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Abstract

In this dissertation, a measurement of differential production cross sections of single top
quarks and top antiquarks produced via the ¢t-channel exchange of a virtual W -boson is
presented. The cross sections are measured as a function of the transverse momentum
and absolute rapidity of the top quark and top antiquark. Absolute and normal-
ised differential cross sections are measured as well as the differential ratio between
the top-quark and top-antiquark cross sections. The analysed proton-proton collision
data was collected by the ATLAS detector at the Large Hadron Collider in the years
20152018 at a centre-of-mass energy of 13 TeV and corresponds to an integrated lu-
minosity of 140 fb™'. The measured distributions are corrected for detector resolution
and acceptance effects. Systematic and statistical uncertainties in the measurement
are evaluated. The obtained differential cross sections are compared to theoretical pre-
dictions obtained from fixed-order calculations, various parton distribution functions
and different event-generator and parton-shower programs. Overall, a good agree-
ment within the measurement uncertainties is observed, where the measurement is
limited by systematic uncertainties. The measurement results are interpreted in an
effective field theory approach to constrain the Wilson-coefficient C’%’; /A? associated
with a four-quark operator. The operator is found to have a significant impact on the
acceptance of signal events, which is evaluated and taken into consideration for the
interpretation.
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Introduction

In the beginning the Universe was created. This had made a lot of
people very angry and been widely regarded as a bad mowve.

—Douglas Adams, The Restaurant at the End of the Universe

Nevertheless, it also sparked humanity’s curiosity and led countless generations of
philosophers and scientists to search for answers to the big questions of how our uni-
verse came into existence, and how exactly it works. On the smallest spatial scales,
the discipline of elementary particle physics studies the elementary building blocks of
matter and the fundamental interactions governing the universe. The scientific en-
deavours of the past century led to the formulation of the Standard Model of particle
physics, a theory that proved tremendously successful at describing experimental ob-
servations and even predicting the outcome of measurements. However, the Standard
Model in its present form exhibits conceptual limitations, and there are some observed
phenomena it cannot explain. The search for a complete description of the universe
therefore continues.

A central tool of experimental particle physics are collision experiments, which en-
able the study of interactions between fundamental particles at short distances and
high energies. The Large Hadron Collider is the largest particle collider built to date,
reaching unprecedented collision energies of /s = 13.6 TeV. Several detectors, posi-
tioned along the collider ring, record particle collisions and enable a rich measurement
programme, spanning from precision measurements to searches for new physics. Cross
section measurements provide opportunities for both kinds of analyses, since the cross
sections for physics processes are predicted by the Standard Model, and many theories
for new physics anticipate deviations that would become visible in certain processes.
Among the elementary particles, the top quark exhibits unique features due to its high
mass. Precision measurements of its properties and interactions provide a valuable op-
portunity to study fundamental parameters of the Standard Model. Furthermore, the
top quark is expected to provide a high sensitivity to new phenomena predicted at
high energies.

In this thesis, a measurement of differential cross sections of singly produced top quarks
is presented. Differential cross sections are measured as a function of some event ob-
servables, thereby providing the opportunity to test theoretical predictions for specific
kinematic ranges. The analysis presented in this dissertation utilises proton-proton
collision data collected with the ATLAS detector at the Large Hadron Collider at a
centre-of-mass energy /s = 13 TeV in the years 2015-2018. The production of single
top quarks via the exchange of a virtual W-boson is measured differentially at the
parton level as a function of the transverse momentum pr and the absolute rapidity
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ly| of the top quark. The production of top quarks and top antiquarks, referred to as
tq and tq production, is measured separately, and the first differential measurement
of the ratio of tq over tq production is presented. The pr(t) and pr(t) distributions
are expected to provide sensitivity to differences among the predictions of different
matrix-element and parton-shower programs. The proton PDFs impact the |y(¢)| and
ly(t)| distributions, which are therefore expected to be of interest for global PDF fits.
The presented analysis is published in Ref. [1|. It builds upon the previous ATLAS
measurement of the total tq and tq production cross sections at /s = 13 TeV [2].

The first chapters of this thesis introduce the theoretical and experimental ground-
work for the analysis. An overview of the Standard Model is given in Chapter 1, where
the successes and limitations of the theory as well as a possible extension through ef-
fective field theory are discussed in addition. The Large Hadron Collider and the
ATLAS detector are introduced in Chapter 2, and a brief overview of the top-quark
related measurement programme in ATLAS is presented in Chapter 3. In Chapter 4,
the methods used to simulate proton-proton collision events are discussed, and details
about the different theoretical predictions, which are later compared to the measured
cross sections, are given. The technical details about the data and simulated samples
used in this analysis are collected in Chapter 5, and the methods that are used to
reconstruct physical objects from the raw detector measurements are introduced in
Chapter 6.

The following chapters are dedicated to the analysis strategy, starting with a descrip-
tion of the applied event selection and the utilised top-quark-reconstruction algorithm
in Chapter 7. The estimation of the normalisation of the background processes re-
quires special attention and is described in Chapter 8. Iterative Bayesian Unfolding is
employed to correct the measured distributions for detector effects. The mathematical
background, required inputs and validation of the method are presented in Chapter 9.
The numerous sources of uncertainties affecting the measurement are introduced in
Chapter 10, and their impact on the measured cross sections is evaluated and dis-
cussed. Finally, the results of the measurement are presented in Chapter 11. The
agreement between the theoretical predictions and the measured cross sections is eval-
uated, and some striking features of the distributions are discussed. Additionally, the
measurement results are interpreted in the context of an effective field theory approach
to search for physics beyond the Standard Model.



1. Standard Model of particle
physics

The Standard Model of particle physics (SM) encapsulates our current understanding
of the most fundamental building blocks of the universe. It is the result of decades of
scientific progress in the field of elementary particle physics and stands in the context
of scientific endeavours dating back even further.

The concept that matter consists of a limited number of smallest particles has been
present in science since ancient times, where Greek philosophers discussed the idea of
atomos, the “uncuttable”. As time progressed and physics and chemistry emerged as
autonomous disciplines, a scientific basis for the theory of atoms as building blocks
of matter was developed by Dalton [3] at the beginning of the 19'" century and later
refined by Mendeleev, laying the groundwork for the periodic table of elements [4].
Around the same time, a unified description of electricity and magnetism, termed
electromagnetism, was developed by Maxwell [5], which proved to be a cornerstone for
the development of modern physics. A further important breakthrough was made by
Thomson in 1897 with the discovery of the electron [6] and his following attempt to de-
scribe the inner structure of atoms [7]. Rutherford successfully deduced the existence
of the atomic core from scattering experiments [8|, and the discovery of the proton and
neutron |9, 10| lead to a consistent picture. Around the 1950s however, new experi-
mental techniques lead to the discovery of such a large number of particles thought
to be elementary at the time that the term particle zoo was coined. The eightfold
way [11], postulated by Gell-Mann and Ne’eman in 1961, proved successful at organ-
ising the particles according to their properties. This eventually led to the insight that
they were composed of even smaller particles, the quarks, and paved the way for the
development of quantum chromodynamics (QCD). In the same decade, the theory of
the electroweak interaction, which unifies electromagnetism and the weak force, was
developed by Salam and Weinberg, building on work by Glashow. Additionally, the
mechanism by which elementary particles acquire mass was proposed almost simultan-
eously by multiple groups [12-14] and is commonly named Higgs mechanism after one
of its discoverers. These major breakthroughs, along with relentless progress in exper-
imental and theoretical particle physics, led to the formulation of the SM, which today
describes all known elementary particles and their interactions.

An overview of the elementary particles of the SM and their main characteristics is
given in Figure 1.1. The particles are categorised according to their spin quantum
number into fermions with spin /2 and bosons with integer spin.

Fermions are the building blocks of matter. The SM contains twelve unique types
of fermions which are further divided into quarks and leptons. Quarks carry a color
charge and fractional electric charge, by which they are organised into up-type quarks
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Figure 1.1: Overview of the particle content of the SM. Particle masses cannot be predicted
from theory, therefore the given values are the world-leading measurement results
taken from [15]. Figure adapted from [16].

with an electric charge of 2/3e and down-type quarks with an electric charge of —1/3e.
Additionally, the quarks are sorted by their increasing mass into three generations,
which contain one up-type quark and one down-type quark each. Overall, six different
quark types exist, which are referred to by their flavour as up (u), down (d), charm
(¢), strange (s), top (t) and bottom (b).

Leptons comprise the three charged leptons named electron (e), muon (x) and tau
(1) and their associated neutrinos (ve, v,, v,;). Similarly to quarks, they form three
generations that each contain one charged lepton and its associated neutrino. The
generations are sorted by increasing mass of the charged leptons, as neutrinos are
considered to be massless in the SM.

Only the quarks and leptons of the first generation are stable and constitute the
everyday matter. Each fermion has a corresponding antiparticle possessing an identical
mass but inverted charges.
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1.1. Theoretical formulation

Table 1.1.: Overview of the fundamental interactions of the SM. The relative strengths are
given at a distance of 1fm [17].

Interaction Relative strength Range Quantum number Mediator
Strong 1 ~ 107m color charge C gluons
Electromagnetic %7 00 electric charge () photon

Weak 10716 ~ 107" m weak isospin I3 W=, Z bosons

The gauge bosons are particles with a spin equal to one that mediate the three fun-
damental interactions described by the SM. Their distinct characteristics are related
to the different properties of the respective interactions, which are summarised in
Table 1.1. The carriers of the strong force are the massless gluons (g) which couple to
the color charge. Therefore, the strong force acts exclusively on quarks and the gluons
themselves. The photon () mediates the electromagnetic interaction which couples to
the electric charge. As the photons themselves carry neither mass nor electric charge,
the range of the electromagnetic interaction is unlimited. Lastly, the weak interaction
is mediated by three massive gauge bosons; the neutral Z-boson and the W+ and W~
bosons which carry an electric charge of +1 e respectively. The weak force acts on the
weak 1sospin which is non-zero for all fermions.

The boson content of the SM is completed by the Higgs boson (H), a massive particle
with a spin of zero, making it the only scalar particle in the SM. It emerges from
the Higgs mechanism by which the elementary particles acquire their masses. This
chapter provides a brief overview of the mathematical foundations of the SM followed
by a discussion of the fundamental interactions. Examples of experimental evidence
supporting the SM are given and limitations of the theory and potential extensions
are outlined.

1.1. Theoretical formulation

The SM is a quantum field theory (QFT) built on the laws of quantum mechanics and
special relativity [18]. Particles are described as excitations of fields whose properties
and interactions are encoded in the Lagrangian. The fundamental particles in the SM
are fermions that are described by Dirac fields. In the absence of interactions, the
corresponding Lagrangian takes the form

Lo = (iv"0, — m) 1, (1.1)

where 1 denotes the four-component spinor describing the fermion field, v* indicates
the Dirac matrices, m the mass of the fermion and ¢ = ¥ the Dirac adjoint of 1.
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In all formulas in this chapter, greek indices run from zero to three, latin indices run
from one to three and Einstein’s summation convention is applied.

The central principle by which the SM Lagrangian is built from Equation 1.1 is the
invariance of the system under certain symmetry transformations. Mathematically,
this means that the Lagrangian is required to be invariant under a local transformation
of the fermion field ¢ — ¢’ = U(x)1y, where U(x) constitutes an element of the
symmetry group G. According to group theory, the transformation can be expressed

as A
U(QS’) — e—zga(x)aT" ’

with a real parameter g, location-dependant phases a(x), and the generators of the
symmetry group 7% The generators obey the commutation relation [T, T%] = i fet¢T¢
with structure constants f°, which are zero for abelian theories. Under such trans-
formations, £y changes as terms depending on the derivative of a(x), emerge. In
order to achieve local gauge invariance, these terms are counteracted by introducing
the gauge covariant deriwative

D, = 8, +igAsT,

which replaces the partial derivative in Equation 1.1. A gauge field A, (x) is introduced,
which transforms under local gauge transformations as

A = (A3) = A5 — Ouga(x)a.

This approach ensures local gauge invariance of the Lagrangian by introducing a coup-
ling between the initial fermion field and the gauge field. The strength of the coupling
is encoded in the parameter g.

Now that the gauge field is introduced to the Lagrangian, a term that describes its free
propagation needs to be added. Using the field strength tensor of A,,:

Fi, = 0,A% — 0,A% + gf "™ AL AS, (1.2)
the simplest suitable addition for a source-free field reads
1 174
'Cdyn == _ZF/“/FM . (]_3)

The SM is invariant under SU(3)c x SU(2)r, x U(1)y. With the recipe outlined above,
this can be used to construct the fundamental interactions and properties of their me-
diators. Since this thesis has an experimental focus, the discussion of the mathematical
details will be kept to a minimum for the remainder of this chapter.

Two interesting consequences of Equations 1.2 and 1.3 should be noted for the discus-
sion of the fundamental interactions. For non-abelian gauge theories, the structure con-
stants ¢ are non-zero, which gives rise to self-couplings of the gauge fields. Secondly,
mass terms for the gauge fields analogous to those of the fermion field in Equation 1.1
would require terms of the order AfA®*. Such terms are not gauge invariant, and
gauge theories formulated according to the recipe given above therefore only describe
fermions interacting through the exchange of massless bosons.
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1.2. Scattering amplitudes and Feynman diagrams

1.2. Scattering amplitudes and Feynman diagrams

The framework of QFTs does not only provide an elegant way to define the prop-
erties of particles and interactions between them but also offers the means to make
quantitative predictions about the production, interaction and decay of particles [19].
The central quantity needed to derive predictions is the scattering amplitude, or
matriz element, My; for an initial state |®) to evolve into a different final state
<gl|7

My = (V| M|P).

The scattering amplitude in turn depends on the interaction operator M of the scat-
tering process which can be calculated via the usage of Feynman diagrams [20]. These
diagrams are associated with a set of Feynman rules and thereby provide a powerful
tool to visualise QFT processes and calculate the associated matrix elements.

Example Feynman diagrams for a generic scattering process 1) — 11 mediated by
a gauge boson A are presented in Figure 1.2. The convention that time flows from
the left to the right is employed for all Feynman diagrams in this thesis. Each line
represents a particle, where straight lines indicate fermions and different line styles
are used for bosons. The arrow on fermion lines is used to distinguish particles from
antiparticles, where the arrows of the latter point in the negative time direction. Ex-
ternal lines denote the particles in the initial and final states and are associated with
the four-momenta and quantum numbers of the respective particles. Internal lines,
or propagators, identify wvirtual particles which have the peculiar property that their
four-momentum ¢ violates the relation ¢> = m?, wherefore they are referred to as
being off-shell. A connection between lines is termed verter, and the definition of

<

P T
(a) (b)

Figure 1.2: Example Feynman diagrams for a 1)1¢) — 91 scattering process mediated by (a)
the exchange of a boson A and (b) the annihilation and pair-production of the
fermions.
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allowed vertices, i.e. which particles and how many may be connected to a single ver-
tex, depends on the underlying theory. The Feynman rules for a given theory define
the mathematical factors associated with vertices and propagators. Common rules
for all theories include the conservation of four-momentum and quantum numbers at
each vertex and the integration over internal four-momenta. A notable feature of ver-
tices is that they contribute a factor proportional to g to the matrix element. The
final scattering amplitude of any process is obtained by summing over all allowed and
topologically unique diagrams.

For a 2 — 2 scattering process of a Hermitian scalar field yield, three different types
of diagrams can contribute as shown in Figure 1.3. The respective matrix elements
depend on the Mandelstam variables [18|

s = (m +p2)27

= (P1 - p3)2,

u = (p1—ps)?,

which correspond to the square of the four-momentum transfer. The variable s addi-
tionally equates to the square of the centre-of-mass energy of the process. Interactions
whose Feynman diagrams share their topology with those in Figure 1.3 are commonly
referred to as s-channel, t-channel and u-channel processes.

All Feynman diagrams discussed up to now represent tree-level diagrams that mediate
the scattering process at the lowest possible order, or leading order (LO), of the coup-
ling strength ¢g. Examples for next-to-leading order (NLO) and next-to-next-to-leading
order (NNLO) Feynman diagrams are given in Figure 1.4. The NLO process shown
in Figure 1.4(a) contains an internal vertex, or loop correction, and the NNLO process
in Figure 1.4(b) includes both a loop correction and an additional real emission of a
boson. Diagrams of higher orders are built and labelled analogously.

The Feynman rules allow to add an arbitrary number of loop corrections and real

p1 D3 b1 %! D1 b3

P2 P4 P2 P4 2 y22
(a) (b) (c)
Figure 1.3: The three topologically distinct Feynman diagrams for a 2 — 2 scattering process

referred to as (a) s-channel, (b) t-channel and (c¢) u-channel production. The p;
denote the four-momenta of the respective particles.
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(0

<
=

Sy

(a) (b)

Figure 1.4: Examples for (a) NLO and (b) NNLO diagrams of the 11 — 1) scattering
process.

emissions, which means that each scattering process is in principle mediated by an
infinite number of diagrams. In practice, reasonable approximations of the scat-
tering amplitude are obtained from perturbative calculations at a fixed order of g,
which can be carried out when ¢ is small. The contributions from higher-order dia-
grams are then suppressed by increasing powers of g and eventually become negligible.

However, effects from the lowest higher-order corrections need to be taken into ac-
count for precise predictions, which introduces an issue to the determination of matrix
elements. As mentioned earlier, the calculation of matrix elements involves the in-
tegration over all internal four-momenta. For diagrams with loop corrections, these
integrals diverge, leading to unphysical infinities. The solution lies in the application
of regularisation and renormalisation techniques [18]. Regularisation introduces an
upper scale A up to which the integration is performed. This yields finite results for
the integrals, but it also causes the matrix element to depend on the artificial scale
A. Renormalisation solves this issue by absorbing the divergent terms into observable
quantities, which leads to a redefinition of the masses and couplings. The physical
quantities mpyys and gphys are measurable and finite; it is therefore assumed that the
bare quantities m and g cancel out the infinities. The SM is a renormalisable theory,
which means that all occurring divergencies can be absorbed by the redefinition of
measurable quantities. An important property of all SM interactions follows from the
renormalisation; the strength of the couplings depends on the momentum scale Q? of
the process. The renormalised couplings are denoted as
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As another consequence, the masses of particles and the coupling strengths of the
interactions cannot be predicted but are instead free parameters of the SM that have
to be determined from measurements.

