed events is exactly equal to the
expectation. When a fit is performed to this data the MLEs all have their nominal
values: (i, = 1, 6 = 6. The purpose of this process is to show the expected uncertainty
on parameters (both the POIs and NPs), as well as to allow inspection of correlations
in the fit model.

Saturated model for goodness-of-fit

The method used to determine the goodness-of-fit utilises a saturated model [251,252].
This is a generalisation of the normal x? goodness-of-fit, and can be applied to binned
data not following a Gaussian distribution. The saturated model in question is one that
has sufficient parameters to fit the data perfectly - typically this means the number of
parameters is equal to the number of data points. The ratio can then be taken between
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the maximised likelihood from fitting the existing model, and that from the saturated
model. By Wilks’ theorem [253], this ratio will approach a x? distribution asymptotically
for large sample sizes, so it can be used as a rigorous metric for the goodness-of-fit. The
implementation of this method is done using ROOFIT [247], and for fits performed here
has been translated into a percentage probability.

7.2. Fiducial phase space definition

The measurement is performed for two phase space regions: the one used in event
generation (termed the inclusive phase space), and the fiducial phase space, defined
below. The fiducial phase space is defined at particle level, and is designed to mimic the
event selection performed at detector level.

For electrons and muons, it is required that |n| < 2.5, and any of these which are close
to ajet (AR < 0.4) are removed. This aims to remove any electrons or muons which have
been produced by decays in the jet, rather than from the original hard scattering. The
remaining requirements on leptons are identical to those used in event pre-selections, as
defined in Section 6.1. Jets must follow the pre-selection requirements for pp and |,
as well as jet multiplicity per event. Finally, at least two jets which have been ghost
matched with a b-hadron must be present.

When calculating the value of the cross section in the fiducial phase space, it is nec-
essary to take into account two factors: the fiducial acceptance € and the out-of-fiducial
fraction, fout. The fiducial acceptance is the fraction of events in the fiducial phase
space that also pass the cuts applied at reconstruction level (those described in Chapter
6). Meanwhile the out-of-fiducial fraction is the fraction of events which pass the recon-
struction level cuts, but which are not in the fiducial phase space. The fitting of MC to
data is performed with events passing the reconstruction level cuts, so to translate from
the number of MC events measured there, Nyeco, to the number of events in the fiducial
phase space, Ngq, it is necessary to use the relation:

Nﬁd - Nreco (74)

1- fout
€
Once Ngq is known, it is then possible to use the cross-section value from MC in the
fiducial phase space, and scale by the difference between measured and predicted number
of events.

7.3. Fitting parameterisations
In each phase space, two fits are performed with different parameterisations of the con-
tribution from each tt + jets category. In the first, the signal strengths Mttt >20r ME+1es

Pigr>1p and figygigne are used. This is a simple scaling with p = 1 for the nominal
prediction. In the second, the fit parameters are instead the ratios Ry >0, Ripp1. and
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NtE+X
Ntf+ jets
relationship between these signal strengths is given by:

Rigy>1p, defined Ry x = , as well as the inclusive i jes signal strength. The

i+ jets = Meir>2cBir>0¢ + Hagp1c B ie + P> 1R >16 + Hertight Beiighe (7-5)

Since in the ratio fit Ry g1 is not included as a parameter, the overall scaling of tt+light
events is fu7 4 jots X (1 — Rigy>oc — Rigyie — Rigr1n)-

Since they are simply different parameterisations of the same fundamental fit, the
final predictions for each event category should be identical in each case. However in the
ratio fit there is a possibility that correlations between individual uncertainties reduce
the uncertainty on the ratio.

This results in a total of four fitting setups: the four signal strength parameterisation
and ratio parameterisation in each of the fiducial and inclusive phase spaces described
in the previous section.

7.4. Comparison of strategy with the CMS analysis

This analysis can be compared the one performed by CMS [104], the results of which are
described in Section 2.5.1. This analysis is designed to use a similar fiducial phase space
definition and similar reconstruction-level cuts. However there are several key differences
in the CMS analysis strategy compared to the one performed here.

One prominent difference is the ¢ decay channels used: the CMS analysis uses only the
dilepton channel, whereas this analysis utilises both dilepton and lepton + jets channels.
Furthermore the principal measurement performed there is of t¢ with at least two c
quarks, equivalent to the tt + >2c¢ category here. The tt + 1c category of this analysis
(there termed ttcL) is scaled by the same factor as tf+ >2¢, with an uncertainty used for
the ratio. Thus while not stated explicitly, it is likely that the ¢ + 1c signal strength is
not effectively a free floating parameter as in this analysis, and its value is not reported.
The choice to measure tt + >2c and tt + lc separately is motivated by the desire to
provide more information to future modelling studies, as these contributions may be
sensitive to separate effects.

In the fiducial phase space definitions, the CMS analysis requires that jets have pp >
20 GeV, while here the cut is placed at 25 GeV to better match the reconstruction-
level cuts. While at least two b-jets are required as here, in that analysis they must
be associated with the ¢ system. This is not used here so as to reduce reliance on
generator-specific information. Furthermore the CMS analysis has a requirement of at
least two jets additional to the tf system in the dilepton channel, whereas here only
one is required. This more inclusive selection allows for jets which are either outside
of detector acceptance or come from the combination of more than one b/c quark. As
stated previously, the reconstruction level cut on jet pr in this analysis is pp > 25 GeV,
whereas the CMS analysis places the cut at 30 GeV. Additionally that analysis uses
different observables, fitting to the output of a neural network discriminator.
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CHAPTER 8

Systematic Uncertainties

A number of different systematic uncertainties must be considered when performing the
measurement using the procedures described in the previous chapter. These enter the
profile likelihood fit through nuisance parameters (NPs) (see Section 7.1 for a description
of fitting setup), and describe a variation to the nominal template. In Section 8.1
the procedure for how these are handled in the fit is described. This is followed by a
description of each uncertainty considered, split into experimental uncertainties (Section
8.2), related to the ATLAS detector, and theoretical uncertainties (Section 8.3), related
to the modelling of processes in MC.

The variations used to generate each systematic template may come from reweighting
the existing set of MC events, or from comparing the nominal prediction to an entirely
new set of events (for example when considering an alternative choice of parton shower
algorithm).

8.1. Handling of systematic templates

Each systematic variation may be labelled either two-point or three-point. The former
indicates that there is just one alternative to the nominal template, while the latter has
both up and down variations. Additionally, each template may be applied only to a
certain sub-set of MC-generated events. Before they can be used, it may be helpful to
first process the systematic templates through smoothing, symmetrisation and pruning
as described below.

8.1.1. Smoothing

Some of the systematic templates come from sets of events with limited statistics. This
may lead to fluctuations in the template, obscuring the true shape of the variation and
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potentially artificially constraining its NP in the fit. To mitigate this smoothing can be
applied, using two methods: MAXVARIATION and parabolic rebinning.

MAXVARIATION sets out to limit the number of slope variations seen in the histogram
formed by taking the ratio between the systematic and nominal templates. First, adja-
cent bins are merged until their statistical uncertainty is below a certain threshold (5%).
Then if the number of slope variations seen is above a threshold - here four is used - the
uncertainty threshold in the previous step is halved and the process repeats. After the
number of slope variations satisfies the criterion, the ROOT [248] TH1: : Smooth method
is used, which in turn implements the 353QH TWICE algorithm [254].

This has several steps, beginning with smoothing using medians of three, then medians
of five before repeating the medians of three step. These take the median of three or
five adjacent neighbours in the sequence, i.e. for three:

2 = median(zp_1, 2n, Znt1) (8.1)

Special conditions are applied at the endpoints of the sequence. Since the resulting
sequence has all ‘peaks’ and ‘valleys’ converted to flat sections of length 3, the ‘Q’ step
applies a quadratic interpolation to these sections. Then the ‘H’ step applies a Hanning
mean:

2, = izn_l + %zn + %Zn_i'_l (8.2)
to resolve any monotonic discontinuities. To prevent over-smoothing, twicing is ap-
plied, whereby the output is the sum of the input, smoothed by the 353QH algorithm,
and a smoothed version of the difference between the input and the smoothed input.
PARABOLIC REBINNING This method considers the extrema of the distribution: local
maxima or minima, or end points. It then rebins the distribution until only three
extrema are remaining, and the distribution overall has a parabolic shape. Priority for
which bins to merge is decided using the x? value between the extremum bin and the
average bin value between it and the next extremum. Once only three extrema remain,
further rebinning is performed until all bins have a relative statistical uncertainty of less
than 5%, or all bins are merged.

8.1.2. Symmetrisation

When using three-point systematics, the nominal prediction may lie exactly between the
up and down variations. However in some cases these may be very asymmetric about
the nominal template, and symmetrisation may be applied. For three-point systematics
two-sided smoothing can be used. This simply takes, in each bin, half the difference
between each variation and uses it as the new nominal uncertainty, i.e.:

+ o :|:| Zup — zdown| (83)

O hominal — 9
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where afominal are the values of the up and down uncertainties on the nominal prediction,
and zup,/down are the values of those variations in the given bin. This procedure leaves
already-symmetric uncertainties unchanged.

For two-point systematics with only one variation, one-sided symmetrisation is used,
whereby the difference between the systematic and nominal templates is simply reflected:

O—r:::Omina] = :l:‘ZSySt - Znominal’ (84)

8.1.3. Pruning

With a total of almost 300 systematic uncertainties considered, it would be impossible
for the profile likelihood fit to converge in a timely manner in such a phase space.
Therefore pruning is applied, which removes those components of uncertainties which
have negligible impact - thereby simplifying fitting without significantly changing the
result.

Pruning is performed separately for the shape and normalisation effect of each system-
atic template. Shape can be considered by first normalising the total number of events
in each template before calculating the impact of the uncertainty. For normalisation
only the total number of events is used.

The pruning threshold for this analysis is set to 0.5% for both shape and normali-
sation, chosen following dedicated studies. These showed a maximum difference in the
expected sensitivity to the POIs of around 1%. Then for each systematic uncertainty,
for each region, if the shape/normalisation effect is less than the threshold in all bins,
the component is dropped from the fit for that sample and region. Figures showing the
full results of pruning are included in Appendix C.

8.2. Experimental uncertainties

Given its size and complexity, there are a number of uncertainties related to the ATLAS
detector itself. Many of these relate to reconstruction and identification, and to the
calibration of the measurements made, eg. of a particle’s energy. For more detail on
these methods see Chapter 5.

Luminosity

The luminosity uncertainty for the entirety of Run 2 (2015-2018) data has been measured
to be 0.83% [130]. This is a simple normalisation uncertainty, scaling all of the simulated
events.

pileup reweighting

To account for additional pp collisions aside from the hard scattering of interest (pileup),
minimum bias events are overlaid onto the hard scattering when creating MC simula-
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tions. These events are reweighted [165] to the observed patterns of pileup. This template
reflects the uncertainties in this reweighting.

Charged lepton uncertainties

One category of lepton uncertainties concerns their reconstruction, identification, isola-
tion and trigger efficiencies. Scale factors must be applied to electrons and muons in MC
events to correct for observed differences between them in simulation and data. They are
derived in statistically independent bins of pt and 7, with the uncertainties themselves
kept correlated. Events with Z and W bosons, alongside those with J/v, are used to
generate the scale factors using the tag-and-probe method. This method identifies one
lepton with strict selection criteria (tag), then uses the other as an unbiased selection of
leptons for study (probe). The procedure is described in more detail for electrons and
muons respectively in Refs. [194] and [207]. Each lepton category has one uncertainty as-
sociated with each scale factor (reconstruction, identification, isolation and trigger), with
muons having an additional uncertainty related to track-to-vertez-association (TTVA).

The second category of lepton uncertainties relates to lepton momentum scale and
resolution. Similar to above, these may differ between simulation and data, and are
checked by reconstructing the parent mass in Z — (¢~ and J/¢ — (T4~ decays.
Additionally, for electrons W — ev events are used. As well as those for momentum
scale and resolution, muons have two uncertainties related to saggita bias, which would
result in a charge-dependent difference in measured pr. The methods used to account
for this are described in Refs. [202] and [207] for electrons and muons respectively. In
total there are three independent NPs used for electrons, and five for muons. All used
two-sided symmetrisation.

Jet vertex fraction efficiency

An uncertainty is applied to account for differing efficiency of the JVT in data and simula-
tion. JVT calibration is performed using the tag-and-probe method in Z(— u*p~)+jets
events, with the leading jet recoiling from the Z boson as the probe [219]. Pileup jets
are estimated using a control region where they predominate. The uncertainties in the
calibration then relate to the hard-scattering contamination of the control region, taken
to have 30% uncertainty, and variations depending on the choice of MC generator.

Jet energy scale

The JES calibration procedure is described in Section 5.3, and as a result of its complex-
ity and large number of inputs (comprising test-beam data, collision data and simulation)
has a large number of associated uncertainties. These reflect, in each of the principal
event categories used for calibration (Z/v + jets, dijet and multi-jet), uncertainties in
physics modelling, in measurement of reference objects, and in modelling of pr balance
due to event topology. In general, there is also a pr and 1 dependence on the degree of
uncertainty. These must be propagated through the multi-step calibration, resulting in
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a large set of over 100 NPs. This is reduced through eigenvector decomposition, which
aims to maintain the most important components in all kinematic regions [255]. Further-
more a set of five additional uncertainties are included, relating to uncertainty handling
the observed difference between quark and gluon jets. These uncertainties account for
differences between different MC generators, applying MC/MC scale factors. In total
this results in 35 independent NPs related to the JES, all symmetrised and with up and
down variations.

Jet energy resolution

Jet energy resolution (JER) uncertainties come from the study of dijet events, where
since the jets are produced back-to-back we would naively expect perfectly balanced
pr [255]. The method used requires one jet to lie in a well-calibrated region of the
detector (the central region), then the other is treated as a probe. The asymmetry
observed across pr and 71 can be used to estimate the detector resolution. Additionally,
a noise term is estimated by taking random cones in zero-bias data (random triggers).
The principal uncertainties arising from this process are those propagated from the JES,
dominant at lower pr, and from observed non-closure between MC events and data for
dijet events (significant at higher pr). As for the JES, eigenvector decomposition is used
to reduce the number of uncertainty components.

Smearing is applied to MC to match the JER in data when its resolution is lower. In
cases where data have lower resolution, a separate uncertainty is introduced to account
for the discrepancy. This preserves anti-correlations in the underlying JER NPs. In total
13 NPs are used to account for this uncertainty, all with two-sided symmetrisation.

Flavour tagging

Flavour-tagging uncertainties originate from the calibration procedure of the b/c-tagger,
using the same procedure as the DL1r tagger [226-228|. This, as well as the uncertainties
considered, are described in Section 5.5. They relate to uncertainties in modelling of the
events used, in the fitting and calibration procedure itself, and to data and simulated
event statistics. In total 45 NPs are used for b-jets, with 20 each for c-jets and light jets.
Due to the decomposition process used to reduce the full number of uncertainties to this
number of components, each does not have a straightforward physical interpretation.

8.3. Theoretical uncertainties

As this analysis is largely motivated by interest in better understanding the modelling
of the top quark, the uncertainties regarding this are of particular importance. These
theoretical uncertainties represent cases where there is ambiguity in the choice of MC
parameters or algorithms. A description of many of the parameters which are varied
here is given in Chapter 4.
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8.3.1. tt modelling

These uncertainties affect the main samples of interest: tt + lc, tt + >2¢, tt + >1b and
tt + light. Unless otherwise stated below, the three groupings of tf + >1¢, tt + >1b and
tt + light are each decorrelated i.e. each uncertainty below represents three separate
NPs for these groups. This allows for the fact that modelling changes may affect these
categories in different ways, allowing the analysis to better constrain modelling choices.
Since tt + >1c and tf + light come from an inclusive 5FS ¢t sample and ¢t + >1b comes
from a dedicated 4FS ttbb sample, the treatment differs in some cases.

Normalisation of tt + jets samples

The alternative samples used to determine modelling uncertainties in ¢ naturally predict
different numbers of events in the tt + >2c, tt + lc, tt + >1b and tt + light categories.
However this analysis does not want to utilise this normalisation effect, rather only the
shape effects and region migration seen. This is because ultimately results are compared
to theoretical predictions of the cross-sections, and the uncertainties on those values will
include these normalisation uncertainties.

To avoid probing these differences, the production rate of each tf+ jets category is
extracted at particle level from the nominal sample used and compared to the rate in
the modelling variation in question. The rates are extracted in the relevant phase space
in each fit setup (i.e. for the fiducial phase space after the fiducial event selection cuts
have been applied). The ratio between the two is then applied as a reweighting to the
reconstructed number of events in the variation.

Parton shower and hadronisation

To account for the uncertainty in choice of parton shower and hadronisation model, the
nominal POWHEG + PYTHIA 8 samples are compared to alternatives generated using
PowHEG+HERWIG7.1.3. These alternatives are generated using fast detector simulation
[161,162]. Therefore they cannot be directly compared to the main nominal samples, but
instead the difference is taken with respect to a version of the nominal sample also using
fast detector simulation. This two-point uncertainty is then smoothed and symmetrised.

For tt + light it was observed that the variation is consistently in opposite directions,
predicting fewer events for five-jet-exclusive regions and more for six-jet-exclusive regions
in the lepton+jets channel, as exemplified in Figure 8.1. If kept correlated between these
groups, a large constraint would be observed on the NP and the true effect of the variation
would be lost. Hence this uncertainty is decorrelated between five-jet-exclusive and
six-jet-inclusive regions, and similarly between three-jet-exclusive and four-jet-inclusive
dilepton channel regions.

It was similarly observed that this variation has differing effects on the sub-components
of tt+ >1c and tt + >1b, so this uncertainty is decorrelated between tf + 1c and t + >2c,
and between tt + 1b and tt + >2b samples. After all decorrelations a total of eight NPs
are used to describe this uncertainty.
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Figure 8.1.:

Effect of the parton showering systematic variation on the ¢t + light sample
in the lepton + jets channel for CR%Z and SRllfose, for both five-jet-exclusive
and six-jet-inclusive regions. The dashed lines show the variation before
smoothing and symmetrisation, and the solid lines after. This shows an
effect seen across all regions, whereby fewer events are predicted for 5-jet

regions and more for > 6-jet regions.
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NLO matching

The uncertainty in NLO matching is estimated using the pk}ard parameter, which changes

the way information from POWHEG is used to define the possible pt values used for show-

ering in PyTHIA. The nominal samples with p}%ard = 0 are compared to an alternative
generated with plfard = 1. As such, in figures the associated nuisance parameter is la-

belled ‘pthard’. The alternative sample employs fast detector simulation and is compared
to a corresponding nominal sample. It is also smoothed and symmetrised.

It was observed that variations in this parameter impacted the contributions from
tt + 1c and tt + >2c¢ events significantly differently, leading to large constraints in initial
fit tests. A similar pattern was observed for ¢t + 1b and tf + >2b events, so these
components are decorrelated, being described by separate NPs. This allows the separate
effects to be expressed in fitting.

Initial state radiation

Initial state radiation (ISR) modelling uncertainties are estimated by using a variation
to the normal A14 tune of POWHEG+PYTHIAS, called Var3c [173]. In the simulation
this acts to effectively vary the value of ag used when producing ISR, and is applied as
a reweighting to nominal events.

Final state radiation

An internal reweighting of events is performed, corresponding to changing the renor-
malisation scale used in simulating final state radiation (FSR): pp*®. This is in turn
equivalent to varying a§SR. A dedicated study showed that the scheme used by other
similar analyses [70,193] of using 0.5 x pp*® and 2 x pp™ is not suitable. This is due to
the lower variation, where a significant tail of large weights causes statistical fluctuations
following reweighting. Instead it was found that using 0.625 x up*® as a lower variation

mitigated this effect, so this is used. The variations are both smoothed and symmetrised.

Scale choices

The choice of renormalisation and factorisation scale, ug and puy, is a key uncertainty in
modelling ¢t + 1c and related processes, as was described in Section 2.5. To assess their
impact, reweightings of the nominal samples are used corresponding to multiplying puy
and pp by 0.5 and 2, with one NP each. In particular, the variation of uy for tt + >1b
events is seen to have a large impact in CRgmj and CRSQM , both of which are predicted
to be enriched in tt+>1b events. Once symmetrised, variation of this NP to one standard
deviation scales the expected tt + >1b contribution by over 30% in each of these regions.

PDF uncertainty

Following the recommendations of Ref. [256], the PDF4ALHC15_30 set of 30 NPs is used
in this analysis. This comes from a combination of the CT14 [257], MMHT14 [179]
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and NNPDF3.0 [258] PDF sets, then the uncertainties come from the process of Hes-
sian reduction [259,260]. These uncertainties are primarily driven by the experimental
uncertainties in data used to derive the underlying PDF sets, as well as a number of
modelling choices. In practice a reweighting is used, with each two-point systematic then
symmetrised.

hdamp parameter

This uncertainty is only applied to the ¢t + >1c and ¢t + light categories, taken from the
inclusive ¢t sample. A dedicated alternative POWHEG+PYTHIA8 sample with hqamp =
3Myop is compared to the nominal samples (hgamp = 1.5M40p), and the difference used
as a two-point uncertainty (both with fast detector simulation). This is then smoothed
and symmetrised.

Dipole recoil

This uncertainty is only considered for tf + >1b events. In PYTHIAS there is ambiguity
in the choice of treatment of recoil against QCD initial state showering. Either a global
scheme, where the entire final state recoils, or a dipole scheme, where only one final state
parton recoils, may be used. It has been found that this choice has a noticeable impact
on observables for ttbb [261]. Due to the limited available samples this effect is estimated
by comparing an alternative tfbb sample with the dipole recoil scheme and hy,q = 2, to
a version of the nominal sample using the global recoil scheme, also with hp,q = 2. The
two-point uncertainty is smoothed and symmetrised.

8.3.2. Background modelling

Unless otherwise noted below, several categories of background process are simply as-
signed a conservative normalisation uncertainty. These are summarised in Table 8.1.

Single top

Due to the interference between Wt and tf production, LO ¢t diagrams must be removed
when calculating Wt production beyond LO. There are two methods proposed for doing
this: diagram removal (DR) and diagram subtraction (DS) [190]. DR involves removing
those Wt diagrams which are doubly resonant, corresponding to cases where they can
also be considered LO tt diagrams. DS, meanwhile, subtracts from the total matrix
element a term designed to cancel the same contributions. However these methods are
not equivalent, creating an uncertainty. The nominal sample uses DR, with an equivalent
sample using DS used to estimate the uncertainty. This difference is then smoothed and
symmetrised.

In the dilepton channel, the only way an s- or ¢t-channel single top event can enter
its selection is with a fake lepton. Therefore to account for their uncertainties a 25%
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8. Systematic Uncertainties

normalisation uncertainty is placed on the fakes contribution in that channel. s- or t-
channel uncertainties in the following paragraphs are hence applied only in the lepton +
jets channel.

For each major single-top production channel (Wt, s- and t-channel), an uncertainty
in the choice of parton shower and hadronisation model is estimated through comparison
of the nominal POWHEG+PYTHIAS to alternative POWHECG+HERWIGT samples, followed
by smoothing and symmetrisation. An additional uncertainty associated with the choice
of matrix element generator is used for Wt events, through comparison to a MAD-
GrAPHS5_aMCQNLO + PyTHIAS sample, followed by smoothing and symmetrisation.
For s- and t-channels the equivalent alternative samples have very large fluctuations,
resulting in negative values for some bins. Since the same comparison as for Wt is not
possible, the normalisation uncertainty for these backgrounds is set to 50%.

Finally, an additional 5% cross-section uncertainty is applied to Wt events.

Fake lepton backgrounds

Fake lepton events in the dilepton region have a 25% uncertainty applied on the estimate
from MC. In the lepton + jets channel, fake leptons are instead estimated using the
matriz method [238] as described in Section 6.2. The statistical uncertainties in each bin
(known as gammas) are used as uncertainties, in addition to an overall 50% normalisation
uncertainty.

Other backgrounds

For ttW and ttZ backgrounds, one uncertainty is used for each combining the effect
of both matrix element and parton shower/hadronisation choices, through comparing
the nominal MADGRAPH5_aMCQ@QNLO + PYTHIA8 samples with alternative SHERPA
samples. This uncertainty is symmetrised. A further cross section uncertainty of 153
and 7153 are applied for t#W and t#Z backgrounds, respectively.

A conservative 50% normalisation uncertainty is applied for ttH events, and the re-
maining rare single-top events (comprising tZq and tW Z events) also have one combined
50% normalisation uncertainty.