Taking all considerations outlined above into account, scattering amplitudes M ; can
be calculated and consequently used to derive predictions for scattering processes that
can be tested experimentally [19]. A useful observable is the probability for a state
transition ¢« — f which is described by the cross section o. It is proportional to the
square of the magnitude of the scattering amplitude

Ty o< [ Myil?, (1.4)
and usually calculated up to a certain order in perturbation theory. An NLO cross
section is for example calculated from all contributing LO and NLO diagrams. It fol-
lows from Equation 1.4 that cross sections are sensitive to interference effects between
diagrams. The cross section for a process with two contributing diagrams would for
instance be proportional to

IMP? = |My+ M| = My * + [ Mo + MiM + MM

interference

A cross section has the dimension of an area and the unit commonly used in particle
physics is the barn, where 1b = 1072® m?.

1.3. Quantum chromodynamics

The theoretical formulation of the strong force is based on the SU(3)¢ symmetry group
and known as QCD. Three additional degrees of freedom are introduced, which are
referred to as color charges and can take the values red, blue and green (r,b,g). The
corresponding anticharges are denoted as 7, b and g. Quarks are the only fermions that
carry color charge and partake in the strong interaction. Unlike the quantum numbers
associated with the electroweak interaction, the color charges are not connected to
the quark flavour. Each quark therefore exists in one of three distinct color states,
and the Lagrangian is constructed as the sum over all flavours f and color charges
&)

Lqcpg = Zijﬁcquuwﬂc
fc

a

- A
= E :¢f,cz7u (au - Z957Gu> Ve
f’c

Here, gs denotes the strong coupling constant, G are the gluon fields and \* € C3*3
represent the eight generators of the SU(3)c symmetry group known as Gell-Mann

10
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1.3. Quantum chromodynamics

matrices [19]. The Lagrangian of the free gluon field takes the form
1 a 1rapy
EQCD,g - _ZF‘MVF ,

in accordance with Equation 1.3.
QCD is a non-abelian gauge theory and therefore includes self-couplings among gluons.
The eight gluons associated with the Gell-Mann matrices form a color octet:

= - 1 1 _
rg, 7g, b, b, bg, by, E(rf—gg), %(7‘?+9§—2bb)-

As the different color states cannot be observed experimentally, no distinction is made
in the technical language, and the strong interaction is commonly said to be mediated
by a single gluon. Nevertheless, self-couplings between gluons are an important aspect
of the strong interaction, which gives rise to the unique feature of the strong coupling
constant that it increases with distance.

As outlined in Section 1.2, the couplings a of both the electroweak and the strong
interaction depend on the energy scale at which the interaction takes place. The
absolute value of a coupling strength cannot be calculated in QFT, but if the coupling
is known at some energy scale p?, a perturbative interpolation to a different scale
Q? can be performed. For the strong interaction, the running of the strong coupling
constant can be expressed at leading order as

2y _ as(p?)
OéS(Q ) - 1 + aS(M2) 11n102—7r2nf ln(g—j)7 (15)

where n¢ denotes the number of color charges and ny the number of active quark
flavours with m? < @Q*. This approximation is only valid up to the infrared cutoff
scale Aqcp at which the denominator becomes zero. For energies below Agcp, the
perturbative approach is no longer applicable, since ag becomes large.

The running of ag is depicted schematically in Figure 1.5. For large energies, or
short distances, the coupling strength approaches zero and allows for a perturbat-
ive description of QCD processes. This phenomenon is known as asymptotic free-
dom. On the other hand, the strong coupling increases for low energies and large
distances which leads to confinement. When two quarks are spatially separated,
the QCD potential between them increases until it is energetically preferable to pro-
duce a new quark-antiquark pair. Therefore, quarks cannot be observed individually
and only occur in color-neutral bound states known as hadrons. The two common
types of hadrons are baryons, composed out of three quarks with three different color
charges, and mesons, which are built from a quark-antiquark pair with opposing color
charges.
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Figure 1.5: Dependence of the strong coupling constant ag on the square of the momentum
scale @2 shown with the infrared cutoff scale Aqcp and some arbitrary scale p.
Figure adapted from [21].

1.4. The electroweak interaction

The electroweak interaction unifies the theories of the weak interaction and quantum
electro dynamics (QED), which constitutes the extension of electromagnetism into a
QFT. Its underlying symmetry group is SU(2), x U(1)y. The associated quantum
numbers are the third component I3 of the weak isospin I and the weak hypercharge
Y. The generators of SU(2), can be expressed via the three Pauli matrices o; € C?*2,
giving rise to three non-abelian gauge bosons Wﬁ The U(1)y group has only one
generator, and the associated gauge boson coupling to the weak hypercharge is denoted
as B,. The U(1) symmetry group is of abelian nature and allows no self-couplings of
B,.

The electroweak interaction has the unique property to differentiate between particles
according to their chirality. Defined as the eigenvalues of the matrix 7° = ~0y1y2~3,
chirality can take the values +1 and —1. Fermion fields can be split into a right-handed
part Y associated with a chirality of +1 and a left-handed part v, for the chiral-
ity of —1. The gauge bosons W;L only couple to left-handed fermions, which form
doublets under the weak isospin. The isospin doublets consist of either an up-type

and a down-type quark of the same generation or a lepton with its associated neut-

12
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qu—type g
we () (1) 1o
g . \Y)

Right-handed fermions are represented as singlets,

rino:

wR € QIu{-type7 qdR-typea gRa (17)

where it should be stressed that right-handed neutrinos are not included in the SM.
The electroweak Lagrangian then takes the form

1. . , 1
Low = — ZVV!ZVW] w _ T B,, B" (gauge fields)
+ i)y D) (fermion fields)
7 7! i 0i / Y wL . .
+ (Y ¥L) (97" Wu? + g WMBME o (left-handed interactions)
L
- Y
+ Yrg'y" By, EwR (right-handed interactions)

+ hermitian conjugate,

where g and ¢’ denote the respective coupling strengths of the bosons W,ﬁ and B,. How-
ever, the gauge bosons W} cannot be identified with the force carriers of the weak in-
teraction for two striking reasons. Firstly, the Z-boson couples to both left-handed and
right-handed fermions [17], and secondly, the observed W and Z bosons are massive
particles. The solution to both issues is described in the following.

1.5. The Higgs mechanism

The theoretical foundation of the SM presented up to now cannot accommodate
massive bosons without breaking the underlying symmetries of the theory. This issue
is addressed by the Higgs mechanism. It relies on the concept of spontaneous symmetry
breaking, where the Lagrangian of a theory is invariant under a given symmetry, but
the ground state is not.

A complex scalar field, the Higgs field, which possesses a weak hypercharge Y = +1
and constitutes a weak-isospin doublet is introduced,

¢+) 1 (¢1 + Z'¢2)
O(x) = = — . .
w=(%)=uin
The field is subject to the Higgs potential

V(®) = 1?10 + \(dTD)?,
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Re(P)

Figure 1.6: Representation of the Higgs potential as a function of the real and imaginary
parts of a scalar field ® for u? < 0 [22].

with the parameters p? < 0 and A > 0. The potential is shown in Figure 1.6 as a
function of the real and imaginary parts of a single scalar field. Due to its iconic
shape, it is often referred to as mexican hat potential. Its characteristic features are
an unstable maximum at ® = 0 and a set of stable but degenerate minima that form
a circle with radius ®'® = v = —#*/x around the origin. The field thereby gains a
non-zero ground state with a vacuum expectation value (VEV) v and can be expressed
in the unitary gauge [18] as

2= 05 ()

where H(x) is the Higgs boson emerging as an excitation of the field. The Higgs part
of the SM Lagrangian reads

Ly = (D*®)D,® — V(P), (1.8)

where D" denotes the covariant derivative of the electroweak interaction. By plugging
the full terms for D* and ®(z) into Equation 1.8, it becomes apparent that the VEV
of the Higgs field gives rise to four vector bosons that can be expressed as mixtures of
the W and B, bosons:

14
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1 . . gv
W:C = ﬁ (W/} T 2W5) with myy = ox
. . gu
Zﬂ = (COS(HW)WE - SID(QW)BH) with my = W,
A, = (Sin(QW)VVi’ + cos(6w)B,) with my = 0.

The weak mizing angle Oy is defined as tan(fy) = %/ from the coupling strengths ¢
and ¢’ associated with the le and B, bosons. The Lagrangian Lg contains terms
of the form W,W#* and Z,Z" from which the masses of the W and Z bosons are
determined. The photon field A, remains massless and couples to the electric charge
(2, which is related to the quantum numbers of the electroweak interaction through
the relation v

Q=13+ 5
The Higgs boson itself obtains the mass my = v2Av. Additionally, fermion masses
can be generated through couplings to the Higgs field, allowing for a uniform picture
of the origin of particle masses. The coupling between a Dirac field and a scalar field
is termed Yukawa coupling |21|. The Yukawa part of the SM Lagrangian takes the
general form

Lyukawa = nyBLCIXéR + hermitian conjugate,

where y; denotes the coupling strength, ® represents the Higgs field and ¢,/r are the
left-handed doublets and right-handed singlets of the fermion fields introduced in Equa-
tions 1.6 and 1.7. By writing out the terms of Lyuiawa, it can again be shown that mass
terms of the form y f\/L§ $¢ arise. Fermions thereby acquire a mass proportional to their
respective coupling strength to the Higgs field, my = yf\/ii. Neutrinos however remain
massless as the SM does not include right-handed neutrino fields.

Quark mixing

The fermion fields that acquire mass through the Yukawa coupling as outlined above
are known as the mass eigenstates. For quarks, these states do not coincide with
the weak eigenstates taking part in the weak interaction. If the mass eigenstates and
weak eigenstates of up-type quarks are set to agree, the weak eigenstates of down-type
quarks d’, s’ and b’ can be expressed as linear combinations of the mass eigenstates d,
s and b via the Cabibbo-Kobayashi-Maskawa (CKM) matriz [23]:

d d Ve Vs Vb d
S| =Vexkm-[s] = Vea Vs Vi S
v b Via Vis Vi b
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The matrix elements are not independent but can be expressed in terms of four free
parameters of the SM; one CP-violating phase and three mixing angles. The most
precise measurements of the matrix elements to date [15] yield

Vial  [Vis| - [Via| 0.974 0.225 0.004
Veal [Vl [V | = [0.225 0.973 0.041 | . (1.9)
Vial  Visl [Vl 0.009 0.040 0.999

As the probability for a transition of quark flavour ¢ — j is proportional to |V;;|?,
flavour changes between different generations are suppressed.

Only the charged-current interaction mediated by the W-boson causes quark flavour
transitions in the SM. Flavour changes mediated by the Z-boson are forbidden at
tree level and heavily suppressed at higher orders by the GIM mechanism [18]. For
leptons, the weak eigenstates are identical with the mass eigenstates, therefore flavour

transitions are forbidden.

1.6. Experimental validation

In the decades since its formulation, the SM has been tested meticulously by various
experiments that probed its predictions over a broad spectrum of energy scales. The
vast majority of experiments found excellent agreement with the SM predictions. Up
to the time of writing this thesis, this finding persists even as advancements in both
theoretical calculations and experiments allow for comparisons with unprecedented
precision. This section provides some examples of experimental results supporting the

SM.

Prediction of elementary particles

A very strong backing for the credibility of any theory in physics is the capability
of predicting the outcome of measurements. The SM has been up to this challenge
multiple times, as numerous elementary particles have been postulated since the 1960s
and subsequently observed in measurements. The latest example is the discovery of
the Higgs boson in 2012 [24, 25| which concluded the search for particles predicted by
the SM. An overview of all elementary particles predicted and discovered after 1960 is
given in Figure 1.7.

Cross-section measurements

An important tool to test predictions from theoretical calculations are cross-section
measurements. The predictions of the SM for the cross sections of various processes
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Figure 1.7: Overview of elementary particles that were predicted and observed after 1960.

have been tested extensively over the years by many different experiments. Figure 1.8
exemplarily shows the measurement results obtained by the ATLAS experiment for the
cross sections of numerous interactions at different centre-of-mass energies. The figure
includes total and fiducial cross sections, where the latter are measured in a limited
phase space. The shown results cover electroweak and strong interaction processes with
cross sections that are spread over several orders of magnitude. Over the whole probed
spectrum, the SM predictions exhibit an excellent agreement with the measurement
results.

Consistency in the free parameters

While the SM offers no prediction for its 19 free parameters, their interdependence
can be used to probe the consistency of the theory. For instance, the masses of the top
quark and Higgs boson affect the WW-boson mass through loop corrections, which was
used successfully to set constraints on the Higgs-boson mass prior to its discovery [27].
Precision data from the electroweak sector is routinely used to perform a global fit of
the SM to data. With measurements available for all free parameters, the global fit
can evaluate the agreement between the individual measurements and the constraints
set by the other parameters according to the SM. The latest fit found full compatibility
between the precision data and the SM predictions, with no tension outside of expected
statistical fluctuations [28|.
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Figure 1.8: Summary of cross-section measurements performed by the ATLAS experiment
with a comparison to the SM predictions [26].

1.7. Limitations

The SM has proven to be a tremendously successful theory, able to describe most
observations to date. However, some open questions remain. There are some experi-
mental findings the SM in its current form cannot explain, and conceptual issues hint
at the need for a more fundamental theory. A selection of unexplained phenomena is
discussed in the following.

Neutrino oscillations

As outlined in Section 1.5, neutrinos are considered to be massless in the SM. This
however stands in contradiction with the well-established phenomenon of neutrino os-
cillations, i.e. the observation that neutrinos can change their flavour as they propag-
ate [29]. The theoretical description of neutrino oscillation requires the flavour ei-
genstates to be linear combinations of the mass eigenstates, determined by a mixing
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1.7. Limitations

matrix similar to the CKM matrix. With different masses for each neutrino and a
non-vanishing mixing, the probability for a neutrino to undergo flavour oscillation de-
pends on its energy and the travelled distance.

In principle, the SM can be extended to account for neutrino masses, but mutually ex-
clusive models exist for the mechanism by which neutrinos acquire mass [30]. In some
models, neutrinos are Dirac fermions that are coupled very weakly to the Higgs field.
Other theories predict neutrinos to be Majorana fermions, which means that neutrinos
and antineutrinos are described by the same field, whose mass is a consequence of new
high-energy phenomena. As long as the nature of neutrinos remains unclear, the SM
remains incomplete.

The standard model of cosmology

The SM of particle physics describes the fundamental interactions at small interaction
lengths and high energies with unmatched precision. On the other end of the spec-
trum, the nature of the universe is successfully described by the standard model of
cosmology, which is also called the A-CDM model after its two central concepts [31].
The cosmological constant A represents the dark energy which manifests as a con-
stant energy density and is responsible for the accelerated expansion of the universe.
The cold dark matter (CDM) on the other hand provides an explanation for gravita-
tional lensing effects and the measured rotation curves of spiral galaxies [32, 33|. The
A-CDM model has also proven successful in modelling the anisotropy spectrum of the
cosmic microwave background [31]. Related measurements suggest a composition of
68 % dark energy, 27 % dark matter and only 5 % common matter in our universe. The
SM of particle physics offers no dark matter candidates and predicts a vacuum energy
density, a potential source of the dark energy, that lies 120 orders of magnitude above
the the measured values [34]. Reducing the tension between the two models and find-
ing a dark matter candidate compatible with both models would pose an important
breakthrough towards a holistic understanding of the universe.

Conceptual limitations

From a conceptual point of view, the SM exhibits some features begging for explana-
tion by a more complete theory. For instance, no evidence for CP violation in QCD
interactions has been found to date, which puts very tight constraints on the CP vi-
olating phase in QCD, one of the free parameters of the SM [35]. There is however
no theoretical explanation why this parameter should have such a low value, and this
puzzle is known as the strong CP problem. On a similar note, there is no compelling
reason for the existence of exactly three generations of both leptons and quarks.

Another striking feature of the SM is that it describes only three of the four funda-
mental interactions observed in nature. Gravity is described by Einstein’s theory of
general relativity [36] in terms of bending of space-time, and the unification with the
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Figure 1.9: Feynman diagrams of the § decay at low energies according to (a) the Fermi
theory and (b) the SM.

SM remains an open issue. Additionally, the large discrepancy between the strengths
of the fundamental forces is known as the hierarchy problem since it is not understood
why the strength of the gravitational interaction is 24 orders of magnitude below the
weak interaction.

1.8. Extension through effective field theory

As open questions about the nature of the universe at the smallest scales remain,
searches for physics beyond the SM (BSM) constitute an important sector of particle
physics. A model-agnostic approach to search for new particles or interactions at
higher energy scales is provided by effective field theory (EFT) frameworks, which
operate under the assumption that high-energy phenomena have an effective impact
on experiments carried out at lower energies. This approach was successfully used
in the past by Enrico Fermi to describe the weak interaction [37]. His description of
observed 8 decays of the sort n — p+ e~ 4 7, took the form of a four-fermion contact
interaction as shown in Figure 1.9(a). The strength of the interaction is denoted by the
Fermi constant G, and the theory accurately describes the interaction at the energy
scales that were accessible at that time. However, the predicted cross section diverges
at high energies as it grows proportional to G&E?. This was an early indicator that
the theory would break down at some energy scale. This scale turned out to be the
mass-scale of the weak gauge bosons, as Fermi’s interaction constitutes a low-energy
EFT description of the weak interaction which mediates the § decay via the exchange
of a W-boson as shown in Figure 1.9(b).
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1.8. Extension through effective field theory

The idea of treating the SM as a low-energy approximation of a more complete theory
is therefore an obvious approach to search for effects of new high-energy phenomena.
In Standard Model effective field theory (SMEFT), the SM is described as an effect-
ive theory that is applicable up to the energy scale of new interactions A. The field
theory above that scale is required to be invariant under the SM gauge symmetries
SU(3)c x SU(2)r x U(1)y and incorporate all degrees of freedom of the SM, either as
fundamental or composite fields.

The SM Lagrangian then becomes the first term in an effective Lagrangian

1 1
Log= LoY+ L0+ —£O 4
ff SM + A + A2 + 3
where the upper index denotes the dimension of the individual terms. The terms of
higher dimensions take the form

£ — Z C’,Ed)O,(f),
k

where the O,id) denote the operators of dimension d with a corresponding dimensionless

coupling constant, or Wilson coefficient, C,S,d). In this way, the low-energy effects of
new phenomena are described without restricting the theory to a specific model.

At dimension five, only one independent operator exists that satisfies the SM gauge
symmetry constraints. It violates lepton-number conservation and generates neut-
rino masses in accordance with the theory of neutrinos being Majorana fermions [38].
At dimension six, 59 independent operators remain when minimal flavour violation
and baryon-number conservation are assumed. The SMEFT approach remains use-
ful for searches despite the sizeable amount of operators, since only a subset of them
contribute to any given process. Operators of higher dimensions are suppressed by
further factors of A and increase drastically in numbers [39], which complicates their
assessment from both the experimental and theoretical side.
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2. The ATLAS detector at the
Large Hadron Collider

On the experimental side of particle physics, huge progress has been made in the past
decades. A major driver of the progress is the steady improvement in the instrument-
ation available to study elementary particles, which has come a long way from the
cloud chambers used in the 1930s.

Nowadays, particle accelerators in combination with dedicated detectors are central
tools to study the interactions between elementary particles. The accelerator and de-
tector that produced and collected the data analysed in this thesis are introduced in
the following.

2.1. The Large Hadron Collider

The Large Hadron Collider (LHC) [40] is a particle accelerator and collider situated
at CERN, within the territories of Switzerland and France. With a circumference of
26.7km, the LHC is the largest and most powerful particle accelerator built to date.
Protons, or in special runs heavy ions, are accelerated and brought to collision at four
dedicated interaction points, where the detectors of the four main experiments are
situated. The two largest experiments A Toroidial LHC ApparatuS (ATLAS) [41] and
Compact Muon Solenoid (CMS) [42] use general-purpose detectors to perform a broad
range of measurements, spanning from precision measurements of SM parameters to
searches for BSM physics. A Large Ion Collider Experiment (ALICE) [43] is dedicated
to measurements of heavy ion collisions to study the quark-gluon plasma and the Large
Hadron Collider beauty (LHCb) [44] experiment focuses on the decays of hadrons
containing b-quarks.

In the current data taking period, a centre-of-mass energy /s = 13.6 TeV is reached
in proton-proton collisions. The measurement presented in this thesis analyses the
proton-proton collision data taken during the so-called Run2 in the years 2015-2018
at /s = 13 TeV.

To reach such high energies, several pre-accelerators are needed. A schematic rep-
resentation of the accelerator complex at the end of Run2 is shown in Figure 2.1.
At the beginning of the acceleration process, an electric field is used to strip hydro-
gen atoms off their electrons. The remaining protons are accelerated to an energy of
50 MeV by the linear accelerator LINAC 2 and injected into the Proton Synchrotron
Booster, where an energy of 1.6 GeV is reached. The Booster injects into the Proton
Synchrotron (PS) which further accelerates the protons to 26 GeV. From there, the
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Figure 2.1: Schematic representation of the part of CERN’s accelerator complex relevant for
the LHC operation. The state of the accelerator complex at the end of Run?2 is
shown. Figure adapted from [45].

protons are passed to the Super Proton Synchrotron (SPS) where they are acceler-
ated to 450 GeV and finally injected into the LHC in the form of bunches which are
spaced at 25ns [46]. Two counter-rotating beams are incrementally filled this way.
Each beam can contain up to 2556 bunches, which in turn contain about 10'* protons
each.

The beam properties determine how many collisions will occur when the beams are
crossed at the interaction points. A measure for the number of interactions within a
given area and time is the instantaneous luminosity L. For a Gaussian beam profile,
the luminosity is determined as

an2 fR’Yr
L=—}1L""TF 2.1
4dm e, B* (21)

Ny, denotes the number of bunches per beam, n, the number of protons per bunch, fz
the revolution frequency and -, the relativistic gamma factor. The ¢, indicates the
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2.2. The ATLAS detector

normalised transverse beam emittance, the beta function $* determines the transverse
beam size at the interaction point and the geometric luminosity reduction factor F
accounts for the reduction in luminosity due to the non-zero crossing angle between
the beams.

The integrated luminosity L, connects the cross section o of a given process with the
expected number of produced events N

N = U/ﬁdt =0 Lin. (2.2)

Therefore, a precise measurement of L;, is important for cross-section measurements.
A high luminosity is generally favourable as it leads to a large number of events,
which is especially important for the measurement of rare processes, i.e. processes
with a low cross section. However, a high instantaneous luminosity comes at the price
of additional proton-proton interactions per bunch crossing. The mean number of
interactions per bunch crossing is referred to as the pileup pu. For Run 2, the average
pileup in ATLAS was (u) = 33.7 [47].

2.2. The ATLAS detector

The ATLAS detector is the largest detector at the LHC with a length of 46 m and
a diameter of 25m. An overview of the detector layout is presented in Figure 2.2.
Cylindrical in shape, the detector comprises various sub-detectors which are arranged
in layers around the interaction point to identify particles and measure their properties.
The detector is forward-backward symmetric with respect to the interaction point and
divided into a barrel region, where the sub-detectors are arranged concentrically around
the beam pipe, and two end-caps at either side of the barrel, oriented perpendicularly
to the beam pipe.

ATLAS uses a right-handed coordinate system with the nominal interaction point as
its origin. The z-axis points towards the centre of the LHC, the y-axis points upwards
and the z-axis is oriented along the beam pipe. To describe the direction of particles,
polar coordinates are commonly used. The azimuthal angle ¢ is defined in the zy-plane
with respect to the x-axis, and the polar angle 6 defines the opening angle with respect
to the z-axis. The pseudorapidity

n=—In (tan (g)) (2.3)

is commonly used instead of the polar angle. In cases where the mass of a particle is
negligible, n approximates the particles rapidity

1 E+p,
=1 . 2.4
y 2“<E_pz) (2.4)
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Figure 2.2: Schematic representation of the ATLAS detector [48|.

The angular distance between two particles AR = +/(An)? + (A¢)? is commonly
calculated using the pseudorapidity.

2.2.1. The Inner Detector

The Inner Detector (ID) [49, 50] is a tracking detector and the closest layer to the
beam pipe. It contains three sub detectors, the Pizel Detector, the Semiconductor
Tracker (SCT) and the Transition Radiation Tracker (TRT), and is submerged in a
2T solenoidal magnetic field oriented along the z-axis. The ID measures the trajectory
of electrically charged particles with a high spatial resolution in the pseudorapidity
range |n| <2.5. The particles are deflected by the magnetic field, which allows for the
reconstruction of a particle’s momentum. The resolution of the ID in the transverse

momentum pr = \/pz + p; is

o
LT —0.05% -pr ® 1%,
pr

where the pr is given in GeV and ¢ denotes the quadratic addition of the uncertainty
components. The layout of the ID is shown in Figure 2.3.

The innermost subsystem of the ID is the Pixel Detector. It utilises silicon pixel
sensors to detect charged particles passing through the semiconductor by applying
an external electric field to separate the electron-hole pairs created by the traversing
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Figure 2.3: Schematic representation of the ATLAS ID in its original state from 2008 [51].

particle. The original detector contained three pixel layers to guarantee at least three
space points for the reconstruction of tracks, reaching a spatial resolution of 10 pm
in the xy-plane and 115 pm in z-direction. An additional fourth layer, the Insertable
B-Layer (IBL) [52], was installed as new innermost layer prior to Run2 to maintain
the ID tracking performance under the increased pileup conditions and the anticipated
radiation damage of the innermost layer. The IBL enhances the spatial resolution in
z-direction to approximately 70 pm and improves the reconstruction of the origin of
tracks, which is crucial for many aspects of a precise event reconstruction, such as
the distinction between the primary vertex of the hard scattering event and secondary
decay vertices of long-lived interaction products.

The Pixel Detector is surrounded by the SCT, a silicon micro-strip detector that adds
four layers of sensors in the barrel region and nine layers in the end-cap. The sensors
are based on the same detection principle as the silicon pixel sensors, but have a coarser
resolution of 17 pm in the xy-plane and 580 pm in z-direction.

The TRT constitutes the outermost layer of the ID and offers a continuous tracking,
complementary to the silicon based detectors. It consists of more than 70 layers of
drift tubes, each 4mm in diameter, oriented parallel to the beam pipe in the barrel
region and perpendicularly in the end-cap regions. The drift tubes are filled with an
Ar:C0O5:045 or Xe:COy:045 gas mixture in the barrel and end-cap regions respectively.
The gas mixture is ionised by traversing charged particles. The resulting electrons
are collected at the central anode wire, producing a signal to be read out. The drift
tubes are interleaved with radiator materials, where traversing charged particles emit
transition radiation with an energy proportional to their Lorentz factor v = E/m.
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Figure 2.4: Schematic representation of the ATLAS calorimetry system [56].

Therefore, the TRT provides electron identification complementary to that of the
calorimetry system.

2.2.2. The calorimeters

The calorimetry system is positioned around the ID and measures the energy of
particles. It consists of three calorimeters, the Electromagnetic Calorimeter (ECal),
the Hadronic Calorimeter (HCal) and the Forward Calorimeter (FCal) [53-55]. All
three subsystems consist of sampling detectors, which employ alternating layers of
high-density absorber materials to induce and contain particle showers and active ma-
terial to measure the deposited energy. An overview of the calorimeter system is shown
in Figure 2.4.

The ECal comprises the innermost calorimeter layer, dedicated to measuring the en-
ergy of electrons and photons. The initial electron or photon induces an electromag-
netic shower via bremsstrahlung or electron-positron pair-production, losing some of
its energy in the process. The energy of an initial electron is decreased to 1/e of
its starting energy after travelling one radiation length Xy, where Xy depends on the
chosen absorber material. The ECal uses lead as absorber and liquid Argon (LAr) as
active material, covers a region up to |n| =3.2 and reaches a full coverage in ¢ due to
its accordion geometry. The active layers are segmented in 7 and ¢ to provide spa-
tial resolution of the energy deposition. The thickness of the calorimeter varies with
In|, between 22—33 X in the barrel region and 24—-38 X, in the end-cap regions, to
fully contain the electromagnetic showers. In the transition region between barrel and
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end-cap, 1.37 <|n| < 1.52, the energy resolution is diminished by structural material.
Outside this region, the energy resolution is given by

OR . 10%

E  VE

where the energy is given in GeV. Hadrons only deposit a small fraction of their en-
ergy in the ECal and are fully absorbed in the HCal. Hadronic showers are induced by
inelastic interactions with nuclei of the absorber. Their spatial expansion is character-
ised by the hadronic interaction length \. It is defined analogously to X, but takes on
larger values since hadronic interactions have lower cross sections than electromagnetic
interactions. The HCal therefore utilises thicker absorption layers than the ECal. In
the barrel region up to |n| = 1.7, the calorimeter uses steel as an absorber, a scintillator
as active material and has a thickness of approximately 7.4 A. The end-cap regions up
to |n| =3.2 utilise copper and LAr.

Hadronic showers exhibit large fluctuations in the energy fraction that cannot be
measured, which comprises for example nuclear binding energy. Therefore, the HCal
provides a lower energy resolution than the ECal,

® 0.7%,

OR . 50%

i \/E@ZS%.

The FCal measures particle energies in the forward direction 3.1 < || < 4.9 to enhance
the solid-angle coverage. Its innermost module uses copper as absorber material to
optimise the resolution, and subsequent layers consist of tungsten to fully contain
hadronic showers. The active layers again consist of LAr but are thinner as the
FCal is exposed to higher particle fluxes. The FCal provides an energy resolution

of
op 100%

E  VE

® 10%.

2.2.3. The Muon Spectrometer

The outermost part of the ATLAS detector is the Muon Spectrometer (MS) [57]. Due
to their high mass, muons lose very little energy via bremsstrahlung in the calorimet-
ers and pass through the whole detector. The MS provides precise measurements of
their trajectories and momenta. A schematic representation of the MS is shown in
Figure 2.5. The muon trajectories are deflected in the field of the toroidal magnets,
which reach integrated field strengths of up to 3T m in the barrel and 6 Tm in the
end-cap regions.

Three layers of Monitored Drift Tube (MDT) chambers measure the muon trajectories
in the region |n| <2.7. Each chamber comprises multiple layers of drift tubes that
are filled with an Ar:CO; gas mixture and employ the same measurement method as
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Figure 2.5: Schematic representation of the ATLAS MS [59].

the TRT tubes. They measure tracks of charged particles with an alignment accur-
acy of 30—40 pm and a single-hit resolution of 80—90 um [58|. In the forward region
2.0 < |n| < 2.7, Cathode Strip Chambers (CSCs) are used instead of MDTs in the in-
nermost layer. These multiwire proportional chambers are better suited for the high
background rates expected in this region while providing the required spatial resolu-
tion.

The high spatial resolution translates into a momentum resolution Apr/pr <4 % over
a large range of muon momenta, increasing to about Apy/pr=10% for tracks with
high momenta pr >1TeV. This high momentum resolution comes at the price of
long drift times of up to 720 ns, which are much higher than the LHC bunch spacing.
Therefore, the MDTs are complemented with Resistive Plate Chambers (RPCs) in the
barrel region and Thin Gap Chambers (TGCs) in the end-cap regions up to |n| <2.4.
They provide a high timing resolution of about 2ns and comprise the basis for the
muon trigger system.

2.2.4. The trigger system

The LHC bunch-crossing rate of 40 MHz leads to an enormous amount of collision
events that can be neither read out nor stored entirely. However, only a fraction of the
events contain hard-scattering processes that are of interest for the physics analyses.
ATLAS therefore employs a two-level trigger system [60, 61] to identify interesting
collisions at runtime and decrease the amount of recorded data to a manageable level.
The Level-1 (L1) trigger is a hardware-based system that uses information from the
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Table 2.1.: Requirements imposed by the triggers used in this analysis. If all criteria of any
one row are met, an event is accepted. The var prefix to an isolation criterion
implies that the size of the isolation cone varies with the pr of the lepton.

Trigger type Year L1 pr min [GeV] HLT pr min [GeV] HLT identification HLT isolation
20 24 medium
2015 22 60 medium
Single electron 22 120 loose
22 26 tight var-loose
2016, 2017, 2018 22 60 medium -
22 140 loose
2015 20 26 - loose
. 20 50 - -
Single muon
21 26 - medium
2016, 2017, 2018 21 50 .

calorimeters and the MS to bring the event rate down to the maximal detector read-out
rate of 100 kHz. It also identifies Regions of Interest (ROIs) in the n — ¢ plane which
are to be investigated by the second trigger stage, the software-based High-Level Trig-
ger (HLT).

The HLT additionally uses tracking information from the ID and performs an event
reconstruction similar to the ones used for physics analyses in the ROIs to make
the final decision whether the event is recorded or discarded. Events that pass the
HLT are sent to permanent storage units, with an output rate of approximately
1.2kHz.

A variety of triggers are employed simultaneously, which require different physics ob-
jects to be present in a collision. The analysis presented in this thesis uses single-lepton
triggers, the details of which are listed in Table 2.1. The L1 single-muon triggers re-
quire a muon candidate with pr over the given threshold and at least three hits in
the RPCs or TGCs. If an isolation criterion is specified, the pr deposited in a cone of
radius AR around the muon candidate has to be below a certain threshold.

The L1 single-electron triggers search for spatially restricted and isolated energy de-
posits in the EM calorimeter. The HLT additionally uses information from the ID to
perform a likelihood-based identification of electrons, providing three working points
to identify signal electrons and reject background electrons, which do not originate
from the primary interaction but for example from photon conversions. The isolation
criterion follows the same principle as for the single-muon triggers.
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2.2.5. Luminosity measurement

A precise knowledge of the luminosity delivered to ATLAS is crucial for the accuracy
of physical analyses of the collected data. The luminosity produced by a single pair of
colliding bunches can be written as

Eb _ Hvis fr

Ovis

Here, f, denotes the bunch revolution frequency, p.is the visible interaction rate, i.e.
the number of collisions measured by the detector in a single bunch crossing, and ;g
the visible cross section. For each data-taking year, o, is determined in dedicated
calibration runs using van der Meer scans, where the beam positions in the transverse
plane are varied with respect to each other. The ;s changes over time and therefore
needs to be measured in parallel to the recording of collision data. This is done by the
upgraded Luminosity Cherenkov Integrating Detector (LUCID-2) [62], which consists
of two modules equipped with photomultipliers situated at z =+17m along the beam
pipe.

The full dataset recorded in Run 2 by ATLAS that meets certain quality standards [63]
and is therefore suitable for physics analyses corresponds to an integrated luminosity
of (140.1 £ 1.2)fb~" [64].
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The top quark is the heaviest known elementary particle, with a mass measured as
(172.57 + 0.29) GeV [15]. Originally discovered in 1995 by the CDF and DO col-
laborations at the proton-antiproton collider Tevatron at Fermilab [65, 66], the top
quark possesses unique features related to its large mass that make it the subject of a
wide-ranging measurement programme at the LHC.

At hadron colliders, top quarks are produced via strong and weak interaction pro-
cesses. The dominating process at the LHC is the production of top quark-antiquark
pairs (tt) via the strong force. The ¢t production is in turn dominated by gluon-gluon
fusion; the other relevant production mode is quark-antiquark annihilation. Repres-
entative Feynman diagrams of ¢ production at LO in QCD are shown in Figure 3.1
for both relevant production modes.

Single top quarks are produced in weak interaction processes. The three main produc-
tion modes are distinguished by the virtuality of the involved W-boson and referred to
as t-channel (tq and tq), tW and s-channel (tb and tb) production. Exemplary Feyn-
man diagrams for all three processes at LLO are shown in Figure 3.2, where b-quarks are
explicitly shown at the tWWq vertices, as the coupling of the top quark to d-quarks and
s-quarks is suppressed by the associated CKM-matrix elements (cf. Equation 1.9). On
a similar note, the Feynman diagram for the t-channel production explicitly shows a
u-quark in the initial state, since the most probable scattering partner for the b-quark
is a valence u-quark from the other proton.

The top quark decays almost exclusively into a b-quark and a W-boson. Depending
on the decay channel of the W-boson, the top-quark decay is referred to as hadronic
or semileptonic decay. A tt pair decays semileptonically when only one of the two
W-bosons decays leptonically.

(a) (b)

Figure 3.1: Exemplary Feynman diagrams of ¢t production at LO in QCD via (a) gluon-gluon
fusion and (b) quark-antiquark annihilation.
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Figure 3.2: Exemplary LO Feynman diagrams of the three main production channels for single
top quarks at the LHC, the (a) t-channel, (b) tWW and (c) s-channel production.