For electroweak backgrounds, W + jets (only a dedicated category in the lepton + jets
channel) are split into three categories: those with > 3 heavy flavour jets, those with
exactly 2, and the remainder. Each of these has a separate 40% cross-section uncertainty.
Z + jets and diboson backgrounds have cross-section uncertainties of 35% and 50%
respectively.
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8.3. Theoretical uncertainties

Table 8.1.: Summary of systematic uncertainties considered for background processes.
‘DR/DS’ denotes an uncertainty in the use of either the diagram removal or
diagram subtraction scheme. ‘PS’ and ‘ME’ denote uncertainty in the choice
of parton shower algorithm and matrix element generator, respectively.

Background

Norm. Uncertainty [%]

Note

Single top - Wt

Single top - s-channel

Single top - t-channel

ttH

tw

tz

tZq & tWZ

W 4 jets

W + jets, 2 heavy flavour jets
W + jets, > 3 heavy flavour jets
Z + jets

Diboson

Dilepton fakes

lepton + jets fakes

5

50

50

50
+13.3/-12.0
+10.4/-12.0
50

40

40

40

35

50

25

50

+ DR/DS, PS & ME uncertainties
lepton + jets channel only, +PS
lepton + jets channel only, +PS

+ combined PS/ME uncertainty
+ combined PS/ME uncertainty
lepton + jets channel only

lepton + jets channel only

lepton + jets channel only

Accounts for s- & t-channel single top
+ per-bin statistical uncertainties
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CHAPTER 9

Fit Studies

A significant part of the author’s work on this analysis involved studying the nature of the
fit model. A number of large pulls and constraints were initially observed, so studies were
undertaken to either validate the existing fit model, or to find improvements. However,
given that the analysis is ultimately expected to be somewhat limited by modelling
uncertainties, some tension related to the associated NPs may be expected. This chapter
aims merely to give an overview of some of these studies. Note that in some cases minor
changes were made to both the fit model and samples used following these studies. These
do not affect the conclusions drawn here, but data presented in this chapter should not
be regarded as showing the final results of the analysis unless otherwise indicated.

In order to give context to the description of the fit validation studies performed, one
additional study not performed by the author is described here briefly. This is a study
used to assess the flexibility of the model through a series of pseudo-data tests. In these
tests, different nominal predictions for ¢t event categories are replaced by alternatives.
A fit is then performed to the nominal predictions from simulation, as in an Asimov
pseudo-data test. In this case, each of the tf + light and ¢t + >1c samples are separately
replaced by either the sample using HERWIG 7 as an alternative parton shower algorithm,
or the one using MADGRAPH5_ aMC@NLO as an alternative matrix element generator.
These are introduced in Section 4.1. Additionally another test replaces tt + >1b events
with the alternative prediction generated using SHERPA. In all except one case the
expected signal strength values are obtained after fitting, with one value incompatible
with expectations at a level only slightly beyond one standard deviation. Additionally
no significant pattern of problematic pulls and constraints are seen when examining the
fitted NPs. This suggests that the fit model has sufficient flexibility to accurately reflect
the patterns in data.
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9. Fit Studies

9.1. Control plots of kinematic variables

One method of validating the modelling used is the production of control plots. These
compare data to predictions in each control and signal region, across a range of kinematic
observables related to the key analysis objects. The observables used, none of which are
being directly fit to, are:

e pr and 7 of the leading jet in the event!

e pp and n of a low-pr jet: the fifth/third jet for five-/three-jet-exclusive regions,
and the sixth/fourth for six-/four-jet-inclusive regions

e pr and 7 of the leading lepton
e missing transverse momentum

Additionally, in regions in the lepton + jets channel, Ht is plotted, considering either
only jets, or all objects. The variable Ht is defined as the total sum of transverse energy
for the relevant objects. In dilepton channel regions, the pt and 7 of the non-leading
lepton are plotted.

The resulting set of plots is shown in Appendix D, both pre-fit and post-fit. These
use the final fit model, as well as the finalised sets of data and simulated events.

The main value in these plots, with respect to validation of the fit performed, is gained
by comparing them before and after fitting. If agreement worsens, this may indicate that
the fit model is over-fitting to the specific regions and observables used, and that pulls or
constraints of NPs may have no physical basis. However in this case agreement between
predictions and data can be seen to clearly improve across the full range of variables,
supporting the validity of the systematics model and selections used.

9.2. Individual pull/constraint studies

A large pull or constraint in an NP may indicate that the fit model is overconstrained,
lacking sufficient degrees of freedom to describe the data. To judge the extent to which
this was occurring, each of the NPs which were pulled and/or constrained, and were
calculated to have a high impact on the POIs, were investigated. This was first done in
the separate fits to each ¢t decay channel, then in the combined fit setup in cases where
a new pull or constraint appeared following combination. The focus for invesigation was
those NPs associated with modelling uncertainties for the ¢t system, and the primary
strategy was to decorrelate the NP. The principal decorrelations used were between
shape and normalisation effects, and between each analysis region. This information
could be compared to plots showing the effect of variations on the nominal template
to understand the origin of the pull/constraint. In all cases, the pull or constraint was
found to originate from an identifiable source. The results of some of such investigations
will be referenced when discussing the results of the analysis in the following chapter.

!Ordering of objects here is done with respect to pr.
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9.3. Studies of region and observable changes
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Figure 9.1.: Pre-fit plots comparing MC predictions and data in signal regions SRIOOSJG,
1455 2037 . . .
SRﬁg}ft and SR; 7. The lepton + jets signal regions use the obervable

Mé?inAR, the invariant mass of the two c-jets separated by the smallest

AR. In SRtlfgsﬁ't only those c-jets tagged with c@Q11%, the tighter c-tagging

working point, are considered. Events in SR?fgge have only one c-jet, so the

observable is Mcr;}inAR, the invariant mass of it and the closest b-jet. Events
outside the range are put into the first or last bin, and the blue uncertainty
band includes both statistical and systematic uncertainties.

As an example of this, one investigation conducted in the dilepton-channel-only fit,
looking at the hgamp uncertainty for tt + light events, is given here. It was performed
in a fit to data, in the fiducial phase space. Figure 9.1a shows the associated NP’s
post-fit value, with a pull of GEZO ~ 0.5 and a moderate constraint. The decorrelated
NPs are shown in the same figure, decorrelated by shape and acceptance effect, then
by region. These suggest the original pull is associated with the shape effect of the
uncertainty, and that the region responsible is SRﬁfg’g .- Figure 9.1b then shows the effect
of the systematic variation in this region. The negative variation, as preferred by the
fit model, can be seen to produce a slope increasing the ¢t + light contribution at low
values of M g;inAR and decreasing it at higher values. Examining the pre-fit comparison
of data and prediction for this region in Figure 6.2, a similar shape can be seen in the
ratio of the two. Therefore this pull can likely be understood as acting to compensate

for this discrepancy.

9.3. Studies of region and observable changes

One possibility studied was changing the definitions of the analysis regions, as well
as the observables fit to within them. If a fit is overconstrained, removing regions or
observables may allow it to then converge without a large number of problematic pulls or
constraints. The blinding strategy implemented at this point involved blinding only the
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9. Fit Studies

value of tt + >2c¢ and tt + 1c signal strengths and their absolute uncertainties. Therefore
one of the key checks for the effect of each modelling study below was the shift in the
central value of the POIs, and the change in their relative uncertainties. Additionally,
changes in pulls and constraints were examined. All studies were performed in the
fiducial phase space, and using the signal strength fit setup.

Removing jet-exclusive regions

One option involved removing the nine jet-exclusive regions®. These regions are less key
to the analysis, covering cases where either one jet is out-of-acceptance or two jets are
merged, and were not used in the comparable CMS analysis [104].

Table 9.1 compares the resultant signal strengths to the nominal values. A shift is seen
in the fitted value for 7, 1., most likely on the order of one to two standard deviations,
alongside large increases in the uncertainties of the tf + >1c signal strengths. Amongst
pulls and constraints, observed pulls are lessened in NPs related to ¢t + >1b FSR and
tt + light hdamp uncertainties. Additionally, a constraint is lessened for the tt + >1b pg

uncertainty.

Table 9.1.: Comparison showing the effect on fitted signal strengths of removing jet-
exclusive regions from the fit model. The central value and absolute uncer-
tainties of the POIs were blinded at the time of the study, so only relative

changes are shown.

Signal strength Nominal value Jet-exclusive regions removed

I+ light 0.900:02 0.920-0¢
s XE L1l
i+ >2c Xjfg.'%] (X — 0'04)3411:85;
e X (X +0-20)"1757

Removing signal region observables

A test was performed removing the observables described in Section 6.4.1 from different
sets of SRs, and instead simply fitting to a yield in those regions. The sets of regions
considered for this procedure were:

e the two five-jet-exclusive SRs in the lepton + jets channel
e all four SRs in the lepton + jets channel

e all seven SRs across both channels

2Five-jet-exclusive regions for the lepton + jets channel and three-jet-exclusive regions for the dilepton

channel
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9.3. Studies of region and observable changes

Table 9.2 compares the fitted signal strengths for each of these cases. A trend can be
observed that as shape information is removed from more regions, the relative uncer-
tainties in the POIs rise, from around 20% and 14% for jusz; >o. and juz, 1. respectively,
to 22% and 18%. A shift is also seen in the central value of the py. signal strength for
the most extreme scenario. When considering pulls and constraints of uncertainties, the
effects observed are similar for all changes, also increasing in degree when more regions
are modified. A number of ¢t modelling pulls are lessened, however a smaller number
are also introduced. In particular, a large pull is introduced in the NP corresponding to
uncertainty in the choice of the dipole recoil scheme for modelling of tf + >1b events.

Table 9.2.: Comparison showing the effect on fitted signal strengths of removing re-
moving fit observables, and instead fitting a yield, from different groups of
signal regions. The central value and absolute uncertainties of the POIs were
blinded at the time of the study, so only relative changes are shown.

Signal strength Nominal value Five-jet signal regions Lepton + jets signal regions

All signal regions

0.05 0.05 0.05
0.901_0.05 0-92;’_0.05 0'921_0.05

Mtz +light

Hti+>1b LIS 113400 1175009
it 2 X0 (X +0.05) o (X —0.03) 755
it e X oo (X +0.03) 1385 (X +0.02) 11345

0.06
0917008
1.18% 09

+23.3%
(X — 0.03)_19.7%

+18.8%
(X + 0.14)_16.5%

Merging CR; and CR3

A study was undertaken to see the effect of merging the sets of CRy and CR3, while

maintaining the regions’ definitions otherwise, eg. merging CR%ZW

and CR%ZE’j )

The

motivation for choosing these as candidates for merging was their broadly similar com-
position, being enriched in ¢t + >1b events. This can be seen in Figure 6.1. There it
can also be seen, however, that this similarity is greater in the lepton + jets channel.
Therefore two options were tested: merging these regions in both channels; and merging
only in the lepton + jets channel. The fitted signal strengths can be seen in Table 9.3.
In the case of merging in both channels, the main POIs see a loss of sensitivity of
approximately 2%. A large number of changes to NPs result, especially those related to
tt + >1b modelling. In most cases this results in the lessening of pulls and constraints.
Additionally pulls in the NPs for uncertainties in the calibration of c-tagging are lessened.
For the merging performed only in the lepton + jets channel, a smaller impact is seen
on the fitted norm factors. This is mirrored in a minimal change to the values of NPs.

Conclusions

While some of the tested alternatives saw an improvement in problematic pulls and
constraints (particularly the merging of CRy and CRgs), all corresponded to a loss in
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Table 9.3.:

9. Fit Studies

Comparison showing the effect on fitted signal strengths of merging CRy and
CRag, either only in the lepton + jets channel, or also in the dilepton channel.
The central value and absolute uncertainties of the POIs were blinded at the
time of the study, so only relative changes are shown.

Signal strength Nominal value Merged in both channels Merged in lepton + jets channel

Htt+light
Hit+>1b
Hit4+>2¢
Hit+1c

0.9075:92 0.9275:03 0.9175:92
Ll 1ooHil8 109t
X (X = 0.14) 50500 (X = 0.04) 5500
b xomty (x o0 iy

sensitivity in the POIs. Ultimately, given the other fit validation tests performed, it
was decided that any improvements seen were not worth the corresponding sacrifice in
sensitivity.

9.4. MPI/FSR studies

A study was performed to better understand the role played by MPI and FSR in the
production of heavy flavour jets. The physics of these effects was described in Section
2.3. There is potential ambiguity in how MPI jets should be handled conceptually,
since this production mechanism is separate, and it may be argued that measuring this
contribution on its own could improve the ability of the analysis to provide inputs to
future modelling. Furthermore it was possible that providing a separate template for
events with MPI/FSR ¢-/b-jets could improve the quality of the fitting, as it is possible
their shape and normalisation may behave differently. This study aimed to characterise
the number of these events, and to investigate whether such a division of events would
be feasible.