A large variety of measurements related to the top quark is performed at the ATLAS
experiment [67]. A unique feature of the top quark, related to its high mass, is a
decay width I'y = 1.4 GeV larger than the hadronisation scale Aqcp = 250 MeV. The
top quark therefore decays before it can form bound states, and its properties can be
studied through the decay products. A recent example is the measurement of spin
correlation in tf pairs [68] which provides the highest-energy observation of quantum
entanglement to date.

The mass of the top quark m; is directly linked to the vacuum stability of the universe
[69] and has a significant impact on the masses of the Higgs and the W-boson through
loop corrections, thereby providing an opportunity for precision tests of the consist-
ency of the SM. The most precise result for m; to date stems from a combination of
fifteen individual measurements performed by ATLAS and CMS [70].

A variety of BSM theories predict effects that would be predominantly visible in
top-quark-related measurements. New elementary particles at energy scales inaccess-
ible to the LHC could alter the coupling of the top quark to the Higgs and W -boson
through loop corrections. Several proposed SM extensions predict an enhancement of
flavour changing neutral current (FCNC) interactions involving top quarks, which are
heavily suppressed in the SM [18]. Measurements of associated t¢ production, e.g. ttW
[71], and searches for FCNC couplings of the top quark [72] provide opportunities to
search for BSM physics. A common approach is to embed the searches in a SMEFT
approach, as several Wilson-Coefficients can be constrained from top-quark property
and cross-section measurements [67].

Cross-section measurements provide an excellent opportunity to test SM predictions
and search for BSM effects. Measurements of single top-quark production are es-
pecially suited to study the coupling at the tWWb vertex, which occurs in all three
production modes. Furthermore, the production channels can provide sensitivity to
different BSM effects. A SMEFT operator modifying the top-gluon vertex predom-
inantly affects the tWW channel, while an operator characterising a four-quark contact
interaction only affects the t-channel and s-channel production modes. It is therefore

34



iy ‘lu:ﬂll:

The top quark at the LHC

| ATLAS+CMS Preliminary t-channel

| LHCtopWG B ATLAS PLB854(2024)138726, PRD90(2014) 112006, EPJC77(2017)531, JHEP05(2024)305 _|

® CMS JIHEP12(2012)035, JHEP06(2014)090, PLBBOO (2019)135042

L Single top-quark production "i'{' * LHC comb. e oisss

May 2025
ATLAS PLB716(2012)142, JHEP01(2016)064, PRD110 (2024)072010
® CMS PRL110(2013)022003, PRL112(2014)231802, JHEPO7 (2023)046, JHEP01(2025) 107

+ LHC comb. sxepos(2019)088

[EnY
o
N

s-channel
B ATLAS PLB756(2016)228, JHEP06(2023)191

® CMS HEP09(2016)027
4  LHC comb. sxepos(2019)088

IIII|
e

=
ok

Inclusive cross-section [pb]
| |

=== NNLO MCFM, JHEP 02 (2021) 040
PDF4LHC21
% ] scale 0 PDF [J ag uncertainty, mwp:l72.5 GeV
[ | = = = aNNLO+aN’LL JHEP05(2021)278
PDFALHC21

tw: f contribution removed
10 -- scale 0 PDF O ag uncertainty, mmp:l72.5 GeV

- - = NLO CPC191(2015)74
CT10nlo, MSTW2008nlo, NNPDF2.3nlo

L F - Ho= M= My
-f-- scale 0 PDF [ a, uncertainty, mwp:l72.5 GeV

5 7 8 13 136

Vs [TeV]
Figure 3.3: Summary of ATLAS and CMS measurements of the total single-top-quark pro-
duction cross sections for all three main production modes as a function of the
centre-of-mass energy [76.

useful to take advantage of the distinct final states of the different production channels
and measure them separately.

Measurements of the total production cross sections for all three production modes
were performed by ATLAS and CMS at different centre-of-mass energies. The results
of the measurements are summarised in Figure 3.3, showing a good agreement with
the SM predictions.

Measurements of differential production cross sections are especially suited to test the
SM predictions obtained from theoretical calculations and phenomenological models,
which necessarily depend on certain assumptions. Differential ¢-channel production
cross sections were measured by ATLAS at 7TeV [73] and 8 TeV [74]. At 13TeV,
CMS performed a measurement using a partial Run 2 data sample with an integrated
luminosity of 35.9 fb™! [75], which provides only limited statistical power. The analysis
presented in this thesis is the first measurement with the full Run 2 dataset, utilising
140fb™" of collision data to measure differential distributions over a wide kinematic
range with good accuracy.

35






4. Simulation of proton-proton
collisions

In the modern age of particle physics, theoretical predictions of the involved processes
play an important role in physics analyses. The predictions are compared to meas-
urement results, either to refine the theoretical models or to search for discrepancies
hinting at BSM physics. Most techniques employed to analyse collision data also rely
on predictions, which model for instance the contribution from different processes in
a given phase space or the expected shape of a kinematic distribution.

The modelling of proton-proton collisions is a challenging task involving phenomena at
both high and low energy scales. The latter cannot be calculated perturbatively due
to confinement (cf. Section 1.3), therefore phenomenological methods are employed.
In the following, the various steps needed to simulate collision events are described.
All steps in the simulation utilise Monte Carlo (MC) methods, which rely on repeated
random sampling to perform for instance numerical integrations.

4.1. Modelling of the proton substructure

At the high collision energies reached at the LHC, single constituents of the collid-
ing protons interact with each other. A precise knowledge of the proton substructure
is therefore crucial to properly model collision events. The proton consists of three
valence quarks, two up quarks and one down quark, which determine the proton’s
quantum numbers. The valence quarks are bound together by the strong force me-
diated by gluons, which can split into quark-antiquark (qg) pairs. These sea quarks
are short lived as they annihilate into gluons again, but they can be of any flavour
except top, since the top-quark mass is too large. The valence quarks, sea quarks and
gluons are the partons of the proton. The total momentum of an accelerated proton is
distributed among its partons, where each parton carries a momentum fraction given
by the Bjorken scaling variable x.

The probability to find a parton a with momentum fraction x, when the proton is
probed at the energy scale Q? is described by the parton distribution function (PDF)
fa(za, @*). PDFs cannot be derived from first principles and are therefore determined
phenomenologically. Once extracted at a specific @2, PDFs can be perturbatively ex-
trapolated to other energy scales using the DGLAP evolution equations. Figure 4.1
exemplarily shows the NNPDF3.1 PDF set [77] at NNLO evaluated at two different
energy scales ;> = 10 GeV? and p? = 10* GeV?. It can be seen for both energy scales
that the valence quarks peak in the high-x regime, while gluons dominate for low mo-
mentum fractions. The importance of the gluon and, to a lesser extent, the sea-quark
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Figure 4.1: Proton PDFs obtained from the NNPDF3.1 PDF set |77] at NNLO evaluated at
the energy scales (a) pu? = 10 GeV? and (b) u? = 10* GeV?. The valence-quark
PDFs are denoted by the subscript v.

PDFs increases with the energy scale. At LHC energies, gluons are the predominating
partons in collision events. A more detailed discussion of proton PDFs is provided in
Section 4.4.

4.2. Hard scattering and parton shower

Most physics analyses target collision events in which two high-momentum partons
from the colliding protons interact with each other. A schematic representation of such
an event is shown in Figure 4.2. Two partons a and b interact in the high-energetic
hard-scattering process, which may involve the production and decay of heavy element-
ary particles X. The radiation of additional gluons and photons off @ and b is referred
to as initial state radiation (ISR), and radiation off X and its decay products is de-
scribed by final state radiation (FSR). The combination of ISR and FSR is commonly
referred to as parton shower, as more and more particles are produced through gluon
splittings and secondary contributions from electromagnetic radiation. A character-
istic property of this process is the formation of collimated sprays of hadrons called jets.
Finally, the remnants of the initial protons can interact with each other in multiple
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Proton A

Oab—X q

Underlying

Proton B
event

Figure 4.2: Schematic representation of a proton-proton collision event. The lines a and b
represent arbitrary proton partons and the decay of the hard-scatter products
X is exemplarily chosen as X — qqfv. The structure of a jet modelled from
parton shower and hadronisation is indicated for one of the jets. Figure adapted
from [78].

parton interactions. These processes are connected to the hard scattering through the
color fields and are summarised as the underlying event. The simulation of collision
events is split into several steps that are outlined in the following.

Fixed-order cross section

The calculation of the cross section 045, x involves both the proton PDFs and the
high-energetic hard scattering. As described by the factorisation theorem [79], the
perturbative and non-perturbative parts of the calculation can be separated at some
factorisation scale jiy:

OAB—X — Z/dxa dxb fa(xaa :u?”) fb(xba HJ?@) Uab%X(xal'b& :u72~7 :u?”) (41)
a,b

Here, the partonic cross section o, x additionally depends on the centre-of-mass en-
ergy s and the renormalisation scale .., at which higher-order QCD loop corrections
are evaluated. Both p, and py are usually set to a typical energy scale of the con-
sidered process, as this minimises the dependence of o 5_,x on the scale choice. The
partonic cross section can be calculated perturbatively up to a fized order n in ag ()
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where ¢ denotes the phase space and M the matrix element. Calculating a cross
section at order n means that terms up to o are considered in the integration, and
the summation includes all matrix elements with k& 4+ [ < n, where k denotes the
number of additional real emissions in the final state and [ indicates the number of
loop corrections. Matrix-element generators implement MC methods to perform the
integration. A large number of MC events sampling the phase space of the hard
scattering is generated, and each event is assigned an event weight proportional to its
probability.

Parton shower

The parton shower models higher-order real emissions originating from ISR and FSR,
which can result in O(100) particles in the final state. Matrix-element calculations
at this order are technically infeasible, and as an additional complication, the shower
includes frequent soft and collinear radiation characterised by low energies and small
angles, both of which lead to divergences in the integrals. Parton-shower algorithms
therefore model the shower evolution via splitting probabilities. The probability for a
final-state particle f starting at some energy scale Qg to decay at a scale ()1 < Qg is
defined as

Pr(Q1]Q0) = Prygn(@1) - II(Q1, Qo). (4.2)

Here, Py_,4,(Q1) is the probability for a splitting to occur at Q1 and II(Q1, Q) denotes
the probability for f to survive up to this point [80]. The splittings are dominated by
the QCD processes ¢ — gq,g9 — qq and g — gg. The shower evolution continues until
the non-perturbative scale (), =~ 1 GeV is reached.

The ISR is modelled in a similar way, with the important difference that the evolu-
tion is simulated in reverse. The parton a taking part in the hard scattering is taken
as starting point, and the probability that a originated from a splitting ¢ — ad is
evaluated. In each step, d is radiated as additional particle and the scale for further
radiations is decreased. The evolution continues until either @)}, is reached or the total
energy of the mother particle ¢ exceeds the energy of the original proton.

The underlying event takes place at low-energy scales and is therefore modelled phe-
nomenologically and usually simulated by the parton-shower program. The optimal
combination of generator settings to model the underlying event as well as ISR and FSR
is extracted from comparisons to data and summarised in a tune.

The combination of matrix-element calculations and parton-shower simulations is a
successful approach that provides accurate descriptions of collision events. The inter-
facing between the two components however requires careful consideration to avoid the
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Figure 4.3: Feynman diagrams for a gluon-gluon fusion process illustrating the potential over-
lap between NLO diagrams and LO diagrams with consecutive hard emissions in
the parton shower.

double-counting of certain diagrams. As visualised in Figure 4.3, a LO diagram with a
hard emission simulated in the parton shower can overlap with an NLO diagram from
the matrix-element calculation. Various techniques to perform NLO matching and
mitigate the double-counting exist, and some of them can be applied simultaneously
to improve the result [81]. A common approach is the subtraction scheme where the rel-
evant NLO corrections from the parton shower are subtracted from the matrix-element
calculations. Another possibility is to use the vetoed power shower scheme, where the
hardest emission is defined by the matrix-element calculation. Emissions in the parton
shower above this scale are then vetoed.

Hadronisation

Once the shower evolution of both ISR and FSR is completed, the formation of
color-neutral hadrons from the produced partons and the subsequent decay of un-
stable hadrons are simulated. Hadronisation is generally a non-perturbative process
and therefore modelled phenomenologically, usually by one of the two well-established
approaches.

The Lund string model |82] assumes ¢ pairs connected via massless relativistic strings
with a potential energy proportional to the string length. Gluons are represented by
energy and momentum carrying kinks on the strings. When the potential energy of a
string is high enough to produce an on-shell ¢ pair, it may break. The probability for
the splitting is proportional to the string’s phase space and its probability to have sur-
vived without splitting up to this point. Newly produced qq pairs are incorporated in
the hadronisation process that continues until all remaining strings are of sufficiently
short length. The second approach called cluster hadronisation model [83] begins by
grouping all quarks into color-neutral clusters. Gluons in the final state of the parton
shower are decayed into ¢q pairs, which are also considered in the clustering. The
clusters are then broken down into hadrons or smaller clusters, depending on their
invariant mass. The process continues until only hadrons remain.
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4.3. Detector simulation and pileup overlay

The last step in the event-generation chain simulates the response of the ATLAS de-
tector to the particles produced in an event. The GEANT4 toolkit [84] with an integ-
rated detector model [85] is used to model the energy deposition of traversing particles
in the detector subsystems as accurately as possible. The ATLAS model therefore
contains a detailed description of the detector geometry and materials and allows to
include known misalignments. The simulation of the detector response requires large
computational resources, most of which are spent on the calorimeter systems. A fast
simulation algorithm, referred to as Atlfast-I1 [86], reduces the complexity of the sim-
ulation while providing reasonably accurate results by employing a parameterisation
of the calorimeter response.

Pileup interactions originating from additional proton-proton interactions in a bunch
crossing (cf. Section 2.1) are dominated by soft QCD processes. They are accounted
for by using minimum-bias events, which utilise loose trigger requirements to record
inelastic collision events with low-momentum particles. Minimum-bias events are sim-
ulated and overlaid on each MC event at the level of energy depositions in the detector.
Dedicated tunes for pileup simulation are extracted from comparisons to data, and the
mean number of pileup interactions per event is additionally reweighted to match the
distribution seen in data.

The output format of the MC samples after the detector simulation resembles the
data format such that all consecutive steps required for analyses, e.g. HLT selection
and event reconstruction, can be applied to the simulated samples analogously to the
recorded data samples.

4.4. Proton PDF sets

A precise knowledge of the proton substructure, encoded in the PDFs; is crucial for
the theoretical interpretation of ATLAS measurements. The determination of proton
PDFs from global QCD analyses is a challenging task taken up by multiple groups
worldwide, like the ABM [88], CTEQ [90], MSHT [91] and NNPDF [77, 92, 93] col-
laborations. The PDF sets provided by these groups can differ for example in the
included data, the treatment of heavy-quark PDFs, the fitting methodology and the
values of SM parameters like ag and heavy quark masses. A detailed discussion of
PDF extractions is beyond the scope of this thesis. Therefore, only a brief overview
of some key aspects is given in the following.

A compact overview of the PDF sets used to model tq and tq production is given in
Table 4.1. Most PDF fits utilise a variety of different measurements as input data to
reach a broad coverage in both Q? and x. Deep-inelastic scattering measurements in
e*p collisions at the HERA accelerator [95] provide unique insight into the low Q2 and
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Table 4.1.: Comparison of all PDF sets used to extract theoretical predictions for differential
tq and tq cross sections. The listed properties provide a non-exhaustive overview
of specifications required to extract PDFs. For the sake of brevity, the used input
data is summarised under the collider or LHC experiment at which the data was
taken. Differences in the choices of included measurements are not reflected. For
the LHC experiments, the centre-of-mass energies of included measurements are
given in brackets. The masses of the c-quark and b-quark, m. and my, are needed
regardless of the F'S for the evolution of the PDFs [87].

PDF Precision FS  Input data as(mz) me [GeV] my [GeV]
Tevatron, HERA,

ABMP16 [88] NLO 4FS Fixed-target experiments, 0.11905 1.175 4.488
ATLAS, CMS, LHCb (7,8 TeV)
HERA

ATLASPDF21 [89] NNLO 5FS RA, 0.118 1.41 4.2

ATLAS (7,8,13 TeV)
Tevatron, HERA,
ATLAS, CMS, LHCD (7,8 TeV)
Tevatron, HERA,
ATLAS, CMS, LHCD (7,8 TeV)
Tevatron, HERA,
NNPDF3.0 [92] NLO 4FS Fixed-target experiments, 0.118 1.275 4.18
ATLAS, CMS, LHCb (7,8 TeV)
Tevatron, HERA,
NNPDF4.0 [93] NLO 4FS Fixed-target experiments, 0.118 1.51 4.92
ATLAS, CMS, LHCb (7,8,13 TeV)
MC replicas of CT18, MSHT20
and NNPDF3.0 global fits

CT18 [90] NLO 5FS 0118 1.3 4.75

MSHT20 [91] NLO 4FS 0.118 1.4 4.75

PDF4LHC21 [94] NLO 4FS 0.118 1.4 4.75

low = regime. ATLAS, CMS and LHCb measure many different processes, like dijet
events or the production of gauge bosons or top-quark-antiquark pairs, that provide
sensitivity to different quark flavours and kinematic regions. W-boson production
measurements at the proton-antiproton collider Tevatron provide valuable insight on
quark-flavour composition and in some PDF fits, fixed-target experiments with deu-
terium and nuclear targets are included to heighten the sensitivity to sea-quark PDFs.
Another important aspect is the treatment of heavy-quark masses, or, more specifically
tailored to this analysis, the treatment of b-quarks. When the hard scale of a process is
much larger than the b-quark mass, Q? >> my, the b-quark can be considered massless
in the calculations. In the five-flavour scheme (5FS), the b-quark enters the running
of ag (cf. Equation 1.5) and is treated as a massless parton. In the four-flavour
scheme (4FS), b-quarks are not treated as proton constituents. For hard-scattering
processes with b-quarks in the initial state, the gluon splitting ¢ — bb is then included
in the matrix-element calculation, which uses massive b-quarks. This leads to a better
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modelling of the spectator b-quark that does not participate in the hard-scattering
process [96]. Therefore, the 4FS is used when it is available.

4.5. Event generators and fixed-order calculations

Matrix-element calculations and parton-shower simulations are provided by various
event generators that differ in the choice of used algorithms and models. Common
choices for matrix-element calculations are the MADGRAPHS5 AMC@NLO (abbre-
viated as MG_AMC@NLO) [97], POWHEG Box [98-101] and SHERPA [102, 103]
generators, all of which provide calculations at NLO in QCD for many different pro-
cesses. For NLO matching, MG _AMCQNLO and SHERPA employ a subtraction
scheme according to the MCQNLO prescription [104], while POWHEG BOX employs
a vetoed power shower scheme [105].

The two main parton-shower programs used in this analysis are PYTHIA [106] and
HERWIG [107, 108]. In PYTHIA, the default shower model orders emissions by their
transverse momentum, starting with the hardest emission, and the Lund string model
is utilised for hadronisation. HERWIG in contrast implements an angular shower order-
ing, where the shower moves from particles emitted at large angles to collinear emis-
sions, and employs the cluster hadronisation model. The SHERPA generator includes
a parton-shower simulation ordered by the transverse momentum of emissions and
models hadronisation based on the cluster hadronisation model.

The matrix-element and parton-shower generator combinations used to extract pre-
dictions for the differential tq and tq cross sections are listed in Table 4.2. In principle,
matrix-element generators are sufficient to obtain the predictions, but the parton-shower
simulation contributes corrections to the FSR that can affect the kinematics of the top
quark. The flavour scheme dictates whether the b-quark in the initial state is treated

Table 4.2.: Comparison of all generator combinations used to extract theoretical predictions
for differential tq and tq cross sections. In all cases, the NNPDF3.0 PDF set is
used in the F'S that matches the one employed in the matrix-element calculation.

Generators FS  p, and gy choice
POWHEG BOX v2 + PYTHIA 8.230 4FS  4+/mi + pAi(b)
POWHEG BoX v2 + HERWIG 7.3 4FS  4+/mi + pAi(b)

MG AMC@NLO [2.7.3] + PYTHIA8.230 4FS 4./m2 + p2(b)
MG _AMCQNLO [2.7.3] + PyTHIA8.230 5FS Hy/2
MG AMCQNLO [2.7.3] + PyTHIA8.230 5FS m; = 172.5GeV
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4.5. Event generators and fixed-order calculations

as massless, and the corresponding version of the NNPDF3.0 PDF set is employed.
The choice of the renormalisation and factorisation scales is not straightforward, as
the dominating heavy-quark line (b — t) contains two very different scales, namely the
masses of the b-quark and of the top quark. Studies have shown that the overall scale
dependence of the process is dominated by the transverse momentum of the b-quark
in the initial state [96], therefore the renormalisation and factorisation scales are set
to w, = py = 4/mi + pi(b) for all 4FS calculations, where my, denotes the b-quark
mass and pr(b) refers to the transverse momentum of the b-quark originating from the
initial g — bb splitting. Two different scales are chosen for the 5FS calculations; a dy-
namic setting u, = py = Hy/2, where Hy denotes the sum over the transverse masses
of all particles in the final state, and a static approach where the scales are fixed to
the top-quark mass p, = puy = 172.5GeV. Compared to calculations in the 5FS, the
4FS has a stronger scale dependence, simply because the initial g — bb splitting adds
an additional factor of ag.

Complementary to the various NLO calculations outlined above, predictions from cal-
culations at different orders are extracted with MCFM [109, 110], an MC generator
program within which the tq and tq production and decay can be calculated at up to
NNLO in QCD. The NNLO calculation includes all effects of radiation in top-quark
production and decay at this order and therefore yields state-of-the-art predictions for
both total and differential tq and tg production cross sections. Calculations at all or-
ders utilise the 5F'S and the recommended double deep inelastic scattering scale [111].
The momentum transfer along the W-boson plisht = ,u?ght = Q3% is used to evalu-
ate QCD corrections on the light-quark line (v — d), and for the heavy-quark line,
the scales are set to pbeay = u?eavy = Q% + m?. This separation is possible be-
cause the exchange of a virtual W-boson allows for a factorisation of the process
into two deep inelastic scattering processes that holds under QCD radiation up to

NNLO, except for small interference and off-shell effects. The values chosen for some

Table 4.3.: Values of particle masses and the Fermi constant Gg used for the fixed-order
calculations with MCFM [112].

Parameter Value
my 80.385 GeV
my 91.1876 GeV
my 172.5 GeV
my, 0 GeV
Me 0 GeV
Gp 0.116639-10~4
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of the most important parameters for the fixed-order calculations are summarised in
Table 4.3.
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5. Data and simulated samples

The data analysed in this thesis was collected by the ATLAS detector in the years
2015-2018 at a centre-of-mass energy /s = 13TeV. Recorded events that are af-
fected by issues in the detector hardware or readout chain are removed, and the re-
maining dataset corresponds to an integrated luminosity of (140.1 + 1.2)fb™" [64].
Single-lepton triggers are used to select events for the analysis as described in Sec-
tion 2.2.4.

MC methods are used to simulate the production of the signal process and of pro-
cesses that can lead to similar final states and therefore contribute to the events se-
lected for the measurement. As outlined in Chapter 4, different event generator and
parton-shower programs are available, and the simulations depend on various para-
meters. Technical details about the nominal samples used in this analysis are given
in the following. For some processes, systematically varied samples are produced by
changing one parameter or employing a different parton-shower program. These vari-
ations are described in Section 10.1.

For all samples, the response of the ATLAS detector is modelled with the GEANT4
toolkit [84]. The nominal samples use a full detector model [85], while systematically
varied samples employ the Atlfast-II fast simulation [86]. The minimum-bias events
that are overlaid on the hard-scattering events to simulate energy depositions from
pileup events are simulated in PYTHIA 8.186 [113] with the A3 [114] tune and the
NNPDF2.3L0 PDF set [115].

5.1. Signal samples

The signal tq and tq processes are simulated with POWHEG Box v2 [96, 98-101, 116,
117] at NLO in QCD using the NNPDF3.0NLO _NF4 PDF set [92|. The 4FS is
used as it leads to a more reliable modelling of the spectator b-quark (cf. Sec-
tion 4.4). The top-quark mass is set to m; = 172.5GeV for the signal sample
and for all other simulations involving top quarks. The parton shower, hadronisa-
tion and underlying event are modelled with PyTHIA 8.230, using the NNPDF2.3L.0
PDF set and the Al4 tune [118], which was optimised from comparisons to data
and provides a configuration suitable for high-pt processes. The default PYTHIA
choices of a pr-ordered parton shower and the Lund string model for hadronisation
are employed. The renormalisation and factorisation scales y, and pf are set dynam-
ically per event to p, = gy = 4 /m3 + p2(b). The top-quark decay is modelled with
MADSPIN [119, 120] at LO to preserve spin correlations, and thereby the angular
correlations between particles in the initial and final state. The narrow width ap-
proximation, confining the calculations to on-shell quarks, is employed. Finite-width
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effects are accounted for afterwards by smearing the top-quark mass to agree with a
Breit-Wigner distribution. The decays of b-hadrons and c-hadrons that are products
of the hadronisation simulation are handled by the EVTGEN 1.6.0 program [121].
The samples are normalised to the theoretical predictions for the total cross sections
calculated with MCFM 10.1 [110] at NNLO in QCD, o(tq) = (134.2 £ 2.2) pb and
o(tq) = (80.0 = 1.6) pb [112].

The analysis includes an interpretation of the results in the SMEFT framework to
constrain the Wilson-coefficient Cg’g’; /A% (cf. Section 11.2). Dedicated MC samples are
generated with MADGRAPHS  AMC@NLO 2.7.3 in the 5F'S with the NNPDF3.0NLO
PDF set using the SMEFTatNLO-NLO model [122]. Separate samples are generated
for C%’;/A2 € {-0.6, —0.2, 0.0, 0.4, 1.0} TeV~2, which include both t-channel and
s-channel production. The parton shower is simulated with PYTHIA 8.244 using the
Al14 tune and the NNPDF2.3L0 PDF set. The detector response is modelled us-
ing Atlfast-II. The single-top-quark production cross sections are altered by Cé’; /A2
and calculated with MADGRAPHS AMC@NLO 2.7.3; the values are given in Ap-
pendix A.

5.2. Top-quark background samples

The production of ¢t pairs and single top quarks via the s-channel or tWW process con-
tribute as background processes. The samples for all processes are generated at NLO in
QCD with POWHEG Box v2 in the 5FS using the NNPDF3.0NLO PDF set. The par-
ton shower, hadronisation and underlying event are modelled with PYTHIA 8.230 using
the A14 tune and the NNPDF2.3L0 PDF set. The top-quark decay is modelled by
PowHEG Box, and EVTGEN 1.6.0 is employed for the decay of b- and c-hadrons. For
tt and tW events, the hgamp parameter plays an important role in the parton-shower
matching, as it controls the pr of the first beyond-LO gluon emission in the parton
shower [123]. The samples are generated with hqamp = 1.5m;.

For the t¢ sample, p, and s are chosen dynamically as a function of the top-quark
mass and transverse momentum g, = iy = \/mi + pa(t). The sample is normalised
to a cross section of o(tt) = (834 £ 33) pb obtained from NNLO calculations with the
Topr++ 2.0 program [124], which includes the resummation of next-to-next-to-leading
logarithmic soft-gluon terms.

The generation of tWW events employs dynamic scales p, = puy = Hr/2, where Hy de-
notes the sum over the transverse masses of all particles in the final state. The diagram
removal [125] approach is used to account for the interference between higher-order
diagrams of tW production and the ¢t process. The cross section for tW production
o(tW +tW) = (79.3 £ 2.9) pb calculated at NLO in QCD is used to normalise the
sample [126]. The tb and £b sample is normalised to the cross section calculated at NLO
in QCD with the HATHOR 2.1 program [127, 128], o (tb +b) = (10.3240.38) pb.
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5.3. Boson background samples

5.3. Boson background samples

Additional background events originate from the associated production of W-bosons
and Z-bosons with jets and diboson production. The W+jets and Z+jets samples are
split into sub-samples according to the flavour of the associated jets. The SHERPA 2.2.11
generator [103] is used for event generation with the NNPDF3.0NLO PDF set. Mat-
rix elements containing up to two partons are calculated at NLO in QCD, and at
LO for up to five partons. The default SHERPA parton shower [129] is used with the
cluster hadronisation model [130]. The samples are normalised to the cross sections
obtained with the FEWZ package [131, 132] at NNLO in QCD including NLO elec-
troweak corrections [133]. On-shell diboson production is simulated with SHERPA 2.2.1
using the same setup as for the W-jets and Z+jets samples. The matrix-element cal-
culation includes all diagrams with four electroweak vertices and is carried out at
NLO in QCD for up to one additional parton emission, and at LO for up to three
additional emissions. The samples are normalised to the cross sections provided by
SHERPA.

5.4. Multijet background samples

The multijet background comprises events with no lepton in the final state of the
hard-scattering interaction. It is modelled from both recorded data and simulated
dijet events, as described in Chapter 8. The simulated dijet events are generated
with PYTHIA 8.186 at LO. Both p, and py are set to the square root of the geo-
metric mean of the squared transverse masses of the two outgoing particles in the

matrix element, y, = pup = C/ (p3., +m?) - (b}, +m3). The events are filtered dur-

ing generation to ensure that at least one jet with ppt > 17 GeV exists. The parton
shower is simulated in PYTHIA 8.186 using the NNPDF2.3L0 PDF set and the A14
tune.
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6. Object reconstruction and
identification

The different kinds of particles produced in collision events leave unique signatures in
the detector that can be used to identify particles when the information collected by
the various detector subsystems are combined. In the busy environment of high-energy
proton-proton collisions, the attribution of measured signals to single particles provides
a challenging task. Dedicated algorithms are used to reconstruct low-level objects,
such as tracks and energy clusters, which serve as input for the reconstruction and
identification of high-level objects, such as electrons or jets. These objects additionally
need to be calibrated, and the precision up to which their properties are known needs
to be evaluated. The procedures used to reconstruct the particles of interest for this
analysis are described in the following.

6.1. ID tracks and vertices

The reconstruction of tracks in the ID left by charged particles is a prerequisite for the
subsequent reconstruction of most higher-level objects. Signals detected by individual
pixel and strip sensors, referred to as hits, form the basic input for track reconstruc-
tion [134]. Clusters are formed from hits via a connected component analysis [135],
as the charge deposited by a traversing particle is usually collected in multiple adja-
cent sensors. Three-dimensional space-points are reconstructed from the clusters as
the most likely position of the detected particle. Three space-points are required to
form a track seed, from which the track reconstruction proceeds by using a Kalman
filter [136] to add additional space-points to the track candidates based on the traject-
ory expected due to the deflection in the magnetic field of the detector. The agreement
between the expected trajectory and the added space-points is evaluated with a y?2 fit.
Multiple track candidates can be reconstructed from a single seed, and single clusters
can be assigned to multiple track candidates. Ambiguities are solved with a sophist-
icated procedure that evaluates the quality of track candidates based on properties
such as the number of associated hits and rejects those failing the criteria. An arti-
ficial neural network is employed to identify clusters created from charge deposits of
multiple particles, which may be used in the reconstruction of multiple tracks. Hits
recorded by the TRT are finally used to extend surviving track candidates, thereby
improving the momentum resolution.

The trajectory of a track is characterised by five parameters, as schematically shown
in Figure 6.1. The longitudinal and transverse impact parameters dy and 2, describe
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Reconstructed
track

Sagitta

Interaction
point

Figure 6.1: Schematic representation of a reconstructed track in the ID. The five properties
needed to describe its trajectory, ¢, 8, do, zo and the sagitta, are shown.

the shortest distance between the track and the interaction point. The polar and azi-
muthal angles 6 and ¢ parameterise the track’s direction, and the sagitta describes its
curvature, from which the ratio of charge over transverse momentum ¢/pr is determ-
ined.

The reconstructed ID tracks are used to identify wertices, i.e. the positions at which
proton-proton collisions occurred. A vertex seed is built from the positions of all tracks,
and an adaptive vertex finder algorithm [137] based on a y? minimisation optimises the
compatibility of the tracks and the vertex, thereby refining the vertex position. The
algorithm proceeds iteratively, reducing the weight of tracks with a low compatibility.
After the vertex position has converged, incompatible tracks are removed from it. The
procedure is then repeated using only the removed tracks as input until no unused
tracks remain or no further vertices can be located. The vertex with the highest sum of
squared momenta of all associated tracks is defined as the primary vertex of the event,
at which the hard-scattering process took place. Additional vertices originate from
pileup interactions or the decay of long-lived particles, if they are found outside of the
beam-overlap region. The latter are termed secondary vertices.
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6.2. Topological clusters

Electrons and hadronic particles produced in a collision deposit their energy in the
calorimetry system in the form of electromagnetic and hadronic showers. To recon-
struct the energy deposited by a single particle, clusters are formed from topologically
connected calorimeter cells [138]. The basic observable controlling the cluster forma-
tion is a cell’s signal significance defined as the ratio of the cell signal to the average
expected noise caused by pileup interactions and the detector electronics. Cells with
a high signal significance are used as seeds for the topo-clusters. Neighbouring cells
are added to the topo-cluster if their significance is above a given threshold until no
further cells above the threshold are adjacent to the cluster. If a cell would be added
to two separate clusters by the algorithm, the two clusters are merged instead.

The algorithm can lead to clusters that are too large to provide meaningful input
to the reconstruction of higher-level objects. If a topo-cluster contains two or more
cells with local energy maxima, it is split between those cells by a dedicated al-
gorithm.

6.3. Electrons

Electron candidates are reconstructed from localised energy clusters in the ECal and
matched tracks of charged particles measured in the ID [139]. For the reconstruction
of energy clusters, the ECal is divided into 200 x 256 cells in the 7 x ¢ plane with a size
of An x A¢ = 0.025 x 0.025. Preliminary clusters are identified by the topo-cluster
reconstruction algorithm, and the ID tracks are matched to the clusters via their dis-
tance in the 1 x ¢ plane [140]. Several tracks can be associated with a single cluster, as
electrons travelling through matter may emit bremsstrahlung. The emitted photons
then may convert into electron-positron pairs which are usually emitted in a collimated
fashion. The cluster reconstruction in the ECal is then revisited, and superclusters
are formed by identifying seed clusters with high transverse energy and an associated
track with at least four hits. Neighbouring clusters are added to the seed cluster, as
they are assumed to originate from bremsstrahlung.

For this analysis, the energy clusters of electron candidates are required to have
|Metuster| < 2.47, where the transition region 1.37 < |Deuster] < 1.52 is excluded. A
requirement for the transverse momentum of tracks pr > 10 GeV is imposed and the
tracks must be matched to the primary vertex of the hard-scattering event with a
transverse-impact-parameter significance |dy/o4,| < 5 and a longitudinal impact para-
meter |Azpsinf| < 0.5 mm.

A likelihood-based identification is employed to distinguish prompt electrons, which
originate from the hard-scattering interaction, from light-flavour jets and non-prompt
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electrons originating from photon conversions or heavy-flavour decays. Various vari-
ables quantifying the properties of the primary track, the evolution of the electromag-
netic shower and the spatial compatibility of the track and the energy cluster are used
as inputs to build a discriminant. Several working points (WPs), referred to as loose,
medium and tight, are defined which provide an increasing rejection rate of misiden-
tified jets and non-prompt electrons at the cost of a decreasing selection efficiency for
prompt electrons. The selection efficiency increases significantly with the transverse
momentum of the electron and decreases slightly with the pseudorapidity. For the
tight WP used in this analysis, the selection efficiency lies between 60 % and 90 %.
Prompt electrons are usually characterised by lower detector activity in the direct
vicinity of the reconstructed object, compared to misidentified jets and non-prompt
electrons. An isolation criterion is therefore imposed to further enhance the purity in
prompt electrons. A boosted decision tree (BDT), known as the prompt-lepton BDT,
is trained on the energy deposits and reconstructed tracks found in a cone around
the electron candidate [141]. Again, different WPs are defined and the PLVTight WP
used for this analysis achieves a selection efficiency of approximately 80 % for prompt
electrons.