The study used simulated events, specifically the MC generator record, labelling the
origin of the heavy flavour quark ghost associated to a given jet. A dedicated reprocessing
of events was performed to add this information, which due to practical constraints
was performed only in the dilepton channel. The study was performed separately for
tt + >1c/tt + >1b events looking at c-/b- jets respectively. In each event the number of
MPI, FSR and ‘prompt’ jets was counted, where ‘prompt’ denotes all other production
modes, and the fraction of tf + >1¢/tt + >1b events containing at least one MPI/FSR
c-/b-jet was recorded.

c-jets

The contribution from FSR was found to be negligible, being found in < 0.1% of events
in all analysis regions. However this was not the case for MPI, which had a prevalence of
over 10% in all regions, as shown in Table 9.4. The overall proportion of MPI-containing
events was seen to be relatively consistent across each region. To further profile these
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9.4. MPI/FSR studies

Table 9.4.: Fraction of c-jet events in each region containing at least one c-jet from MPI
in the dilepton channel, in the combined fit.

Region tt+1c MPI /% tt + >2¢ MPI /%

CR2% 16.74 17.53
CR3% 12.92 14.11
CR2% 13.74 15.74
SRy 13.43 15.44
CR2=% 15.72 15.38
CR2=% 13.34 15.00
CR3=%Y 13.46 13.95
20>474
SRIQ%%Z{ 13.49 13.76
SR{ight” 13.23 12.67

events, plots were produced comparing the shape of the distribution of events containing
MPI to those that did not. This was done in the signal regions, using the dilepton
channel signal regions, using the corresponding observable. Each was normalised to the
same area, and the resulting distributions are shown in Figure 9.2. Comparing these
shapes shows that with the existing definition of regions and fit observables, there is
no significant shape difference which could be exploited to extract a normalisation for
MPI-containing jets. As such, and given the similar fraction of MPI events in each
region, it is likely that attempting to measure an MPI contribution would significantly
increase the uncertainty on the POIs. It may have been possible to choose new regions
or fit variables so as to better separate MPI-containing events, but given the limited
motivation to perform this additional measurement, it was decided to not define this as
a separate process.

b-jets

Similar to the case for c-jets, the contribution from FSR was found to be negligible, being
found in < 0.2% of events in each analysis region. However MPI was not negligible, with
2 — 6% of tt + >1b events containing a jet originating from MPI as shown in Table 9.5.
Figure 9.3 compares the shape of the templates of MPI-containing/all-prompt ¢t + >1b
events in dilepton signal regions, normalised to the same areas. A strong shape effect is
seen in SRIQfg’ge and SRffg%fj , V\iith almost none in SRIQOZOZS:] . This suggested that fitting
a separate MPI template for ¢t + >1b events might be feasible in the current fit setup.
However the low absolute number of such events, as well as its status as a background
to the main measurement, meant that the inclusion of a separate template for these
events was not considered likely to significantly improve the sensitivity of the principal
measurement.
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Figure 9.2.: Distributions of tf + >1c events either containing at least one or lacking
any c-jets from MPI, in dilepton channel signal regions, normalised to equal
areas in each region to allow shape comparison.
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Figure 9.3.: Distributions of tf + >1b events either containing at least one or lacking
any b-jets from MPI, in dilepton channel signal regions, normalised to equal
areas in each region to allow shape comparison.
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9. Fit Studies

Table 9.5.: Fraction of b-jet events containing at least one b-jet from MPI in the dilepton
channel, in the combined fit.

Region i+ 1b MPI /% tf + >2b MPI /%

CR2%% 6.21 4.12
CR3"™ 2.76 2.81
CR;™ 2.86 2.89
SRyl 2.97 3.01
CRY*=Y 5.45 3.35
CRy=Y 2.72 2.30
CR3 =Y 3.16 2.47
SRy = 3.39 2.58
SRy 3.06 2.27
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cHAPTER 10

Results

In this chapter the results are shown of performing profile likelihood fits in both a fiducial
and inclusive phase space as described in Chapter 7, fitting the expected number of events
from the MC simulations described in Chapter 4. The pre-selection and choice of regions
and observables are as laid out in Chapter 6, using the systematics model described in
Chapter 8.

10.1. Fiducial phase space measurement

Here the results found for the measurements in the fiducial phase space are presented.
Two parameterisations are used: one employing signal strengths for each tf + jets cate-
gory and one using ratios. However since they converge to the same cross-section values,
only one: the fit using signal strengths for each tZ + jets category (tisr4>acs ftit1cs Htis>1b
and fi4z41igne) 15 presented in full. The fit using the ratios Ry >oc, Rippic, Rygy>1p and
the overall normalisation fi7 4 jets has the same fitted values for NPs and the same set of
correlations between them, so only its measured values are discussed.

Fit to Asimov pseudo-dataset

A profile likelihood fit is performed to an Asimov pseudo-dataset, defined in Section
7.1. The fitted values from both parameterisations are shown in Figure 10.1, with all
values equal to one as expected. The expected uncertainties obtained for pz,>o. and
fis1e are TOTao and 0152 respectively, with uncertainties of around 7% and 5% for the
tt+>1b and ¢t +light contributions respectively. The ratios have slightly smaller relative
uncertainties than their comparable signal strength, with an expected uncertainty for the

overall tf + jets signal strength of around 5%. This reduction is likely due to the effective
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Figure 10.1.: Signal strengths for each tf+ jets category in fits to an Asimov pseudo-
dataset, in a fiducial phase space. Central values are all one, as expected
in this fit test. Uncertainties include both statistical and systematic un-
certainties. Left: fitted signal strengths for each event category. Right:
Ratios of each category except tt + light, with a signal strength describing
the overall ¢t + jets normalisation.

cancellation of uncertainties related to detector effects, since those due to modelling are
decorrelated between categories.

All systematic uncertainties show no pulls in their NPs, as expected. However some no-
table constraints are seen. Table 10.1 shows all constraints below the threshold % = 0.9,
with the most constrained shown first. The large majority are related to the modelling
of the tt system, in particular uncertainties in the choice of parton showering simulation
and NLO matching. Several of the NPs related to the calibration of the b/c-tagger are
also constrained.

The most constrained have been the subject of dedicated investigations, as described
in Section 9.2. Looking at the two most strongly constrained NPs, it was determined that
the constraint on the t¢ + light parton shower uncertainty affecting three-jet-exclusive
regions was primarily due to its shape effect in SRIQfgge. In this region, systematic varia-
tions act in opposite directions in different bins of the distribution, so this strong shape
effect may be ‘disfavoured’ during fitting. Regarding the constrained NP related to uy
for tt + >1b events, as mentioned in Section 8.3.1, in certain regions the variation of the
NP to one standard deviation has a very large impact on the predicted number of events.
Therefore it is unsurprising that such a constraint is seen post-fit, as a large variation
of the NP would significantly change the final data/prediction agreement.

Fit to ATLAS data

The fit to ATLAS data in a fiducial phase space is detailed here. This result is the
principal one of the analysis as presented in Ref. [1].
The calculated correlations between each NP and signal strength (where at least one
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10.1. Fiducial phase space measurement

Table 10.1.: Constraints ﬁ—g of nuisance parameters in a fit to an Asimov pseudo-dataset
in a fiducial phase space. Only those with %«9 < 0.9 are shown, ordered

from most to least constrained.

Nuisance Parameter Constraint AG/Af ‘ Nuisance Parameter Constraint A8/Af
tt + light parton shower 3j 0.330 tt + 1¢ NLO matching 0.704
tt+ >1b ug 0.347 tt + >1c FSR 0.726
tt + 1b NLO matching 0.421 tt + light NLO matching 0.744
tt + light parton shower 5j 0.494 JES pileup p topology 0.752
FTAG Light NP 0 0.589 tt + >2c¢ NLO matching 0.779
tt + >1b dipole recoil 0.597 tt + light FSR 0.797
tt + >2b NLO matching 0.601 tt + >2b parton shower 0.802
tt + light parton shower > 4j 0.618 tt + 1b parton shower 0.847
FTAG CNP 1 0.625 tt + >1c hdamp 0.847
tt + 1c parton shower 0.628 FTAG C NP 0 0.863
lepton + jets fakes normalisation 0.679 FTAG B NP 5 0.879
tt + light parton shower > 6j 0.685 FTAG Light NP 3 0.883
tt + >2c¢ parton shower 0.695 FTAG Light NP 1 0.888
tt + light hdamp 0.701 FTAG B NP 3 0.899

correlation is > 20%) is shown in Figure E.4, which uses the fit setup with individ-
ual signal strengths. The correlation between the signal strengths pi,zy >0, and pyzy1. is
+17.4%. This is notable as one could expect a negative correlation if these categories
behaved interchangeably in fitting. This underscores that, as modelled, they behave as
distinct processes, supporting the decision to measure them separately in this analysis.
Strong (anti-)correlations appear between some of the key ¢t + >1b modelling uncertain-
ties: specifically between the uncertainty on the p%ard parameter for t¢ + 1b events, and
both the £+ >2b pha'd and £+ >1b iy uncertainties. Similarly a strong anti-correlation
is seen between the tt +>1b uy and ppy NPs. The majority of these show a constraint on
their NP, with the tf + 1b p}%ard NP also having a pull 9;20 ~ 0.8. The study described
in Section 9.3 was partly aimed at lessening these, but did not find an alternative fit
model without significant sacrifices in sensitivity.

Figure 10.3 shows the ten most significant NPs ranked by their impact on the POlIs:
the signal strength for t£+ >2c and ¢t + 1c events, as well as their respective ratios to the
tt + jets cross-section. The impact of each NP is calculated using the linear correlation
coefficient between the NP and POI, as well as the post-fit uncertainty of the NP and
POI [262]. In each case the rankings are similar between the signal strengths and ratios.
For tt+>2¢, the most significant NP is the first one related to the calibration of c-tagging
WPs, with the second one also featuring in the ranking. The first is also highly ranked
for tt+ 1c POISs, reflecting that these NPs impact the definition of the signal regions, and
highlighting the key nature of HF tagging in this analysis. The majority of the other
highly ranked systematic uncertainties for tt + >2c and tt + 1lc relate to the modelling
of the tt + jets system, especially modelling of tt + >1c.
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Figure 10.2.: Matrix showing the percentage correlation between nuisance parameters
and tt + jets signal strengths, in a fit to ATLAS data in a fiducial phase
space. Only those nuisance parameters and signal strengths which have at
least one correlation > 20% are shown.
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Figure 10.3.: Plots showing a ranking of the ten most impactful systematic uncertainties,
in fits to ATLAS data in a fiducial phase space, on a) ¢t + >2¢ signal
strength b) ¢t + lc signal strength c¢) Ryy>o. d) Ryzyie. The latter two
denote the fraction of events in that category relative to all tf + jets events.
The impact is calculated using the covariance matrix and the uncertainties
of parameters, and is shown in green. The post-fit values and uncertainties
of these nuisance parameters is also shown, relative to their pre-fit values.
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Among these, a notable constraint (ﬁ—g = 0.57) can be seen on the NP related to

the choice of parton shower algorithm for t£ + 1lc, as well as a pull of 9;20 = 0.75.
When the effect of the ‘preferred’ upward variation of this NP is examined, it produces a
significant increase in the ¢t + 1c contribution across all signal regions. These regions are
highly enriched in tt+ 1c¢ events, and pre-fit data/prediction comparisons show an under-
prediction there. Therefore the pull can be interpreted as acting to improve agreement,
with the constraint related to the large impact of the pre-fit uncertainty. Also highly
ranked and constrained, albeit less so (ﬁz = 0.66), is the NP associated with tf + >1c¢
FSR modelling uncertainty. Investigation of this constraint suggested the constraint is
linked to the uncertainty’s effect on ¢t + 1c events in lepton + jets channel signal regions,
and the large impact variation of this NP has there. Similar rankings, calculated using
two different methods, can be found in the Appendix E and show a similar set of the
most highly ranked uncertainties, with slightly differing orderings in some cases.

The other highly impactful non-modelling NPs are the ones related to JES pileup p
topology, impactful for ¢t + >2¢, and the uncertainty of the fake lepton contribution in
one bin of the SR region, for tt + lc. The former is less significant for the ratio

loose _
Ry >9., as may be expected given that it scales all ¢t + jets contributions, allowing

cancellation in the ratio setup. Its NP shows a moderate pull of eggo = 0.63. The full
set of NP pulls and constraints can be found in Figures 10.4 and 10.5.