The selection efficiencies that are introduced in measured spectra due to particle re-
construction, identification and isolation as well as trigger-related efficiencies need to
be evaluated quantitatively as measurements of absolute quantities require correction
factors for each efficiency. For electrons, the selection efficiencies are measured in data
using the well known Z — ee and J/W — ee resonances. A tag-and-probe method is
employed, where the tag-electron is required to pass strict selection criteria and the
efficiencies are then measured with the other electron, referred to as probe. Selection
efficiencies obtained for MC events through detector simulations are corrected to the
efficiencies observed in data by applying multiplicative scale factors (SFs) to the event
weight.

The electric charge of an electron candidate is inferred from the curvature of the as-
sociated ID track. The track straightens for candidates with high momenta or high
pseudorapidities, thereby making the curvature difficult to determine. Additionally,
electron candidates that have multiple associated tracks due to bremsstrahlung may
have the wrong one assigned as primary track. To suppress the misidentification of
the electron charge, driven by the outlined factors, a dedicated BDT trained on sim-
ulated single-electron samples is utilised. The charge misidentification rate is thereby
reduced to sub-percent levels, even for candidates with a high momentum or pseu-
dorapidity.

6.4. Muons

Muons traverse the whole detector and deposit only a small fraction of their energy
in the calorimeters. They are therefore reconstructed from tracks measured in the ID
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and MS subsystems [142, 143]. MS track reconstruction starts with the identification
of short, straight-lined track segments using a Hough transform, which is a method
to detect patterns in incomplete or noise-affected data [144|. Multiple segments are
combined into preliminary candidates, based on the expected bending of muon tracks
in the magnetic field of the detector. Information from the muon trigger detectors is
added to create three-dimensional track candidates. The final trajectory through the
magnetic field is obtained from a y? fit, taking detector misalignments and interactions
of the traversing particle with detector material into account.

Different strategies are available for combining the ID and MS tracks, some of which
are optimised for more extreme phase spaces that require special treatment due to
reduced detector acceptances. This analysis only uses combined muons (CB), which
are reconstructed by matching the tracks from the different subdetectors in a global
fit. To improve the fit quality, hits detected in the MS may be added to or removed
from the tracks. For this analysis, the tracks of muon candidates are required to
have pr > 10GeV, |n| < 2.5 and need to be matched to the primary vertex within
|dy/0a,| < 5 and |Azgsinf| < 0.5 mm.

The quality of muon candidates is evaluated from the number of hits recorded in the
ID and the MS, the compatibility between the measurements and track fit proper-
ties. The trajectories of non-prompt muons from light-flavour decays usually exhibit
a change in direction caused by the in-flight decay of the light-flavour hadron and
are therefore reliably rejected. Analogously to the electron identification, different
WPs are defined. This analysis uses the medium WP for muon identification, which
provides identification efficiencies above 95 % with almost no dependence on the muon
pr and |n|. Non-prompt muons from heavy-flavour decays provide high-quality tracks
but are accompanied by large energy deposits in the calorimeters. An isolation cri-
terion is therefore imposed to reject those muons by using the PLVTight WP of the
prompt-lepton BDT.

The selection efficiencies of the muon reconstruction, identification and isolation are
measured in Z — pup and J/WU — pp events using a tag-and-probe method. The
simulated events are corrected to the efficiencies seen in data with dedicated SFs. Ad-
ditional SFs are extracted from data to correct the momentum scale and resolution of
simulated muons, as the precision of the detector simulation is limited to the per-mille
and percent level respectively.

6.5. Jets

Collimated sprays of neutral or charged hadrons, referred to as jets, are the predom-
inant constituents in the final states of collisions at the LHC. Due to their complex
structure, jets are reconstructed in multiple steps, and sophisticated techniques are ap-
plied to correct the measured energy and evaluate the resolution. The full procedure
performed to define and calibrate jets is outlined in the following.
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The particle flow (PFlow) [145] algorithm combines the information from ID tracks
and topo-clusters to reconstruct jets with a high resolution. For low-energetic charged
particles, the momentum resolution of the tracks is significantly better than the energy
resolution of the calorimeter, which in turn provides better accuracy at high energies.
To avoid double-counting of the energy deposited by a particle with an associated
track, a subtraction procedure is employed. High-quality tracks are matched to a
single topo-cluster each, based on their distance in the n x ¢ plane. If a track’s
trajectory suggests that the energy of the initial particle was deposited in multiple
clusters, the clusters in question are combined. The expected energy deposit in the
calorimeter is estimated from the momentum of the track and subtracted cell by cell
from the matched cluster. The remnant of the cluster is afterwards removed if its
energy is consistent with the expected shower fluctuations. Clusters that were not
matched to any track are kept and used to reconstruct jets originating from neutral
particles.

After the subtraction is complete, PFlow jets are constructed from the tracks and
remaining clusters using the anti-k; algorithm [146]. The distance between two objects

i and j is defined as
11 A2
o (1) 2
pri prj) R

where A2 = (y; —y;)* + (¢s — ¢;)* is calculated from the rapidities and azimuth angles
and R denotes the radius parameter, which is set to R = 0.4. The two objects with
the smallest d;; are grouped together, and the distances are then recalculated. If the
distance between an object ¢ and the beam, defined as d; = 1/pr; is smaller than all
d;j, the object is classified as a jet and removed from the input list. The usage of
the transverse momentum of the objects for the definition of distances causes low-pr
objects from soft radiation to cluster around those with high-pr without distorting the
shape of the final jet, as shown in Figure 6.2.

The jet energy scale (JES) [147] is calibrated in a multi-stage process, addressing
inaccuracies due to detector effects and modelling limitations. First, the transverse
momenta of the jets are corrected for pileup effects by subtracting the pr expected
to originate from pileup interactions. The pileup contribution is estimated from the
median pr density of jets in the central detector region. The impact on each jet is
then evaluated by taking its area into account. Residual differences seen in simulation
between jets reconstructed after and before the detector simulation, which are referred
to as detector-level jets and particle-level jets, are evaluated as a function of jet-n and
the number of reconstructed primary vertices.

Next, the absolute jet energy and pseudorapidity are calibrated to account for energy
losses in passive detector material and biases in the jet-n reconstruction. Detector-level
jets in simulated dijet events are matched geometrically to particle-level jets within
AR = 0.3. The jet response is then defined as the mean of the jet-energy ratio
FEiet/ Epart- The inverse of the jet response is used to correct the detector-level jets.
A global sequential calibration is performed afterwards to improve the resolution. The
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anti-k,, R=1 |

Figure 6.2: Jets reconstructed with the anti-k; algorithm in a simulated event containing both
high-pr and low-pr energy depositions [146].

jet response is affected by various factors such as the flavour and energy distribution
within the jet, the nature of the initiating particle and fluctuations in the shower
development. Correction factors are again obtained from simulated dijet events to
account for the dependence of the jet response on six global observables related to the
spatial distribution of energy and tracks. For this, tracks in the MS are considered in
addition to ID tracks to correct for punch through effects [147|, where a jet is not fully
contained in the calorimeters.

The corrections obtained in all the steps above are applied to both measured and
simulated events. The final step in the calibration procedure accounts for residual
differences between data and simulation caused by imperfect simulations. The in-situ
calibration measures the jet response in data and simulation and uses the ratio of
the two to correct the data. Here, the jet response is defined as the ratio of the
transverse momenta of the jet and a well-calibrated reference object, such as a Z-boson.
Corrections for jets in the forward region of the detector, |n| > 0.8, are extracted in the
n intercalibration analysis. Subsequently, corrections are derived for differences in the
low-pr regime to account for effects from pileup and thresholds in the jet reconstruction
algorithms. The final step of the in-situ calibration targets jets with pt above the range
covered in the previous parts.
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The jet energy resolution (JER) depends on several factors and can be parameterised
as a function of the jet’s transverse momentum [147],

N
or) NS g0
pr pr VPT

The noise term N includes the effects from electronic noise and pileup interactions.
Statistical fluctuations in the energy depositions are captured by the stochastic term S,
and the constant term C' summarises fluctuations that are independent of the jet-pr,
such as the energy deposited in passive detector material. The S and C' terms are
measured in dijet events, and the noise is estimated from random cones reconstructed
in data events that are selected at random with no trigger requirements. In jet-pr
regions where the JER is better in simulation than in data, the simulated jets are
smeared to match the data.

For this analysis, jets are required to have pr > 30 GeV and |n| < 4.5. The jet vertex
tagger [148] (JVT), a multivariate combination of track-based variables, is employed
to suppress jets originating from pileup collisions. Jets with pr > 60 GeV and |n| < 2.4
are required to have a JVT discriminant larger than 0.5. Thereby, 98 % of all pileup
jets are rejected, while a selection efficiency of 92 % is reached for non-pileup jets.
The forward JVT (fJVT) [149] utilises topological correlations between particles from
pileup interactions to extrapolate the JVT beyond the tracking coverage of the ID. It
is used for forward jets with pr > 60 GeV and |n| > 2.5, which are required to have an
fJVT value below 0.5. The efficiencies of the JVT and fJVT are measured in simulated
and measured Z — pp + jets events, and SFs are applied to the MC simulations to
correct for observed differences.

6.6. Flavour tagging

Jets originating from the decay of b-hadrons, c-hadrons or light-flavour hadrons each
have distinct features that can be exploited to differentiate between them. The sub-
structure of jets is influenced by properties such as the high mass or the high de-
cay multiplicity of an initiating b-hadron or c-hadron. Due to the large lifetime of
b-hadrons, their decay vertex can exhibit a displacement from the primary vertex of
several millimetres.

For this analysis, b-jets are identified with the DLIR tagger [150], a multi-layer
feed-forward neural network which combines the output of several low-level tagging
algorithms. The impact-parameter based algorithms IPD2 and IPD3 [151] use the sig-
nificance of the impact parameters of tracks associated with the jet. The RNNIP [152]
algorithm utilises a neural network and takes correlations between the significances
and other track properties into account. A different approach is chosen by the SV1
tagger [153], which reconstructs one secondary vertex within each jet to evaluate the
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6.7. Overlap removal

displacement from the primary vertex. The JetFitter algorithm complements the
other methods and attempts to reconstruct the full decay of b-hadrons or c-hadrons
inside a jet.

The outputs of these low-level tagging algorithms are used as input for the DL1R tag-
ger which has a multidimensional output assigning probabilities for a jet to originate
from a b-hadron, a c-hadron or a light-flavoured hadron; py, p. and pign. The final
b-tagging discriminant is defined as

4
Dpr, =1In ,
oE (fc'pc+(1_fc)'plight)

where f. denotes the effective c-jet fraction in the simulated ¢t and Z — qq events
used for the training of the neural network.

Different working points are defined based on the obtained selection efficiency for
b-jets. This analysis uses the 60 % WP which provides an excellent rejection of other
jets, having an acceptance of around 2.5 % for c-jets and a sub-permille acceptance for
light jets. The inputs to the DL1R tagger include information from the ID, therefore
b-tagging is only provided for jets with |n| < 2.5.

Differences in the tagging rates between data and simulated events are corrected in
the simulated events with dedicated SFs. The tagging rates are also affected by the

choice of the parton-shower program, therefore MC-to-MC SFs are applied to samples
which do not use the nominal PYTHIA 8 configuration.

6.7. Overlap removal

The different physics objects are reconstructed by independent algorithms that utilise
the same detector information. Therefore, a single track or energy deposit may be
associated with more than one object candidate. To avoid double counting, an over-
lap removal procedure is introduced, where reconstructed objects are removed in the
following order:

1. Electrons sharing an ID track with a muon,

2. Jets within AR = 0.2 of a remaining electron,

3. Electrons within AR = 0.4 of a remaining jet,

4. Jets within AR = 0.2 of a muon if the jet has two or fewer associated tracks,

5. Muons within AR = 0.4 of a remaining jet.
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6.8. Missing transverse momentum

Neutrinos cannot be detected directly, as they do not interact with the detector. Their
presence is inferred from a momentum imbalance, exploiting the fact that the protons
are collided head-on. Momentum conservation dictates that the sum of the trans-
verse momenta pr of all particles produced in the scattering process must be zero.
The total visible transverse momentum is defined as the vectorial sum over the trans-
verse momenta of all reconstructed objects and an additional soft term accounting for
tracks which are not associated with any reconstructed object but satisfy the condi-
tions pr > 500 MeV and |zg sin 0| < 2mm [154]. The negative of the resulting vector is
the missing transverse momentum P of the event, and its magnitude is commonly
referred to as missing transverse energy ERS.
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7. Event selection and top-quark
reconstruction

The event selection defines the phase space considered in an analysis. The general
goal is to select a large fraction of the signal process and suppress contributions from
background processes, although the required acceptance and purity in signal events
differs from analysis to analysis. The differential measurement presented in this thesis
requires a high signal purity, which is not trivial to achieve for t¢ and ¢q production
since important background processes, specifically ¢t and W +jets production, have
much larger cross sections.

The event selection employed in the measurement of the total tq and ¢q cross sections [2]
is applied and extended by a criterion based on a neural network (NN) discriminant.
All imposed selection criteria and the reasoning behind them are presented in the
following. A compact overview is given in Table 7.1.

The measurement targets events with semileptonically decaying top quarks, where
T-leptons are not considered, i.e. ¢ = e, u for the rest of this thesis. The most prob-
able LO processes for the production of signal events are shown in Figure 7.1, and
basic cuts are applied based on the expected final state. Candidate events are re-
quired to contain missing transverse energy ET > 30 GeV and one charged lepton
with pr(¢) > 28 GeV, where the lepton must be matched to the object that activated
the single-lepton trigger to record the event (cf. Table 2.1). Events that contain an
additional lepton with pp(¢) > 10GeV are rejected to reduce the contribution from
dileptonic tt events. To measure the tq and tq production separately, two selection
regions are defined, which are separated by the sign of the charged lepton. Exactly
two jets with pr(j) > 30GeV and |n(j)| < 4.5 are required, but events that contain
additional jets with a transverse momentum below the threshold are not vetoed. Ex-

U d
€+
w w+
Uy
t
b b

(a)

Figure 7.1: LO Feynman diagrams for (a) tq and (b) tq production, including the leptonic
decay of the W-boson.
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actly one of the jets is required to be b-tagged using the DL1R tagger with the 60 %
working point. The spectator b-quark usually has a low pr and does not add to the
jet count in an event, therefore the tight b-tagging requirement can be used to further
reject background events. The b-tagged jet is explicitly required to have |n(j)| < 2.5.
Events with a forward jet with 2.3 < [n(j;)| < 4.5 are rejected if pr(js) < 35GeV, as
this improves the modelling of the n-distribution of forward jets.

The requirement pr(¢) > 40 GeV - |Ap(j1, )| /7 is imposed to reject multijet events,
which predominantly are dijet events where one jet is misidentified as a lepton. The
leading jet, ordered in pr, j; and the reconstructed lepton are therefore typically
emitted back-to-back, and the imposed requirement vetoes the majority of multiijet
events as illustrated in Appendix C.1. Another common trait of multijet events is a
low EXss and transverse W-boson mass mr(W) in comparison to events with prompt
W-bosons. Therefore, the criterion my(W) > 50 GeV is imposed, where the transverse
W-boson mass is calculated as

me(W) = /20 () B (1 — cos Ad(7=, 1),

An additional requirement is imposed on the invariant mass of the lepton and the
b-tagged jet, m(¢b) < 160 GeV, to exclude a phase-space that is poorly modelled in
the simulated signal samples.

To finally achieve a high purity in signal events, the feed-forward NN that was trained
in Ref. [2] to distinguish between signal and background events is utilised. The NN is
applied in the phase spaces defined above, which are in the following referred to as ¢+
region and ¢~ region. The NN is implemented with the NEUROBAYES package [155,
156] and comprises three layers; the input layer, one hidden layer and the output layer.
The input consists of 17 variables describing the event kinematics, which are predom-
inantly built from transverse momenta, invariant masses and angular distributions of
the final-state particles.

Although all events in the ¢* regions necessarily contain the same reconstructed
particles, their kinematic properties can differ significantly based on the production
mode. A characteristic trait of tq or tq production is that the light jet in the final
state is typically emitted in a forward direction and has a high momentum. This is
reflected in the invariant mass of the two jets m(jb) and the pseudorapidity of the
light jet |n(j)|, which provide the highest discrimination power between signal and
background events. A list of all input variables sorted by their discriminating power
is given in Appendix C.2. A complex preprocessing is applied to the variables within
NEUROBAYES to optimise the input for the NN training. The preprocessing involves
the translation of event counts into signal purities, a transformation to map all distri-
butions on the same interval centred around zero and linear decorrelation. The signal
samples and all MC simulated background processes were used to train the NN.

The NN assigns an output score D, € [0, 1] to each event, where signal-like events
are assigned high values and background-like events are sorted towards low scores.
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Figure 7.2: Shape of the D,, distributions for the signal process and the most important
background processes in the (a) £* region and (b) £~ region. All event selection
criteria given in Table 7.1 except for the D,, requirement are applied. The
W tjets background is split according to the jet flavour as described in Chapter 8.

The D,,, distributions for the signal processes and the most important background
processes are shown in Figure 7.2. The fraction of events that are assigned very high
D,,, values is larger for the tq process than for tg. The main reason lies with the
|n|-distribution of the light jet, which is shown in Appendix C.3. The light quark
in the initial state of tq and tq production is most likely a valence quark, and the
valence u-quarks have a higher probability to carry a large proton momentum frac-
tion than the valence d-quark (cf. Figure 4.1). Therefore, the |n(j)| distribution for
tq production tends towards higher values and provides a better separation power.

The signal regions for the differential measurement, referred to as ¢t SR and £~ SR, are
finally defined by adding the selection requirement D,,,, > 0.93. The cut was optimised
to obtain a high signal-over-background ratio S/B ~ 4 while retaining O(10000 ) sig-
nal events in both regions. Since the contribution from background events is reduced
drastically by this requirement, further studies were conducted to ensure that the back-
ground modelling is reliable in the signal regions defined that way. The number of MC
events in the ¢* SR and ¢~ SR is well above 1000 for all simulated processes, provid-
ing sufficient statistical power. The composition of background events as a function
of different D,,, cut values between 0.84 and 0.95, shown in Appendix C.4, exhibits
only gradual changes, which additionally shows that the D, distribution provides a
powerful and well-behaved background reduction criterion.

The event selection defined above is applied to both the measured events and the
simulated events that incorporate the detector response. The central idea behind a
differential cross-section measurement is to correct the measured distributions for de-
tector effects, and thereby transform the measured detector-level distributions into
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Table 7.1.: Summary of the event selection requirements applied in the /T SR and ¢~ SR,
which are separated by the lepton charge.

one charged lepton with pr(¢) > 28 GeV

two jets with pr(j) > 30GeV and |n(j)| < 4.5
one jet b-tagged at the 60 % WP

B > 30 GeV

mr(W) > 50 GeV

pr(l) > 0 GeV - [AG(jr, )|/

m(fb) < 160 GeV

D,, > 0.93

their truth-level counterparts which can then be compared to the theoretical predic-
tions introduced in Chapter 4. Since the MC simulation of events proceeds in several
steps, multiple truth-levels can be defined. In this analysis, the final results are presen-
ted at parton level, which is defined as the last state in the event simulation before
the top-quark decay. Therefore, the effects of FSR on the top-quark kinematics are
incorporated in the distributions.

Differential analyses typically limit the phase space at truth level to exclude kin-
ematic regions with soft or collinear divergencies. For tq and tq production how-
ever, no divergencies are present due to the large mass of the top quark and the
t-channel nature of the process. Therefore, no event selection is applied at the parton
level.

7.1. Top-quark reconstruction

The differential cross sections are measured as a function of the transverse momentum
and rapidity of the top quark. To define these quantities at detector level, the top
quark needs to be reconstructed from the four-vectors of its decay products, namely
the b-jet, the lepton and the neutrino. The four-vectors of the lepton and the neutrino
are added to form the W-boson, and the top quark is then reconstructed by adding
the four-vectors of the W-boson and the b-jet. While the lepton and the b-jet are
measured directly and reconstructed as described in Chapter 6, the neutrino does not
interact with the detector and is instead detected in the form of missing transverse
momentum . The neutrino is the only source of p* in tq and fq events, not-
withstanding minor contributions from inaccuracies in the reconstruction of the visible
momenta and the production of additional neutrinos in heavy-flavour decays. The x-
and y-components P, , and P, , of its four-momentum B, are therefore directly meas-
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urable. To reconstruct the z-component P, ,, the mass of the reconstructed W-boson
is required to match the measured world average m(W) = 80.4 GeV [157]. This yields
a quadratic equation for P,, depending on m (W) and the known components of ]3,,
and the four-momentum of the lepton 134 Out of the two solutions for P, ,, the smaller
one is selected.

A complication arises when the transverse mass of the WW-boson, defined as

mr(W) = /(Prs+ Pro)? = (Pag+ Po)? — (Pye + Py

is larger than m (W), which can happen due to the limited resolution of the p:miss
measurement. In this case, the quadratic equation will yield complex solutions for
P, ,, and a correction procedure is applied to pf™'* to obtain a sensible solution [158].
In a first step, mr(W) is constrained to 80.4 GeV, which yields a single solution for
P,,. Then, P, , and P,, are adjusted to maintain the constraint on m(W). This again
results in two possible solutions out of which the one that minimises the difference
between the measured and the modified values is chosen.

At parton level, no reconstruction algorithm is needed, since the four-vector of the
simulated top quark can be accessed directly. For the remainder of this thesis, the
parton-level top quark is denoted as t or ¢, and at detector level, the notation £*vb or
(= vb is used.
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8. Background estimation

Several SM processes with event signatures similar to tq and ¢g production contribute
to the signal regions. For example, a tb production event where one of the two b-jets in
the final state is not b-tagged or a tt production event where the decay products of one
top quark are not properly reconstructed can mimic the tg event signature. Although
the stringent event selection utilising an NN (cf. Chapter 7) reduces the contributions
from background processes considerably, they are not negligible and need to be taken
into account. An overview of the considered processes and the method used to estimate
their contribution are presented in the following.

8.1. MC simulated backgrounds

Most background processes are estimated from MC simulations. The most important
backgrounds are the ¢t and W+jets production processes, due to their large cross
sections. The W -jets production is split into two processes according to the jet flavour,
denoted as W + bb and W + ¢(¢). Exemplary Feynman diagrams for the processes are
shown in Figure 8.1. The W + ¢(¢) background comprises g¢ — We events and the
associated production of a W-boson with a c¢ pair from gluon splitting, hence the
notation with brackets is chosen. The gq — W process, which requires an up-type
quark in the initial state, is suppressed by the CKM-matrix elements V,;, and V
respectively. Diagrams with a c-quark in the initial state are additionally suppressed
by the c-quark PDF. Therefore, the W +b production only yields a minor contribution
to the W 4 bb background, which is reflected by the naming scheme. The associated

g c q
Wi
b/c
S W— a b/e

(a) (b)

Figure 8.1: Exemplary Feynman diagrams for (a) W +c and (b) W +bb or W +c¢ production.
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production of a W-boson with a bb or ¢¢ pair are charge-asymmetric processes, as
the production mode shown in Figure 8.1(b) is sensitive to the valence-quark PDFs.
Their contribution is therefore larger in the £ SR. The contribution of W+light-jets
production in the signal regions is negligible, mainly because of the stringent b-tagging
requirement, and therefore not considered.

The tW and s-channel production of single top quarks contribute much less to the
signal regions, as expected from their lower cross sections, and they are summarised
in the tW + tW, tb/tb background. Similarly, the Z+jets production is combined with
the diboson production, where the latter is abbreviated as V'V

8.2. The multijet background

Processes with no primary lepton in the final state of the hard-scattering interaction
are summarised in the multijet background. This background comprises events with
fake leptons or nmon-prompt leptons, where the former refers to jets misidentified as
leptons and the latter denotes real leptons that are produced in hadron decays inside
jets or from photon conversions. The cross section of multijet events is extraordinarily
large, but the rate at which these events are selected is tiny due to the stringent lepton
requirements imposed in this analysis. It is therefore not feasible to simulate the mul-
tijet background with the MC methods used for the other processes. The kinematics
of the multijet background can however be modelled from dedicated samples using the
methods described in the following.

The jet-electron method [159] is used to model events in which a jet is misidentified
as an electron from simulated dijet samples. Jets that deposit a large fraction of their
energy in the ECal, fgy > 80 %, are classified as an electron, with a randomly as-
signed electric charge. FEvents that then fulfil the signal-region event selection are used
to build templates for the electron component of the multijet background. Separate
templates are constructed for events with |n(e)| < 1.37 and |n(e)| > 1.52, labelled mj e
and mj fe respectively.

The muon component of the multijet background, mj p, consists of events with
non-prompt muons from hadron decays; the contribution from events where a jet
is misidentified as a muon is negligible. The anti-muon method [159] utilises a data
sample enriched in events with non-prompt muons by inverting or modifying the muon
isolation criteria, such that the resulting data sample has no overlap with the nom-
inal one. The template is constructed from events in this sample that then pass the
signal-region event selection.
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8.3. Estimation of the background rate

Neither the jet-electron method nor the anti-muon method provides an estimate for
the absolute number of multijet events. The background normalisation in the signal
regions is therefore extracted from a dedicated maximum-likelihood fit that operates
on binned distributions. The general idea behind such a fit is to find the optimal
parameter values of a statistical model, i.e. the values for which the model best
describes the data, by maximising a likelihood function.

8.3.1. Maximum-likelihood fit

The chosen approach incorporates the impact of systematic uncertainties, which ac-
count for the limited measurement precision and uncertainties in the modelling of
physics processes and are described in detail in Chapter 10. Continuous variables
known as nuisance parameters (NPs) are associated with the systematic uncertain-
ties, which usually consist of two systematic templates. The NPs interpolate between
the variations, where the NP values of 1 represent the templates, and a value of 0
corresponds to the nominal estimate. The interpolation is performed separately for
the shape and normalisation aspects of the uncertainties. A linear function is used
for the former, and an exponential function is applied for the latter to avoid negative
event yields. The number of expected events in bin ¢ of the distribution can then be
expressed as the sum over the signal process S and all background processes By, all
of which are functions of the vector of all NPs 6:

kags

i1, 0) = Si(0) + - Z Byi(0).
k=1

The normalisation p scales the background contribution, as this is the parameter of
interest in this particular fit.

As the measurement constitutes a counting experiment, the number of events in each
bin follows a Poisson distribution, and the likelihood function can be defined as the
product over all N bins. Gaussian constraint terms are added for all M NPs to penalise
configurations that include large deviations from the pre-fit assumption that all NPs
are equal to zero. The likelihood function can then be written as

L(p,0) = [[ P, ) - [ G(60)

= H Texp <—ﬁi(u,§)) : H \/IQ—WGXP (_(9?/2)) ;
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where n; denotes the number of data events measured in bin 7. To account for
the statistical uncertainty originating from the limited number of MC events z, a
Poisson-constrained y-factor is added for each bin, and the respective Poisson term in
the likelihood function is altered:

P(ng, 1) — Pni,vi - 1) - Plai, v - @)

The set of parameters i and 0 for which the probability of obtaining the observed
data is maximised also maximises the likelihood function. In practice, the negative
logarithm of the likelihood function —In(L) is minimised to enhance the numerical
stability of the method. The technical implementation of the fit is based on the
HISTFACTORY framework [160].

8.3.2. The fit setup

The fit performed to extract the background normalisation employs multiple kinematic
distributions in orthogonal phase spaces. The D,,, distributions are fitted in the ¢+
region and ¢~ region, in which all selection criteria of the signal regions except for the
D,,, requirement are applied. The signal regions of the differential analysis, i.e. the
regions D,,,, > 0.93, are excluded from the fit. Dedicated control regions are added for
the components of the multijet background. They are enriched in the respective com-
ponent by inverting certain selection criteria of the ¢* regions. Six control regions are
defined in total, one per lepton charge and multijet component. The control regions
for the muon multijet are defined with an inversion of the cut on the lepton trans-
verse momentum, pr(f) < 40 GeV - |Ad(j1,¢)|/m, and an inverted ET requirement,
EXiss < 30 GeV, is used for the electron components.

A preliminary multijet normalisation extracted in Ref. [2] is applied to the compon-
ents with an uncertainty of 30 %. The MC simulated processes are normalised to their
theoretical cross sections given in Chapter 5. The uncertainty in the theoretical cross
sections is assigned as rate uncertainty to the t£ and tW +tW, tb/tb processes. For the
W + bb process, the rate uncertainty is estimated as 40 % to cover differences between
the prediction and data seen in previous measurements [161], and a rate uncertainty
of 20% for the W + ¢(¢) and V'V, Z + jets backgrounds is estimated based on the
theoretical uncertainties in the involved processes. The rate uncertainties are decor-
related between lepton charges for the W + bb and W + ¢(&) processes to account for
their charge-asymmetric nature. No rate uncertainty is applied for the signal tq and tg
processes, and no systematic uncertainties related to their modelling are considered to
ensure that the nominal background estimate is not influenced by systematic variations
in the modelling of the signal. All other systematic uncertainties that are considered
in the differential analysis are included in the fit.
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8.3.3. Fit results

The pre-fit and post-fit D,,, distributions are shown in Figure 8.2. The pre-fit dis-
tributions present the simulated processes with the initial normalisations, where all
considered uncertainties are incorporated in the uncertainty band. For the post-fit
distributions, the NPs are set to their best estimators, and the yield of the simulated
processes is adjusted accordingly. The uncertainty band shows the residual uncer-
tainty, where correlations between NPs are taken into account. A striking feature of
the post-fit distribution in the ¢* region is that the simulation does not agree with
the data within the uncertainties in the last two bins. This is a result of the missing
signal modelling uncertainties, whose impact becomes large in bins with a high signal
purity. The difference is fully covered when all uncertainties are considered, as shown
in Section 8.4, and is therefore no cause for concern.

The best fit result for the overall background normalisation is p = 0.95 £ 0.07. The
overall normalisation is strongly anticorrelated with the normalisation of the individual
background processes, which is expected as both p and the individual background rate
uncertainties only alter the normalisation of processes. Some NPs exhibit large pulls,
meaning that their best fit value deviates from zero. This behaviour is also expected,
since deviations between data and simulation that would be covered by signal model-
ling uncertainties are absorbed by other NPs. Additional figures showing the pre-fit
and post-fit plots of the control regions, the NP pulls and the correlations can be found
in Appendix B.1.

The background processes are normalised to the fit result by applying SFs to each
process. The SFs are defined as the post-fit yield divided by the pre-fit yield, and the
relative uncertainty in the post-fit yield is assigned as rate uncertainty. This approach
is used for both the multijet and the MC simulated backgrounds to keep the estimate
self-consistent. The obtained SFs and uncertainties are given in Table 8.1. For most
background processes, the obtained estimate is compatible with the pre-fit estimate
within the assigned uncertainty. The ¢¢ contribution is decreased compared to the
initial MC prediction while the W + bb contribution is increased, which is consistent
with the trends observed in Ref. [2].

8.4. Event yields and data/MC comparisons in the
signal regions

The expected and observed event yields in the signal regions are presented in Table 8.2.
The background SFs and rate uncertainties from Table 8.1 are applied for the back-
ground processes. The most important background processes are tf, W + bb and
W + ¢(¢) production. As shown in Figure 8.3, the backgrounds constitute 13.9% of
the events in the /T SR and 20.8 % in the ¢~ SR, which corresponds to a respective
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Figure 8.2: Comparison between the data and MC predictions shown for the D, distribu-
tion in the (a), (c) £* region and (b), (d) £~ region. The uncertainty band in
the (a), (b) pre-fit distributions incorporates all statistical and systematic uncer-
tainties except for those related to the modelling of the signal processes. For the

uncertainty in the (c), (d) post-fit distributions, the correlations between NPs are
taken into account.
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8.4. Event yields and data/MC comparisons in the signal regions

Table 8.1.: Scale factors and relative rate uncertainties per background process for both sig-
nal regions. The normalisations of the W + bb and W + ¢(¢) backgrounds are
decorrelated between the signal regions.

Process €' SR € SR
Scale factor Rate uncertainty Scale factor Rate uncertainty

tt 0.85 0.04 0.85 0.04
tW + tW, tb/tb 0.93 0.10 0.93 0.10
V'V, Z + jets 1.12 0.19 1.12 0.19
W + bb 1.16 0.11 1.29 0.10
W + ¢(c) 1.00 0.20 0.88 0.16
mj e 0.72 0.28 0.72 0.28
mj fe 0.80 0.30 0.80 0.30
mj 0.92 0.29 0.92 0.29

signal-over-background ratio of 6.1 and 3.8.  The asymmetry between the SRs is
caused by the charge-asymmetric nature of the signal process, whereas most back-
ground processes are charge symmetric, and the better separation power of the NN
in the ¢ region discussed in Chapter 7. For both signal regions, the expected event
yield agrees with the observed data within 1 %.

Comparisons between data and simulation are shown in Figure 8.4 for the observ-
ables considered in the differential measurement. Additional kinematic variables are
presented in Appendix B.2. The uncertainty band incorporates all uncertainties con-
sidered in the differential analysis, and the expectation agrees well with the data for
all distributions.
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Background estimation

Table 8.2.: Expected event yields per process and observed event yields in both signal re-
gions. The given uncertainties are the rate uncertainties defined as the relative
uncertainty in the post-fit event yields.

Process ¢t SR ¢~ SR
tq 29740+ 590 15+ 15
tq 7T+ 7 15550£300
tt B 1020+ 40 1050 + 40
tW + tW, tb/tb 200+ 20 210+ 21
VV,Z + jets 290+ 60 300+ 60
W + bb 1360 £ 150 940+ 90
W + ¢(c) 1340 4270 1080+ 170
Multijet 610+ 120 500+ 100
Total expected 345804680 19630+ 380
Observed 33883 19730
s =13 Tev =:3v+rw B/t s =13 Tev =E3v+rw B/ tb
I* SR Bt _’ I'SR =t _'
EW+bb EW+bb
OW+c(c) DW-c(c)
W Multijet W Multijet
OW, Z+jets OW, Z+jets

ofo
01%8 oo

3.9 %
86.1%
3.99%

03(;0 %
%

(a)

ofo
;Lbolo

55 %
79.2%

Figure 8.3: Expected event composition in the (a) £t SR and (b) £~ SR.
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Figure 8.4: Comparison between the expected and observed event yields for the (a) pr(£Tvb),
(b) pr(£~vb), (c) |y(¢Twvd)| and (d) |y(£~vb)| distributions. All uncertainties are
incorporated in the uncertainty band.
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9. The unfolding method

Differential cross-section measurements aim to determine cross sections as a function
of some event observables. The biggest challenge is to correct the measured distri-
butions for distortions introduced by the detector response, as schematically shown
in Figure 9.1. The number of recorded events is lower than the number of produced
events due to acceptance effects, like the limited spatial coverage of the detector or the
trigger requirements. The limited detector resolution additionally leads to migration
effects, where events are produced and reconstructed in different phase spaces, which
affects the shape of reconstructed distributions. The goal of a differential measurement
is to infer the true quantity from the measured one.

Mathematically speaking, the measured quantity m can be parameterised as a convo-
lution of the true quantity ¢ with the detector response R:

g(m) = / R(m | ) - £(t)dt.

where g(m) and f(t) denote the quantities’ probability density functions [162]. Since
cross-section measurements are counting experiments in binned observables, the convo-
lution can be simplified to a matrix multiplication. A simple inversion of the response

Measurement

True
distribution

Events
Events
T~
D

/ |

I\ et TN g
% | 33
) 4_{‘{ H‘._ Detector response

Observable Xreco Observable Xiryth

Unfolding

Figure 9.1: Schematic representation of the unfolding principle.
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The unfolding method

matrix however is not guaranteed to be numerically stable, therefore an unfolding
procedure is applied instead. The unfolding method employed in this analysis is de-
scribed in Section 9.1, followed by the chosen binning of the observables in Section 9.2,
the required unfolding corrections in Section 9.3 and the validation of the method in
Section 9.4. The measured and true quantities are referred to as detector-level and
parton-level quantities, as introduced in Section 7.1.