The goodness-of-fit value for this fit, calculated using a saturated model, is 98.2%,
indicating good agreement.

Figures 10.6 and 10.7 show a post-fit comparison between data and simulation in the
signal regions, which can be compared to the pre-fit plots in Figures 6.2 and 6.3. These
also show good agreement in the final fit.

The fiducial cross-section values calculated from the signal strengths are:

i <00 = 1.28F018 (stat) £03} (syst) pb = 1287037 pb

10.1
agilc =6.510% (stat) +£0.8 (syst) pb=6.41}0 pb (10.1)

The overall impact of each group of uncertainties is given in Table 10.2. This also
uses the correlations as the basis for calculating impact, and the uncertainties can be
combined by addition in quadrature. Among systematic uncertainties, the most sig-
nificant group is the one concerning modelling of £ + >1c events, contributing a 9%
uncertainty to the tt + >2c¢ cross-section and 8% for ¢t + lc. Notably, c-tagging calibra-
tion uncertainties contribute significantly more to the uncertainty of o7y >9. than oy
(9% vs. 4%). This follows the pattern observed in the highly ranked individual NPs,
and likely originates from the observed mis-match between data and MC prediction in
the c-dominated signal regions, as shown in Figures 6.2 and 6.3. The data statistical
uncertainty of 11% and 7% for o4z >9, and oy, respectively includes the uncertainties
in the normalisation of ¢ + >1b and tt + light. Of the analysis regions, the greatest
data statistical uncertainty is observed in the ‘tight’ signal regions requiring two jets
tagged with the c@11% working point. The overall uncertainties seen are similar to the
expected values from the fit to an Asimov pseudo-dataset.
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Figure 10.4.: Pulls of instrumental NPs in a fit to data in a fiducial phase space, grouped
into those related to a) jets b) c-jet flavour tagging c) b-jet flavour tagging
d) light jet flavour tagging e) other experimental NPs.
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Figure 10.5.: Pulls of modelling NPs in a fit to data in a fiducial phase space, grouped
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Figure 10.6.: Post-fit plots comparing MC predictions and data in signal regions SR, 7,

SRtlfgi{t and SRIQfgg;. The lepton + jets signal regions use the observable

M;{;inAR, the invariant mass of the two c-jets separated by the smallest

AR. In SRtlfgift only those c-jets tagged with c@11%, the tighter c-tagging
2035

working point, are considered. Events in SR, -, have only one c-jet, so the
observable is Mé})‘inAR, the invariant mass of it and the closest b-jet. Events
outside the range are put into the first or last bin, and the blue uncertainty
band includes both statistical and systematic uncertainties.
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Figure 10.7.: Post-fit plots comparing MC predictions and data in signal regions SRlloe OZSSJ‘ ,

SRtliZg%?j and SRIQf Ozsgj and SRffg%fj . The observable used is the jet multiplic-
ity. The last bin additionally contains events with jet multiplicities greater
than the maximum shown, and the blue uncertainty band includes both

statistical and systematic uncertainties.
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Table 10.2.: Fractional uncertainty contributed by different uncertainty groups to the
measured fiducial cross section values of ¢t + >2¢ and tt + le. Values are
estimated from the covariance matrix between parameters. Uncertainties
on the normalisation of ¢t + >1b and tt + light events are included in the
‘Data statistical uncertainty’ category. Data taken from Ref. [1].

Uncertainty group Fractional uncertainty [%] on
Ott4+>2¢ Ott+1c

tt + >1c modelling 9 8
Background modelling:

tt+ >1b 4 4

tf + light 6 4

Others 2.5 1.7
Instrumental:

b-tagging 2.2 1.8

c-tagging 9 4

light mis-tagging 2.2 3.4

JES/JER 6 3.5

Others 1.3 0.9
MC statistics 3.1 2.5
Total systematic uncertainty 17 12
Data statistical uncertainty 11 7
Total 20 14
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Table 10.3.: Comparison of the measured and predicted values for cross-sections of
tt+>1b, tt +>2c and tt + 1c, and for the ratios of these to inclusive tt + jets
production, measured in a fiducial phase space. Measurement uncertainties
include statistical and systematic uncertainties, and prediction uncertainties
include variations of the ugr and up scale choices (independent and simul-
taneous), as well as uncertainties in the choice of PDF set. Predictions are
from the nominal inclusive tf simulation or dedicated ¢tbb simulation, both
using POWHEG+PYTHIAS.

Meastred tt or tthb
POWHEG+PYTHIAS
Oiy>1 [PD] 3.46 £0.24 32+1.6
Oy 20 PP 1.28£0.25 1.04+0.18
Rizy>1p [%0)] 72404 6.5+£3.3
Rigy>oc (%] 2.74+0.5 21404
Rigiie [%]  13.74+1.8 10.3+1.6

For the ratio fit setup, the values obtained for ¢t + >2¢ and tt + lc are Ry >o. =
(2.740.5)% and Rz, = (13.7 £ 1.8)%. As expected, the relative uncertainties on the
POlIs are slightly lower than in the signal strength fit due to cancellation of uncertainties.
However the difference is fairly small, due to the limited correlations between the most
important modelling uncertainties across different ¢t + jets categories.

In Table 10.3, the measured cross sections and ratios for t£ + >2¢, tt + 1c and tt +>1b
are compared to their predicted values, taken from the nominal MC samples described
in Section 4.1. For tt + >2c and tt + lc, the relevant sample is a 5FS t¢ inclusive one,
while the tf + >1b values are compared to dedicated 4FS ttbb samples, both employing
POWHEG+PYTHIAS.

In all cases, the measured values agree with the predictions within one to two standard
deviations, but exceed them. This pattern is consistent with that seen in the previous
CMS analysis [104], as well as other recent ATLAS analyses, such as the measurement of
tt with additional b-jets in the ey ¢t final state [263]. A broader comparison is shown in
Figure 10.8, which includes all measured cross-section values: inclusive ¢t + jets, tt+light,
tt+1c, tt +>2c and tt + >1b. These are compared to the predictions from the full range
of tt and ttbb MC samples, including those with alternative generation setups used to
estimate systematic uncertainties. The uncertainties of the predictions include variations
of the pr and py scale choices (independent and simultaneous), as well as uncertainties
in the choice of PDF set. The values plotted are given in Table E.1 in Appendix E.

The tt + jets and tt + light predicted cross-sections mainly agree within one standard
deviation, though show a tendency to slightly over-predict the measured value. In par-
ticular for the ¢t +light cross-section, the measured value is approximately one standard
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deviation lower than the predictions. For ¢t 4+ >1b, all predictions show good agreement
with the measured value, with those from dedicated ttbb simulations having notably
larger uncertainties. Nonetheless all except one under-predict this cross-section. For
the tt + 1c cross-section, all POWHEG + PYTHIA 8 setups show a similar level of under-
prediction, though considering both measurement and prediction uncertainties agree
within 0.9 to 1.1 standard deviations. However the setups using POWHEG + HERWIG 7
and MADGRAPH5_aMC@QNLO + HERWIG 7 show larger disagreement, under-predicting
at the level of two standard deviations.

A similar pattern is seen for ¢t + >2¢, with POWHEG + PYTHIA 8 setups agreeing
within 0.5 to 0.8 standard deviations, and the others having larger under-predictions at
a level above one standard deviation.
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Figure 10.8.: Comparison of cross-section values, measured in a fiducial phase space, to
predicted values taken from MC simulation. Some cross-section values are
multiplied by 0.1 for ease of visualisation. The nominal predicted values
are either from a 5FS inclusive ¢t simulation, or a dedicated 4FS ttbb sim-
ulation, both using POWHEG+PYTHIAS. Alternative samples use different
simulation setups. The uncertainties of the predictions include variations
of the g and pp scale choices (independent and simultaneous), as well as
uncertainties in the choice of PDF set. Figure taken from Ref. [1].
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Additional fit setups

Alternative fit setups are also used in the fiducial phase space to validate the results. In
one, the tt + >2c and tt + lc signal strengths are separated between the lepton + jets
and dilepton channels, testing the compatibility between the fits in each channel. This

measures values of O'tlthr>20 =1.5+0.4 pb and Utlfﬂc = 6.4+ 1.1 pb for the lepton + jets
channel, and Jt2t£+22c = 1.18 £0.25 pb and Ut2t’é+1c = 6.4+ 1.0 pb for the dilepton channel,

which are consistent with the nominal result within uncertainties. A x? test performed
on the difference in each setup’s log-likelihood yields a value of 58%, indicating good
compatibility between the setups.

Another fit is performed using a single signal strength to scale both tt+>2c and tt+1c
events. The systematic uncertainties related to NLO matching and choice of parton
shower algorithm, which are decorrelated between tt + >2c¢ and ¢t + 1c in the nominal
setup, are also recorrelated. This gives a cross-section value of 0,7, ~1. = 8.2+ 0.9 pb.
The result is consistent within uncertainties with the sums of the nominal values, and
has a slightly lower relative uncertainty.

10.2. Inclusive phase space measurement

Here the results are presented from the fits performed in an inclusive phase space, without
the fiducial phase space cuts described in Section 7.2. Otherwise, the fit is performed in
an identical way to the previously described fiducial phase space fit. Since the fitted NPs
follow a similar pattern of correlations, pulls and constraints as that principal result, it
is here discussed in less detail, only considering the fit to data. A more complete set of
figures related to this fit are included in Appendix E.

Figure 10.9 shows the impact of the most significant uncertainties on the tf 4+ >2¢ and
tt + 1c signal strengths and ratios, alongside their pulls. Both of these are largely similar
to those in the fiducial fit, being dominated by uncertainties related to tf modelling
(especially ¢t + >1c modelling) and the calibration of the b/c-tagger.

The goodness-of-fit in this setup, using a saturated model, is 99.5%, slightly higher
than the fiducial fit setup.

The calculated cross-sections and ratios are shown in Table 10.4, alongside compar-
isons to the values from the relevant nominal MC simulation. Notably, the ratios Rz >o.
and R;7, . are significantly lower than in the fiducial phase space. This is a natural con-
sequence of the different phase space considered, without requirements on the transverse
momentum of the objects. The fractional uncertainties are slightly larger than those in
the fiducial measurement. The measured values are under-predicted by simulation to
a similar extent, agreeing with the nominal predicted values at a level of around one
standard deviation.
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Figure 10.9.: Plots showing a ranking of the ten most impactful systematic uncertainties,
in fits to ATLAS data in an inclusive phase space, on a) tt + >2¢ signal
strength b) ¢ + lc signal strength c¢) Ryzy>9. d) Ryzy1.. The latter two
denote the fraction of events in that category relative to all tf + jets events.
The impact is calculated using the covariance matrix, and the uncertainties
of parameters, and is shown in green. The post-fit values and uncertainties
of these nuisance parameters is also shown, relative to their pre-fit values.
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10. Results

Table 10.4.: Comparison of the measured and predicted values for cross-sections of
tt+>1b, tt +>2c and tt + 1c, and for the ratios of these to inclusive tt + jets
production, measured in an inclusive phase space. Measurement uncertain-
ties include statistical and systematic uncertainties, and prediction uncer-
tainties include variations of the i and py scale choices (independent and
simultaneous), as well as uncertainties in the choice of PDF set. Predictions
are from the nominal inclusive ¢f simulation or dedicated tfbb simulation,
both using POWHEG+PYTHIAS.

tt or tibb

Measured POWHEG-+PYTHIAS

oip>1 [Pb]  13.0£0.9 1244
Oiips2e [Pb]  BA+1.1 4.440.7
Oii+10 [Pb)] 3846 31+4

Riys1 (%) 3144023  2.6+0.8
Rizysoe [%]  1.23+0.25 0.97+0.16
Riir1c [%)] 88+1.3  6.9+1.0

10.3. Comparison of uncertainties and results to the CMS
analysis

A comparison is made in Section 7.4 of the event selections, fit parameterisations and
fiducial phase space definition in this analysis with those of the CMS analysis [104]. Here
the uncertainties considered and results are compared.

In addition to differences in instrumental uncertainties due to detector differences, the
set of modelling uncertainties employed has some notable differences. Those used here
are described in detail in Section 8.3.1, and are mostly common to other ATLAS analyses
in this area. The CMS analysis includes dedicated b- and c-fragmentation uncertainties,
which are not used here. It does not include uncertainties dedicated to the use of an
alternative parton shower algorithm, or those related to NLO matching. Furthermore, as
indicated in the publication, all uncertainties are correlated within ¢t + >2¢/tt 4+ 1c and
tt+>2b/tt+1b categories, whereas in this analysis the NLO matching and parton shower
variation uncertainties are decorrelated between these groups (with further decorrelation
of the parton shower variation uncertainty for ¢¢ + light events). This is motivated by
a desire to account for these categories being sensitive to systematic effects in different
ways, the same motivation for measuring tf + >2¢ and tt + 1lc separately. The lack of
correlation between their signal strengths, and the high impact of these uncertainties.

Due to the differences in phase spaces and signal definitions between the analyses, the
measured cross-section and ratio values from the CMS analysis, shown in Appendix A,
cannot be compared directly to these results. However they show a similar pattern of
NLO+PS simulation under-predicting the measured values at the level of one to two
standard deviations. The relative uncertainty of those measured values for oz, 9. are
slightly lower, being approximately 18% compared a relative uncertainty of 20% in this

106



10.3. Comparison of uncertainties and results to the CMS analysis

analysis. These fractional uncertainties are similar across both phase spaces used.

To give an indication of the effect of the differing systematics models between analyses,
an additional fit is performed, neglecting parton shower algorithm and NLO matching
uncertainties. This makes the systematic uncertinty model employed more similar to
the CMS analysis. It is performed in the fiducial phase space. The relative uncertainty
for the tt + >2c contribution decreases to 18%, and the value agrees with that from the
nominal fit model. However the fitted ¢£ + 1c contribution, despite a larger decrease in
uncertainty of five percentage points, only agrees with the nominal value at the level of
two standard deviations. The goodness-of-fit for this setup, evaluated using a saturated
model, is significantly decreased at 36.8%. Additionally, a significant number of new and
increased pulls are seen on NPs. Therefore it can be concluded that neglecting parton
shower and NLO matching uncertainties would not provide a feasible alternative without
other significant changes to the fit setup.
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cHAPTER 11

Summary and Conclusions

The production of top quark pairs in association with charm quarks presents a challenge
in the modelling of QCD processes at different energy scales. Additionally, it represents
a major background to searches for rare processes, including those beyond the SM. Ex-
perimentally, the efficient identification of c-jets presents an even greater challenge than
the equivalent process for b-jets, especially when the two are performed simultaneously.

This thesis presents the first dedicated ATLAS measurement of this process, and the
first overall to separately measure the cross-sections of tt + >2c¢ and tt + 1c events. The
definition of these event types in simulation, as well as other ¢t + jets categories, is pro-
vided by the ‘heavy flavour classification’ scheme. The dataset used was collected by the
ATLAS experiment at the LHC at /s = 13 TeV from 2015-2018, with a correspond-
ing integrated luminosity of 140 fb~!. Two top quark decay channels are considered:
lepton + jets and dilepton. To address the challenges in flavour-tagging, a custom algo-
rithm, the b/c-tagger, is employed. Based on the existing ATLAS DL1r tagger, it uses
new 2D working points requiring custom calibration. A total of 12 control regions and
7 signal regions are defined across both channels, using the overall multiplicity of jets,
as well as the number of b/c-tagged jets. In this way the control regions are enriched in
tt+1b and tt+light events, while the signal regions contain a large tf+ >2c contribution.

A profile likelihood fit is then applied in two different phase spaces: one fiducial phase
space with cuts applied at generator level to mimic detector acceptance, and one inclusive
phase space without such cuts. In each case separate fits either directly measure the
cross-sections for tt + >2c, tt + 1c, tt + >1b and tt + light events; or the inclusive tf + jets
cross-section alongside the fractional contribution of £+ >2¢, tt+1c and tt+>1b events.
A significant amount of work was done to validate and understand the fit model, in light
of the pulls and constraints seen on nuisance parameters; particularly those associated
with modelling.

In the fiducial phase space, the measured cross-sections are o1 >9, = 1.28f8:§1 pb
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11. Summary and Conclusions

and o1, = 6.4;%:8 pb. Predicted values from a range of NLO+PS simulations show
agreement within 0.5-2 standard deviations, but tend to under-predict the measured
values. The limiting factors of the analysis are modelling of the tf and ttbb systems, as
well as uncertainties from flavour-tagging calibration and data statistics.

While direct comparison or combination of the results with those from other analyses
is not possible due to the phase spaces and selections used, the observed under-prediction
is consistent with previous analyses, including the CMS measurement of ¢t + >2c events
[104]. The sensitivity achieved in this measurement of ¢t + >2¢ is comparable to that
analysis, while providing the first measurement of ¢t + 1c.

These results, and the comparison to a large range of MC simulation setups, provide
crucial input for future work on the modelling of top quark pairs in association with
charm quarks, as well as the modelling of multi-scale QCD processes more broadly. In
particular, the separate measurement of tt + >2¢ and tt + lc provides more granular
information than has previously been published. While not definitive, this measurement
adds to the suggestion of some tension between data and current NLO+PS simulations
of the ¢t system in association with additional heavy-flavour jets.

Future measurements of this process would likely benefit from the production of ded-
icated tf + c¢ simulations in the 3FS, similar to the existing 4FS tfbb samples. These
would include gluons splitting to c¢ directly in the matrix element. The fact that ¢t
modelling is the most significant source of uncertainty highlights the need for further
work on the modelling of this system.

Furthermore, benefit may be derived from the use of the latest ATLAS flavour-tagging
algorithms, based on graph neural networks [264]. These boast significantly improved
performance, with development and calibration being completed at time of writing of
the next-generation GN2 tagger. These should allow purer selections of signal regions
with higher statistics - important since ¢t + >1c events in these regions are the only
significant source of statistical uncertainty in the analysis.

The addition of the I'Tk inner detector for the future HL-LHC, scheduled to begin
operation in 2030, should further improve the performance of flavour-tagging due to en-
hanced tracking capabilities [265]. The combination of more data, improved algorithms,
and higher-quality tracking should provide significant opportunities to more precisely
measure this process. It may also become feasible to perform a high-quality differential
measurement of the ¢t + >2¢ and tf + 1c processes, providing more information for the
use of future studies.
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APPENDIX A

CMS Analysis Results

Table A.1.: Summary of results from CMS measurement of top quark pairs in asso-

ciation with charm quarks [104].

Measured results have their statistical

and systematic uncertainties listed in that order, and are compared to
predictions from tt samples generated using POWHEG Boxv2 and MAD-
GRrRAPH5_ aMCQ@NLO v2.4.2 matrix element generators.

Result PowHEG Box MADGRAPH5_aMC@NLO
Fiducial phase space
oitee [Pb]  0.207 £0.025 £0.027  0.187 £+ 0.038 0.189 £ 0.032
omp [Pb]  0.132+£0.010 £0.015  0.097 £ 0.021 0.101 + 0.023
oL [pb] 5.15+0.124+0.41 5.95 +1.02 6.32 +£0.94
R.[%] 3.01+0.34+0.31 2.53+0.18 2.43 +0.17
Ry[%] 1.93+0.15+0.18 1.31+0.12 1.30 £ 0.16
Full phase space
Osice [PD] 101+1.24+14 9.14+1.8 8.9+1.5
oy Db 4.54 +0.35 = 0.56 3.34 £ 0.72 3.39 £ 0.66
o [pb] 220+£5+19 255 £43 261 4+ 37
R.[%)] 3.36 £0.38 = 0.34 2.81 +£0.20 2.724+0.19
Ry [%] 1.51+0.11 £ 0.16 1.03 +0.08 1.03 £ 0.09
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APPENDIX B

Expected Number of Events in Analysis Regions

Table B.1.: Expected and observed number of events in the control regions of the lepton+
jets channel. All uncertainty components are included.

CR;* CR}*=% CRS® CR,=% CR3*™ CR3=%

tt + >2¢ 1920 + 180 4060 + 370 369 + 38 780 + 100 40 + 8 120 + 19
tt + lc 10200 + 1100 10200 £ 1300 2380 + 210 2520 + 380 115 + 21 150 £+ 33
tt + >2b 1400 + 400 2760 £ 340 5400 £1600 1300041200 390 £130 1250 &+ 150
tt + 1b 3400 £1200 4100 4+1000 8300 £3200 102004+ 1700 440 £210 700 £ 130
tt + light 49600 + 6000 32000 £ 4000 7100 + 900 4700 £+ 800 45 + 16 51 + 26
Diboson 54 + 28 57 + 29 38 + 19 40 + 20 1 + 1 2 £+ 1
W4jets 730 £+ 360 640 =+ 320 490 + 240 510 + 260 14 + 7 24 + 12
Z+jets 192 £ 70 151 + 57 145 + 53 136 £+ 50 4 £ 2 6 + 2
tHw 105 + 15 192 + 28 20 + 3 53 + 8 1 £0 5 + 1
tz 125 + 16 267 + 34 166 £+ 20 392 + 56 12 £ 2 38 + 6
ttH 120 £ 60 270 £+ 140 380 + 190 900 =+ 400 28 + 14 90 =+ 50
Single top Wt 1900 + 500 1300 £+ 500 660 =+ 210 670 =+ 280 28 + 14 46 + 21
Single top s-channel 28 £+ 15 14 + 8 28 £+ 16 17 +£ 10 1 +£ 1 1 £ 1
Single top t-channel 380 + 220 250 + 170 360 + 240 310 + 240 10 £ 8 15 + 12
Single top other 3 + 1 4 + 2 1 £ 0 1 £ 1 0 £ 0 0 £ 0
Fakes electron 1790 + 900 1700 £+ 900 1300 £+ 700 1400 + 700 39 + 24 100 + 50
Fakes muon 0 £ 15 0 + 13 170 + 90 25 £+ 27 3 £5 0 + 3
Total MC 72000 £ 7000 57000+ 6000 27000=+4000 3570043300 1170=£280 2600 % 270
Data 69136 56277 30388 37209 1345 2728
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B. Expected Number of Events in Analysis Regions

Table B.2.: Expected and observed number of events in the control regions of the dilepton
channel. All uncertainty components are included.

CRf“] CR%QM CRézsj CRgZEM CRg“J CR;Z;@

tt + >2c¢ 950 + 140 2860 + 240 17 + 4 139 + 21 54 + 13 410 + 40
tt+ le 10600 = 1100 13400 £+ 1700 226 + 29 390 £ 70 570 £100 970 =+ 200
tt+ >2b 1200 + 400 2580 + 170 400 £120 2700+£400 230 £ 70 1150 £ 90
tt+1b 5000 =+ 2400 6100 £+ 900 1400 £ 700 2230 +260 800 +400 1300 £ 130
tt + light 192000 + 24000 125000 £ 10000 72 + 14 121 + 33 300 £ 70 500 £ 110
Diboson 70 £+ 40 80 + 40 1 £ 1 2 +1 1 £ 0 2 + 1
Z+jets 4700 £ 1600 3100 + 1100 50 + 18 97 £+ 34 56 =+ 21 99 £ 35
tHW 167 + 33 410 £ 60 1 £ 0 10 £ 1 3 £ 1 17 +£ 2
ttZ 170 + 60 540 £ 100 10 + 2 80 £ 11 7T £ 1 51 £ 7
ttH 100 + 50 340 + 170 25 £ 13 180 = 90 14 £ 7 80 =+ 40
Single top Wt 6200 =+ 1200 3700 + 1100 61 =+ 27 130 + 60 58 + 19 100 £+ 40
Single top other 19 +£ 0 30 +£ 1 1 £ 0 3 £ 0 1 £0 2 £ 0
Fakes 2100 + 500 2000 + 500 17 £ 4 74 £+ 19 20 £ 5 75+ 19
Total MC 223000+ 24000 160000+ 12000 2200+ 700 61004500 2100 +400 4800 £ 400
Data 213185 152931 2682 6725 2640 5655

Table B.3.: Expected and observed number of events in the signal regions of the lepton+
jets channel. All uncertainty components are included.

SRigore  SRigoe’  SRigh  SRyLY

tt+ >2c 250 + 52 830 +150 124+ 27 410 + 70
tt+ 1c 640 £120 920 £230 260+ 50 350 £+ 100
tt+ >2b 120 £+ 40 380 + 60 70 £ 28 227 + 35
tt+1b 230 +£110 410 £110 110+ 40 190 £ 50
tt + light 1110 +210 1170+290 117+ 39 130 £+ 50
Diboson 3 £ 2 5 £+ 3 1 £ 1 2 + 2
W +jets 35 + 18 49 £ 26 8 £ 5 16 £ 9
Z+jets 10 £ 4 13 £ 5 3 £ 1 5 £ 2
tHW 7T+ 2 23 + 4 3 +£0 8 + 2
ttz 12 £ 2 42 £+ 7 6 £ 1 18 + 3
ttH 12 + 6 41 + 21 6 £ 3 22 +£ 11
Single top Wt 73 + 32 86 + 37 19+ 7 30 + 20
Single top s-channel 1 £1 1 £0 0+ 0 0 +£0
Single top t-channel 0 £ 0 1 +£0 0+ 0 0 £ 0
Fakes electron 94 =+ 52 98 =+ 55 15 £ 12 48 + 29
Fakes muon 0 £+ 3 0 + 4 0+ 2 1 + 3
Total MC 2620 £370 4100 £600 750+ 110 1460 + 220
Data 2976 4443 913 1705
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Table B.4.: Expected and observed number of events in the signal regions of the dilepton
channel. All uncertainty components are included.

SRigore  SRinee’ SR
tt+ >2c 180 £ 50 1130+ 80 139423
tt+ 1c 1380 £300 2200+ 600 36 £13
tt+ >2b 150 + 50 650 + 50 50 £ 5
tt + 1b 520 £240 950 + 80 28 + 9
tt + light 1780 £320 2900 £500 24 +12
Diboson 2 £ 1 8 £ 4 0 £0
Z+jets 140 £+ 50 210 £ 80 7T £3
W 12 £ 2 62 £ 9 2 £0
tz 1 + 1 90 + 12 7T +1
ttH 12 + 80 =+ 40 6 + 3
Single top W't 110 £+ 40 180 £+ 60 5 + 4
Single top other 1 £ 0 4 £ 0 0 +0
Fakes 53 £ 14 150 £+ 40 6 £ 2
Total MC 4300 £ 500 8700900 31040
Data 5015 9668 340
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C. Pruning of Systematic Uncertainties
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Figure C.1.: Pruning of systematic uncertainties in (from left to right) CR]
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C. Pruning of Systematic Uncertainties

Figure C.3.: Pruning of systematic uncertainties in (from left to right) CR]
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C. Pruning of Systematic Uncertainties
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Figure C.5.: Pruning of systematic uncertainties in (from left to right) CR;
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Figure C.6.: Pruning of systematic uncertainties in (from left to right) CR%K?’j , CR%EEM ,

CR%gf’j and CR;ZZ(Sj . Continued on following page. Colour key and list of
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C. Pruning of Systematic Uncertainties

Figure C.7.: Pruning of systematic uncertainties in (from left to right) CR;
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Figure C.11.: Pruning of systematic uncertainties in (from left to right) CRj
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Figure C.13.: Pruning of systematic uncertainties in (from left to right) SR
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Figure C.15.: Pruning of systematic uncertainties in (from left to right) SR
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Figure C.16.: Pruning of systematic uncertainties in (from left to right) SRIng’ge, SRffoZS;lj ,
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Figure C.19.: Pruning of systematic uncertainties in (from left to right) SR
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Figure C.20.: Pruning of systematic uncertainties in (from left to right) SRfie:gt, SR:@{;
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and SR&T]SJ, showing colour scheme and samples considered in each region.
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APPENDIX D

Kinematics Control Plots

D.1. Pre-fit plots - lepton + jets channel
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Figure D.1.: Pre-fit agreement between data and prediction for basic kinematic variables
in CR%ZEU . The hashed band includes all prediction uncertainties. Overflow
and underflow events are contained in the first and last bin respectively.
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D.1. Pre-fit plots - lepton + jets channel
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Figure D.2.: Pre-fit agreement between data and prediction for basic kinematic variables
in CR%QGJ . The hashed band includes all prediction uncertainties. Over-
flow and underflow events are contained in the first and last bin respectively.
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Figure D.3.: Pre-fit agreement between data and prediction for basic kinematic variables
in CRM5J The hashed band includes all prediction uncertainties. Overflow
and underﬂow events are contained in the first and last bin respectively.
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D.1. Pre-fit plots - lepton + jets channel
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Figure D.4.: Pre-fit agreement between data and prediction for basic kinematic variables
n CR%ZZGJ . The hashed band includes all prediction uncertainties. Over-
flow and underflow events are contained in the first and last bin respectively.

165



D. Kinematics Control Plots
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Figure D.5.: Pre-fit agreement between data and prediction for basic kinematic variables
in CR;)Z5J . The hashed band includes all prediction uncertainties. Overflow
and underflow events are contained in the first and last bin respectively.
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D.1. Pre-fit plots - lepton + jets channel
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Figure D.6.: Pre-fit agreement between data and prediction for basic kinematic variables
in CR:I,)ZZGJ . The hashed band includes all prediction uncertainties. Over-
flow and underflow events are contained in the first and last bin respectively.
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Figure D.7.: Pre-fit agreement between data and prediction for basic kinematic variables
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D.1. Pre-fit plots - lepton + jets channel
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Figure D.8.: Pre-fit agreement between data and prediction for basic kinematic variables
in SRI1 fonS] . The hashed band includes all prediction uncertainties. Overflow

and underflow events are contained in the first and last bin respectively.
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Figure D.9.: Pre-fit agreement between data and prediction for basic kinematic variables
in SRtlf;}ft. The hashed band includes all prediction uncertainties. Overflow
and underflow events are contained in the first and last bin respectively.
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D.1. Pre-fit plots

- lepton + jets channel
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Figure D.10.: Pre-fit agreement between data and prediction for basic kinematic vari-
The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

ables in SR

spectively.
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D. Kinematics Control Plots

Figure D.11.: Pre-fit agreement between data and prediction for observables used in
fitting in lepton + jets channel control regions. The hashed band includes
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D.1. Pre-fit plots - lepton + jets channel
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Figure D.12.: Pre-fit agreement between data and prediction for observables used in

fitting in lepton + jets channel signal
all prediction uncertainties. Overflow
in the first and last bin respectively.

regions. The hashed band includes
and underflow events are contained
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D. Kinematics Control Plots

D.2. Pre-fit plots - dilepton channel
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Figure D.13.: Pre-fit agreement between data and prediction for basic kinematic vari-

ables in CRM)’j . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.
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Figure D.14.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in CR2Z>4] The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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D.2. Pre-fit plots - dilepton channel
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Figure D.15.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in CR%E?” . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.16.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in CR2€>4J The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.
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Figure D.17.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in CRgesﬂ . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.18.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in CR2€>4J The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.19.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in SRifg’ge. The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.

181



D. Kinematics Control Plots

> [ g R AR RN R R N > R B B e
8 r ¢ Data Wit>2c 7] § 2500~ ¢ Data W tt>2c | 8 7000i ¢ Data W tt>2c B
@ 60001~ Vs =13TeV, 140 fo™ [tt+1c Wit>1b 1] F {s=13TeV, 140 fo" Dtt+1c Wtt+>1b b 3 F Vs=13Tev, 140 fo" Dit+1c Wtt+>1b B
@ r Combmed1L+2L [Ott+light  [JOther Top 7 L Combmed1L+2L [Ott+light ~ [JOther Top ] > C Comblned1L+2L [tt+light  [JOther Top J
§ 5000 SRier ONon-Top [JFakes 7 20000~ SR, CNon-Top [JFakes | g 50000 SR ClNon-Top [JFakes
w r Pre-Fit 7 Uncertainty 1 L Pre-Fit 77 Uncertainty i i} r Pre-Fit 77 Uncertainty 1
L ] [ ] 50001~ =
40001~ 3 1500~ = E ]
L . ] t 1 = 7 4
Y ! r ] 4000: / 1
3000 7 3 [ ] r ]
£ ] 1000~ = 3000F -
20001 4 r ] 5 ]
C | L ] 2000~ -
L 1 500— — L ]
r} - L E ]
1000) ] E 1000) =
. ] ]
L 4 L Iy T L | L
3 12‘5‘ o Xndi=89710" " Fprob =054 3 12; ¥éindf = 127710 y2prob = 0.24 3 12; x%/ndf =8.8/10  y2prob = 0.55
o ///9/ y i = F ... % e ® 4 = ke 0 e S y
8 075 8 075 8 075
0550 700 150 200 250 300 350 400 055 5 15 1 05 0 05 1 15 2 25 0% 50 100 150 200 250
leading jet p, [GeV] leading jet n ET™ [GeV]
3 40000 9 @ AININIAM A A s A A = TS T
I} ¢ Data Wt>2c 1 & 22008 @ Data mt>2c o 310000 # Data Wt>2c |
235000 Vs =13TeV, 140 fb" Mtt+1c Wt O E {s=13TeV, 140 fb" [tt+1c Wit 8 Vs = 13TeV, 140 fo" [tt+1c Wtt+>1b 1
P Combined 1L+2L  [Jtt+light  [JOther Top 3 Camblned1L+2L Cttslight  [JOtherTop 3 3 Combined 1L+ 2L [Jtt+light  [JOther Top ]|
§30000 o D Non-Top [JFakes  J oo I:l Non-Top []Fakes S 8000 Roee [CINon-Top [JFakes  _]
i} Pre-Fit 77 Uncertainty 3 i 77 Uncertainty w Pre-Fit 77 Uncertainty B
25000 B ]
20000 - ]
15000 E B
10000 B ]
5000 4 ]
| L L |
3 0 %2prob = 0. 3 Y ¥éindf=1317/10  y2prob = 0.22 3 v 42indf=143/10  y%prob=0.16
& 12524, £ 1255, . . R P E
e E e Y S 2 Y Y o
3 G ////Sf/%W//%/ W 5 Ottt 5 O s sy
8 075 8 075 8 0.7
053040 50 60 70 80 90 100 110 120 0355 5 1 05 0 05 1 15 2 25 0550 100 150 200 250 300
jet4p [GeV] jetd leading lepton p_ [GeV]
a Fr A T T s L B e e o B R R = N T T e
§ 3000r eData  Wte2 | 8ok eData Wt ] & L eData Wt ]
il [ Vs=13TeV, 140" [tt+1c Wtt>1b 1 8 [ {s=13TeV, 140 o' [tt+1c Wtt>1b 1 @ 2500( Vs=13TeV, 140fb" [Mit+ic Wit
25000~ Comblned 1L+2L [Jtelight  [JOther Top ] 2 16000 Combmed iL+2L  [tt+light ~ [JOther Top L Combmed 1L+2L [Jtt+light  [JOther Top
n ‘nm [INon-Top []Fakes ] § r ,me [INon-Top []Fakes 1 L ‘me D Non-Top []Fakes ]
r Pre-Fit 77 Uncertainty ] L 14000 Pre-Fit 77 Uncertainty | 2000(— Pre-Fit 77 Uncertainty |
2000 i £ 1 [ ]
000: ] 120001~ 4 F ]
F o e [ | L [ ;
1500~ 77 3 Z E 00 2 ]
r 2 /% ] E [ ]
1000 Py B E 1000 B
L » /2 ] ] L ]
sool. & 3 E 5001 -
La o - E
= — =i ! E 3
K] ; 2‘;5 ¥éindf=15.5/10  y2prob = 0.1 3 105 ¥2/ndi=6.3/10  x2prob = 0.79 3 o5k %2ndf=9.1/10 ' »%prob = 0.53
& 1258 & 125 I T
< & 20008 9 » Y <
S s %///é ., A ?//;’//W//%/%////////%
8 075 s 8 075
o o o

%55 5

05 0 05 1 15 2 25
leading lepton n

60 80 100 120 140

nonleading lepton P, [GeV]

0'?5 -2 -15 -1 05 0 05 1 15 2 25

nonleading lepton n

Figure D.20.: Pre-fit agreement between data and prediction for basic kinematic vari-
. The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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Figure D.21.: Pre-fit agreement between data and prediction for basic kinematic vari-
ables in SRgfg%fJ . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.22.: Pre-fit agreement between data and prediction for observables used in
fitting in dilepton channel control and signal regions. The hashed band
includes all prediction uncertainties. Overflow and underflow events are
contained in the first and last bin respectively.
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Figure D.23.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR¥5j. The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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Figure D.24.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR%Q@ . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.25.: Post-fit agreement between data and prediction for basic kinematic vari-
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ables in CR%ZW . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.26.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR;QW . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.27.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR%ZE’] . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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D.3. Post-fit plots - lepton + jets channel
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Figure D.28.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR%QGJ . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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D. Kinematics Control Plots

2 R N R EEmm
G 3500 @ Data Wtt+>2c —
3 F Vs=13Tev, 140 fb" [Mtt+1c Wtt+>1b ]
3 30000 Combined 1L+2L [Jttelight  [JOther Top ]
S [ 5i.SR ONon-Top [Fakes ]
o 2500; Post-Fit 7 Uncertainty é
2000~ 4
1500 4
1000~ E
5001~ 4

1= == !
eindf=58/10  z2prob - 0.63

L PP, 3w )
L *

Data / Pred.

50 100 150 200 250 300
leading jet P, [GeV]

0 Er e
2 1200; # Data Wit+=>2c n
2 F Vs=13TeV, 140 fo" Mtt+1c Wtt>1b b
2 [ Combined 1L+2L [Jtt+light ~ [JOther Top
1000 5, SR [INon-Top [JFakes |
[ Post-Fit 7 Uncertainty ]
800 {
600 .
r _® 4
4001~ b
200~ b
. e
3 ¥éindf=3.8/10  y?prob = 0.95
S PRSP WP} PO 'Y
3 ¢ . ¥
© E
[=]
O%5 5 15 1 05 0 05 1 15 2 25
lepton n
2 R A B B
0] n # Data Wtt+>2c ]
Q 1600 5= 13TeV, 140 fb" Mtt+tc Wb
P ; [ Combined 1L+2L [Jtt+light ~ [JOther Top -
§ 400: Si'SRmse [JNon-Top [JFakes B
£ ' 7 i ]
[ir] 1200 Post-Fit 77 Uncertainty .
1000~ ]
800
L [}
6001 o8
400F

Data / Pred.

500 600 700 800
HE® [GeV]

Events /0.5

Data / Pred.

Events / 50 GeV

Data / Pred.

Events / 50 GeV

Data / Pred.

1200 T T I I IO I s 7000 T T T T T
3
r ® Data Wtt+>2c 1 (0] r @ Data Wtt+>2c 1
[ {s=13TeV, 140" Mit+1c Wtt+>1b ] 3 000 Vs = 13TeV, 140 fo! Mit+1c Wtt+>1b
1000/~ Combined 1L +2L  [Jtt+light [JOther Top — Q r Combined 1L +2L  [Jtt+light [JOther Top 7
[ 5 SR CINon-Top [JFakes | & F 5, SR [Non-Top [JFakes 7
jose P [ loose P
L Post-Fit 7 Uncertainty 4 @i 50001 Post-Fit 7 Uncertainty =
8001~ - F 1
[ 1 4000~ =
6001~ = F ]
[ ] 3000~ -
[ ] [ mi® ]
400— = £ 3
r 1 2000 -
200 3 1000) =
— X | T =
M ¥?ndf=6.5/10  x%prob = 0.77 3 v 22ndf=10.1/10  xZprob = 0.44
1.25F 4 £ 125 El
¢ S e . $ond = 0. 08 bt
% - . . & 3 1P g oy - .
0.75F E| 8 0.75F E|
%%5 2 5 1 05 0 05 1 15 2 25 052 60 80 100 120 140
leading jet n lepton p_[GeV]
I Raanm e e aanaa s e T [T e e
£ eDaa  Wte2c ] S 0 #Daa  [Wte22c
L 1 3 2 1
30000~ Vs = 13TeV, 140 fb" Dtt+1c Wtt>1b 1 2 b Vs=13Tev, 140 b [Tit+1c Wtt+>1b 1
[ Combined fL+2L [Jttslight [OtherTop § 2 [ Combined 1L+2L [Jtt+ligt ~ [JOther Top -
25000 5 SR, DNDH-TOP [JFakes 800l 5 SRigee [INon-Top [JFakes
[ Post-Fit 77 Uncertainty | L Post-Fit 77 Uncertainty 4
200001~ - r q
£ ] 600~ =
15000~ - [ ]
10000F B
5000) B
L | = ) e
Y %Pindf=4.9710  x2prob = 0.90 3 v 22indf=25/10  »2prob = 0.99
1.25 4 &£ 125 El
] .99 =y Y YOy PYSPSIDT S I
10w s - * = 1 +* .y 4
0.75F 4 8 o7sp El
03530 a5 40 45 50 55 60 0555 45 1 05 0 05 1 15 2 25
Jet5pT [GeV] jets5 n
R B I I B s B T T T T T T
r ¢ Data W tt>2c B [0} # Data W tt+>2c E
1400 5_13Tev, 140 6" [Mittetc Mttt 1 @ s=13TeV, 140" [t+tc  Mtte=tb 3
[ Combined 1L +2L [Jtt+light ~ [JOther Top J 2 Combined 1L + 2L [Jtt+light ~ [JOther Top 3
12001~ 5, SR [INon-Top []Fakes = 5 5,SR [INon-Top [JFakes E
[ Post-Fit 7 Uncertainty 1 @ Post-Fit 7 Uncertainty E
1000~ - E
800F ] E
600/ B E
] ]
200F B 3
, N X == o, T ] | =
0 ¥2ndf=5.5/10  x’prob = 0.85 3 72indf=115/10  y?prob = 0.32
1.25F 4 & 1258,
L. PN Py = 200 o
1 oy ¥ s Pea B G s s
0.75F 4 8 o7sp El
%0 300 400 500 600 700 800 0% ""20 40 60 80 100 120 140 160 180 200
H' [GeV] ET®® [GeV]

Figure D.29.: Post-fit agreement between data and prediction for basic kinematic vari-
The hashed band includes all prediction uncertainties.

ables in SR

loose*

Overflow and underflow events are contained in the first and last bin re-

spectively.
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D.3. Post-fit plots - lepton + jets channel
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Figure D.30.: Post-fit agreement between data and prediction for basic kinematic vari-

. 16>65
ables in SR; >

. The hashed band includes all prediction uncertainties.

Overflow and underflow events are contained in the first and last bin re-

spectively.
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D. Kinematics Control Plots
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Figure D.31.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in SR:f;gt. The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.
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D.3. Post-fit plots - lepton + jets channel
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Figure D.32.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in SRgg%?] . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.
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Figure D.33.: Post-fit agreement between data and prediction for observables used in
fitting in lepton + jets channel control regions. The hashed band includes
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D.3. Post-fit plots - lepton + jets channel
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Figure D.34.: Post-fit agreement between data and prediction for observables used in
fitting in lepton + jets channel signal regions. The hashed band includes
all prediction uncertainties. Overflow and underflow events are contained
in the first and last bin respectively.
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D.4. Post-fit plots - dilepton channel
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Figure D.35.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR?SJ. The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.36.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR%QM . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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D.4. Post-fit plots - dilepton channel
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Figure D.37.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CRM)” . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.38.:

202

Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR2€>4J The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.39.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CRgesj . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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D. Kinematics Control Plots
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Figure D.40.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in CR2€>4J The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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D.4. Post-fit plots - dilepton channel
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Figure D.41.: Post-fit agreement between data and prediction for basic kinematic vari-

ables in SRM)’j .

loos:

spectively.

The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
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D. Kinematics Control Plots
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Figure D.42.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in SRIQOZ Ozsij . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-

spectively.
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D.4. Post-fit plots - dilepton channel
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Figure D.43.: Post-fit agreement between data and prediction for basic kinematic vari-
ables in SRgfg%fJ . The hashed band includes all prediction uncertainties.
Overflow and underflow events are contained in the first and last bin re-
spectively.
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Figure D.44.: Post-fit agreement between data and prediction for observables used in
fitting in dilepton channel control and signal regions. The hashed band
includes all prediction uncertainties. Overflow and underflow events are
contained in the first and last bin respectively.
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APPENDIX E

Additional Figures - Results

E.1. Fiducial phase space fit to data
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E. Additional Figures - Results
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Figure E.1.: Post-fit pulls and constraints on nuisance parameters related to MC sta-
tistical uncertainty in each bin, in a fit to data in a fiducial phase space.

210 Nuisance parameters denoted ‘Fakes’ are related to the fake lepton contrib-
tuion in the lepton + jets channel. The rest are associated with the sum of
all other processes.
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Figure E.2.: Ranking of the 15 most impactful systematic uncertainties, in fits to AT-
LAS data in a fiducial phase space, on a) tt + >2c signal strength b) tt+ 1c
signal strength c) Ryz;>9. d) Rezp1.. The latter two denote the fraction of
events in that category relative to all tf 4 jets events. The (pre-) post-fit
impact is calculated by measuring the change in POI when the nuisance
parameter is fixed, shifted by its (pre-) post-fit uncertainty, and is shown
in blue. The post-fit pulls and constraints of these nuisance parameters are
also shown.
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Figure E.3.: Ranking of the 15 most impactful systematic uncertainties, in fits to AT-
LAS data in a fiducial phase space, on a) tt + >2c signal strength b) tt+ 1c
signal strength c) Ryz;>9. d) Rezp1.. The latter two denote the fraction of
events in that category relative to all ¢t + jets events. The impact is calcu-
lated by shifting the point at which the NP’s Gaussian constraint term is
evaluated up or down one standard deviation, and is shown in yellow/brown.
The post-fit pulls and constraints of these nuisance parameters are also
shown.
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E.1. Fiducial phase space fit to data

Table E.1.: Comparison of measured cross-section values with a range of predicted val-
ues from simuation, in a fiducial phase space. Uncertainties are symmetrised.
Measurement uncertainties include all systematic and statistical components.
Uncertainties in predicted values include simultaneous and independent vari-
ations of ug and uy, and uncertainties in the choice of PDF set. Data taken
from Ref. [1].

tt +>2c [pb] tt+ 1c [pb] &+ >1b [pb] tt+ light [pb] ¢+ jets [pb]

tt POWHEG+PYTHIA 8 1.04 £0.18 5.1+£0.8 3.24+0.5 40£6 507
tt POWHEG+PYTHIA 8, hdamp = 3 My 1.12£0.16 5.44+0.7 3.3+0.5 41+5 514+ 7
tt POWHEG+PyTHIA [ 8], pht™d =1 1.0540.18 5240.8 3.1+£05 4046 5047
tt POWHEG+HERWIG 7 0.94 +£0.16 4.2+0.7 3.3+0.5 43+ 6 52+ 8
tt MADGRAPH5_aMC@QNLO +HERWIG 7 0.744+0.19 4.04+0.8 2.74+0.6 46 £ 8 53 £ 10
ttbb POWHEG+PYTHIA 8 — — 32416 — —
ttbb POWHEG+PyTHIA 8, phttd =1 — — 2.84+1.3 — —
tthb POWHEG+PYTHIA 8, hpq = 2 — — 3.1+1.5 — —
ttbb POwWHEG+PYTHIA 8, dipole recoil — — 30+14 — —
ttbb POWHEG+HERWIG 7 — — 31+1.6 — —
ttbb SHERPA 2.2.10 — — 35+1.0 — —
Data 1.28 £0.25 6.4+0.9 3.46 +0.24 36.0 = 1.8 47.1 + 2.3
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E.2. Inclusive phase space fit to data
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Figure E.4.: Matrix showing the percentage correlation between nuisance parameters
and tf + jets signal strengths, in a fit to ATLAS data in an inclusive phase
space. Only those nuisance parameters and signal strengths which have at
least one correlation > 20% are shown.
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Figure E.5.: Pulls of instrumental NPs in a fit to data in an inclusive phase space,
grouped into those related to a) jets b) c-jet flavour tagging c) b-jet flavour
tagging d) light jet flavour tagging e) other experimental NPs.
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E.2. Inclusive phase space fit to data
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Figure E.7.: Post-fit pulls and constraints on nuisance parameters related to MC statis-
tical uncertainty in each bin, in a fit to data in an inclusive phase space.

218 Nuisance parameters denoted ‘Fakes’ are related to the fake lepton contrib-
tuion in the lepton + jets channel. The rest are associated with the sum of
all other processes.
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Figure E.8.: Ranking of the 15 most impactful systematic uncertainties, in fits to AT-
LAS data in an inclusive phase space, on a) tt+>2c¢ signal strength b) tt+1c
signal strength c) Ryz;>9. d) Rezp1.. The latter two denote the fraction of
events in that category relative to all tf 4 jets events. The (pre-) post-fit
impact is calculated by measuring the change in POI when the nuisance
parameter is fixed, shifted by its (pre-) post-fit uncertainty, and is shown
in blue. The post-fit pulls and constraints of these nuisance parameters are
also shown.
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E. Additional Figures - Results
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Figure E.9.: Ranking of the 15 most impactful systematic uncertainties, in fits to AT-
LAS data in an inclusive phase space, on a) tt + >2¢ signal strength b)
tt + 1c signal strength ¢) Ry >o. d) Rezi1.. The latter two denote the frac-
tion of events in that category relative to all tt + jets events. The impact
is calculated by shifting the point at which the NP’s Gaussian constraint
term is evaluated up or down one standard deviation, and is shown in yel-
low/brown. The post-fit pulls and constraints of these nuisance parameters
are also shown.
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