9.1. Theoretical background

The analysis presented in this thesis uses D’Agostini’s iterative approach [163], which
is also referred to as Iterative Bayesian Unfolding (IBU) as it is based on Bayes’
theorem. To be applicable to collision experiments, the theorem is expressed in terms
of several independent causes C; that can lead to multiple effects E;. The effects can
then be identified with the observation of an event with certain kinematic properties,
as for example a particular value of pr(¢*vb), whereas the causes comprise all possible
true values of the property. Bayes theorem can be expressed as

P(E; | C)) - Bo(C5)

P(C; | E)) = ’
j ZNcaubes P(El | Cl) . P0(0l>

(9.1)

where Fy(C;) denotes the initially assumed probability for a cause C; to occur. While
each effect needs a cause, not every cause has to lead to an effect. This is captured by
the efficiency

Nefrects

= Z (Ei | C)) (9.2)

which needs to be larger than zero for all causes under study, as €; = 0 implies that the
experiment provides no sensitivity to C;. Performing the experiment yields the number
of events observed with a given effect n(F;), which can then be used to calculate an es-
timate for the number of events originating from a given cause Cj,

foects

A 13

n(Cy) = = > n(E)P(C; | E), (9.3)
J =1

and the updated probability for Cj,

Py(Cy) — P(C) = N”L)(C) (9.4)

If the initial distribution of probabilities for all causes Po(é ) is not consistent with
the experimental result, P(C') will differ from Py(C') and it will be closer to the true
probability distribution. The method therefore proceeds iteratively and is regularised
by the number of iterations:
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9.1. Theoretical background

1. Choose the initial probabilities Py(C).

2. Calculate 2(C') and P(C).

3. Update Equation 9.1 by replacing Py(C;) with P(C}).

4. Repeat from Step 2. until P(C') is sufficiently close to the true distribution.

The general IBU formula described above can be tailored to the problem of extracting
differential cross sections from a measurement by relating the generic variables used
until now to physical quantities. The distribution of the data events recorded by the
ATLAS detector as a function of some kinematic variable X is the experimental input.
Then, n(E;) corresponds to the number of signal events reconstructed in bin i of the
detector-level distribution. It can be estimated from the number of recorded events
in that bin N3 and the expected number of events originating from background
processes N, which is estimated from MC simulations as described in Section 8.
The efficiency €; can also be estimated from simulation as the fraction of all signal MC
events produced in a parton-level bin j that pass the signal-region event selection in
an arbitrary detector-level bin. The P(C; | E;) refers to the probability for an event
measured in bin ¢ to have originated in bin j. Equation 9.1 can then be rewritten
as

Mij . ijarton

parton ’
211 Mi - N;

P(C; | E;) = My =

(9.5)

where the element M;; of the migration matriz M denotes the probability for a sig-
nal event originating in bin j to be reconstructed in bin 7. The prediction for the
parton-level distribution of the signal process N7 AN s initially obtained from MC
simulations and updated in the iterative procedure. Finally, n(C}) corresponds to the
estimator for the number of signal events produced in bin j. It can be expressed in

terms of the differential cross section %, the bin width AX; and the integrated

J
luminosity,

R do

H(CJ) = d_)(j . AXJ . £int~
Performing all replacements in Equation 9.3 yields the central formula to determine
differential cross sections with IBU:
do_ 1 Nbins

de N €5 AX] 'ﬁint ;

M (Nfata — NPR&) (9.6)

The iterative approach circumvents the need to invert the migration matrix and
thereby enhances the numerical stability of the method. The RooUnfold [164] package
provides the implementation of the IBU method used in this analysis.
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9.2. Binning of the observables

For a differential measurement, the binning of the distributions requires careful con-
sideration. A fine binning provides a better resolution of the differential cross sections,
but limitations on the bin width must be obeyed. The main aspects taken into account
are discussed in the following.

Detector resolution

As discussed in Chapter 6, the accuracy in the reconstruction of properties of physical
objects, such as the transverse momentum, is limited by the detector resolution. The
bin width therefore needs to be larger than the detector resolution to avoid large mi-
gration effects. The top quark at detector level is reconstructed from the b-jet, lepton
and Eall of which are measured with phase-space dependent precision. The res-
olutions of the top-quark rapidity and transverse momentum are therefore estimated
with the aid of the parton-level values. The difference between the parton-level and
detector-level values is determined as a function of the parton-level value as exemplar-
ily shown in Figures 9.2(a) and 9.2(b). The standard deviation of the distributions
then defines the resolution of the variables as depicted in Figures 9.2(c) and 9.2(d) for
the ¢* SR. The resolutions obtained in the £~ SR are very similar and shown in Ap-
pendix D.1. For the pr and pr(t) distributions, the resolution lies between 10—20 GeV
and increases with the pr, reflecting the ppr-dependence of the detector resolution. It
should be noted however that the relative resolution improves with increasing pr. For
the |y(¢)| and |y(¢)| distributions, a resolution between 0.2—0.4 is obtained. The steep
increase around |y(¢ or )| = 1.5 reflects the lower detector resolution in the forward
region.

Event migration

Due to the limited detector resolution, reconstructed values of observables are smeared
around their true value. The reconstructed top quark can therefore have a different
transverse momentum or rapidity than its parton-level counterpart. This migration
between parton-level and detector-level bins of a distribution is encoded in the mi-
gration matrix (cf. Equation 9.5). For the binning of the observables, the unfolding
procedure imposes the constraint to keep the migration of events to off-diagonal bins
of the migration matrix below 50 %, i.e. at least half of the events that are produced
in one bin at parton level are required to be reconstructed in the same bin at detector
level. The event migration becomes the determining factor in the low-pr(¢*vb) and
high-|y(¢£vb)| regions.
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9.2. Binning of the observables
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Figure 9.2: Exemplary distributions of the difference between the parton-level and
detector-level values for (a) 123.5GeV < pr(t) < 144.1GeV and (b)
0.6 < |y(t)] < 0.8. The resolution of (c¢) pr(¢Tvb) and (d) |[y(£Tvd)|, defined
as the standard deviation of the distributions, is shown as a function of the re-
spective top-quark property at parton level.

Data statistical uncertainty

To ensure that the final results are not dominated by statistical fluctuations, the
statistical uncertainty in data is kept around 10%. For counting experiments, the
number of events is Poisson distributed, therefore the uncertainty in the number of
observed events N is given by v/ N. Generally, the amount of data events in both signal
regions is high enough for the uncertainty to stay between 1-5% for any binning
not ruled out by the resolution and migration constraints. The only exception is
the high-pr(¢*vb) region, where the data statistical uncertainty becomes the most
important criterion.
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In addition to the discussed requirements, the binning of each variable has to be syn-
chronised between the two signal regions to allow for the measurement of the differen-
tial cross-section ratios. Taking all these constraints into account, the bin boundaries
are chosen as

pr(£*vb) bin boundaries = [0, 45, 65, 95, 135, 175, 215, 275, 500, 2000] GeV, and
ly(¢vb)| bin boundaries = [0.0, 0.25, 0.6, 1.0, 1.45, 2.5].

The same bin boundaries are also used for the parton-level distributions.

There are seven data events in the /T SR, and eight in the ¢~ SR, that are reconstructed
with pr(¢*vb) > 500 GeV. Increasing the width of the [275, 500] GeV bin to include
all those events would dilute the measurement in that bin and is therefore not done.
A shadow bin [500, 2000] GeV is added instead as a technical measure to take the
migration from and into this phase-space region into account. The differential cross
section is not measured in the shadow bin, which is therefore not shown in any following
figures.

9.3. Unfolding corrections

The IBU method requires several inputs that are estimated from the simulated sig-
nal samples, namely the efficiency, the migration matrix and the number of itera-
tions. Details on these inputs and their determination are provided in the follow-
ing.

9.3.1. Migration matrix

The migration matrix parametrises the migration of events between bins of a distribu-
tion at parton and detector level due to the limited detector resolution. It is calculated
from all signal MC events that pass the event selection at detector level. The migration
matrices obtained for both observables in both signal regions are shown in Figure 9.3.
The rows are normalised to unity, such that each bin shows the fraction of events pro-
duced in the corresponding parton-level bin that are reconstructed in the respective
detector-level bin. As described in Section 9.2, the binning of the observables was
optimised to keep the off-diagonal migration below 50 % to ensure the stability of the
unfolding procedure. For the pr(t) and pr(¢) distributions, the migration is below
40 % for all parton-level bins.

For all observables, the migration is asymmetric as objects measured by the detector
are more likely to be reconstructed with lower than with higher energy. The migration
of events to the off-diagonal is mostly contained in the adjacent bins. For the pr(¢)
and pr(t ) distributions, less than 5 % of all events are reconstructed further away from
the diagonal, and for the |y(¢)| and [y(¢)| distributions, the fraction stays below 10 %.
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Figure 9.3: Migration matrices for the (a) pr(t), (b) pr(¢), (¢) |y(t)| and (d) |y(¢)| distribu-
tions. The rows are normalised to unity.

No significant differences are observed between the migration matrices for pr(t) and
pr(t), or for |y(¢)| and [y()].

9.3.2. Selection efficiency

Due to the limitations of the detector and the imposed event selection criteria, only
a subset of all tg and tq events produced in collisions is recorded, properly recon-
structed and consecutively accepted in a signal region. This is accounted for by
the selection efficiency €;, which is defined per parton-level bin j as the fraction of
simulated signal events produced in that bin that pass the detector-level event selec-
tion
N;el
€j = W. (97)
J
The selection efficiencies obtained for both distributions in both signal regions are
shown in Figure 9.4. As a result of the narrow selected phase space, which is required
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Figure 9.4: Selection efficiencies for the (a) pr(t), (b) pr(t), (¢) |y(¢)| and (d) |y(¢)| distri-
butions.

to keep the contribution from background processes sufficiently low, the majority of the
signal events is rejected. The selection requirement of exactly two jets with exactly one
b-tag already leads to selection efficiencies below 5% as shown in Appendix D.2. The
additional requirements reduce the efficiency further to the sub-percent level, where
the D,,,, requirement has the largest impact. It is also the reason behind the different
selection efficiencies for tq and tq events, as the NN reaches a better separation power
in the ¢ SR and thereby assigns a larger fraction of signal events a score D,,, > 0.93
(cf. Chapter 7).

The selection efficiency of the |y(¢)| and |y(¢)| distributions decreases steeply in the
high-rapidity region because the efficiency of the b-tagging algorithm decreases sig-
nificantly for jets with || > 1.5 [165]. The decrease in the selection efficiency for
high-pr(t) and high-p(f) events is again caused by the event selection requirement
of exactly two reconstructed jets, as most of those events contain additional jets ra-
diated off the top quark. A detailed study of the selection efficiency for the pr(t)
and pr(t ) distributions is presented in Appendix D.2. The feasibility of extending the
event selection to allow events with additional jets was studied, but it was found that
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Figure 9.5: Average global correlation coefficient paygs after Nie, iterations for the (a) pr(t),
(b) pr(t), (¢) |y(t)| and (d) |y(¢)| distributions.

the inclusion of events containing three jets already increases the contribution from tt
events beyond the acceptable level.

9.3.3. Number of iterations

The unfolding is regularised by the number of performed iterations, where the regular-
isation strength decreases with the number of iterations. The average global correlation
coefficient pays provides a measure to define the optimal number of iterations. It is

defined as

Pavg = Nib > \/1 — ((Cova,)s5(Covyl)) (9.8)

J=1

where NN, denotes the number of bins of the unfolded distribution and Covy, indic-
ates the statistical covariance matrix. The latter is calculated in RooUnfold by using
an error-propagation matrix. The statistical covariance matrix obtained from this
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method agrees with the one obtained from the classical approach of using pseudo
experiments [164]. The statistical correlation between the bins of the distribution is
positive at the beginning of the iterative process, as the method accounts for bin-by-bin
migrations, but negative correlations appear for larger numbers of iterations, where
the method approximates an inversion of the migration matrix and statistical fluctu-
ations arise. Therefore, the number of iterations that minimises p,y, optimises the
regularisation [166]. To determine p,y,, an alternative signal sample generated with
PoOwHEG Box v2 +HERWIG 7.3 is unfolded using the nominal migration matrix and
efficiency, and Covy, is calculated after each iteration. The values obtained for pay,
after each iteration for all distributions are shown in Figure 9.5. For all distributions,
Pave 1s minimised after four iterations.

9.4. Validation of the unfolding method

The unfolding of the measured distributions is the technical centrepiece of the analysis.
Therefore, several tests are performed to ensure that the method is implemented cor-
rectly, does not introduce a significant bias to the result and its performance is robust
against changes in the shape of the unfolded distributions.

9.4.1. Technical closure test

The technical closure test is performed to validate the technical implementation of
the IBU method. The unfolding corrections, i.e. the selection efficiency and migra-
tion matrix, are estimated using the nominal signal MC samples. It follows that the
detector-level distributions of the nominal signal samples have to agree perfectly with
their parton-level counterparts when they are unfolded with the nominal unfolding
corrections. This is verified by the technical closure test. The results of the test for
both distributions in both signal regions are presented in Figure 9.6. Perfect closure
between the unfolded and the parton-level distributions is observed. The detector-level
distributions are additionally shown in the figures; the large difference in magnitude
is an effect of the selection efficiency.

9.4.2. Pull test

The pull test is performed to check whether a bias is introduced by the unfolding,
and whether the statistical uncertainty is estimated correctly. Pseudo experiments are
constructed by fluctuating each bin of the nominal signal MC distribution at detector
level according to a Poisson distribution with a mean of the expected number of signal
events in that bin. The pseudo experiments are then unfolded using the nominal
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Figure 9.6: Results of the technical closure test for the (a) pr(t), (b) pr(t), (¢) |y(¢)| and (d)
ly(t)| distributions. The distributions of the signal MC sample at detector and
parton level are shown in addition to the unfolded detector-level distributions.
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Figure 9.7: Distribution of the pulls of 10000 pseudo experiments obtained in the region
215GeV < pp(t) < 275GeV. A Gaussian function is fitted to the distribution.
The best fit has a mean < P >= (—0.001 £0.010) GeV and a standard deviation
o(P) = (1.00 £ 0.07) GeV.

unfolding corrections, and the distribution of the pulls is calculated.
The pull of pseudo experiment n in bin j is defined as

Nn o Npart
pp=—t— (9.9)

J .
Oj

where N? 2" denotes the event yield in bin j of the parton-level distribution of the
nominal signal sample. The content of the unfolded pseudo-experiment in bin 7 is given
by Nj', and o; denotes the standard deviation of the distribution of all NT'. The pull
distributions are expected to follow a Gaussian distribution with a mean of zero and a
standard deviation of one. A Gaussian function is fitted in each bin to extract the mean
and the width. The result of such a fit is exemplarily shown in Figure 9.7 for the pulls
observed for tq production in the region 215 GeV < pr(t) < 275GeV. Deviations in
the mean value would indicate a bias, and a width of the distribution smaller or larger
than one would respectively indicate an over- or underestimation of the statistical
uncertainty. The fit results for the pr(t) and pr(¢) distributions are presented in
Figure 9.8, and the results for |y(¢)| and |y(¢)| are shown in Figure E.1. The results
are compatible with the expectations for all distributions, meaning that no bias is
introduced, and the statistical uncertainty is estimated correctly.
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Figure 9.8: Results of the pull test for (a), (b) pr(¢) and (¢), (d) pr(¢). The dashed lines
show the expected values for the pull distribution of a mean equal to zero and a
width equal to one.

9.4.3. Stress test

Stress tests are performed to check whether the unfolding can recover distributions
whose shapes differ from the nominal signal MC. It is important that the unfolding
performs well in this regard, as it may otherwise distort the shape of the measured
distributions towards the MC expectation. Several stress tests are performed to en-
sure the robustness of the unfolding method. For each test, the nominal simulated
signal distributions are reweighted synchronously at detector level and parton level
to alter the shape. The reweighted detector-level distribution is then unfolded using
the nominal unfolding corrections, and the unfolded distribution is compared to the
reweighted parton-level distribution. Large differences indicate a potential shape dis-
tortion introduced by the unfolding.
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Reweighting to data

The inputs to the differential measurement are the distributions measured in data sub-
tracted by the nominal background estimate (cf. Equation 9.6). It is therefore vitally
important that the unfolding method works well for these distributions. For the main
stress test, the nominal signal distribution is reweighted to match the background
subtracted data. The reweighting factors are derived separately for each observable
from the detector level distributions. To check for hidden correlations between the
variables, the events are additionally reweighted according to the pr(t) or pr(t) dis-
tribution, but unfolded in |y(¢)| or |y(¢ )], and vice versa.

The results of the tests are presented in Figure 9.9. The upper ratio panel in the figures
shows the reweighted parton-level distributions divided by the nominal ones. The dif-
ference between the unfolded reweighted distributions and the reweighted parton-level
distributions is presented in the lower ratio. Generally, the differences between the
signal events and the background subtracted data are larger in the pr distributions
than in the |y| distributions. All reweighted shapes are recovered well, with residual
differences at parton level below 2%. No hidden correlations are observed, as the
cross-variable reweighting yields distributions that are almost identical to the original
ones.

Linear reweighting

As an additional test to check how the unfolding procedure responds to greater shape
differences in the input distributions, the distributions are reweighted according to
linear functions with different slopes. The maximum deviations are chosen such that
they cover twice the maximum difference between the background subtracted data
and the simulated signal. For the pr(¢) and pr(t) distributions, the reweighting is
only performed in the first three bins in which the majority of events is located. As
the distributions are normalised to their integral, this approach yields a change in the
shape of the desired magnitude.

The results of these stress tests are presented in Figure 9.10. For all distributions, the
shape is well recovered by the unfolding. For the pr (%), |y(¢)| and |y(¢ )| distributions,
single bins show residual differences of up to 2%, and the most extreme reweighting
of the pr(t) distribution results in a residual difference of 3% in the second and
fourth bin. Taking the magnitude of the induced shape differences into account, the
observed deviations are sufficiently small. For both the pr(¢) and pr(f) distributions,
an anticorrelation between the residual differences in the second and fourth bin is
observed, while all other bins show an excellent agreement. The results of the tests
are satisfactory and show that the unfolding method does not distort the shape of the
input distributions in any concerning way.
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Figure 9.9: Results of the stress tests reweighting the simulated signal events at detector
and parton level to the background subtracted data for the (a) pr(t), (b) pr(f),
(c) |y(¢)] and (d) |y(¢)| distributions. The first ratio panel shows the difference
between the reweighted and nominal distributions at parton level, and the second
ratio panel shows the agreement between the unfolded reweighted distributions
and the reweighted parton-level distributions. Only MC statistical uncertainties
are shown.
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Figure 9.10: Results of the stress tests using linear reweighting functions at detector and
parton level for the (a) pr(t), (b) pr(t), (¢) |y(¢)] and (d) |y(¢)| distributions.
The maximum slope is chosen per distribution to cover twice the maximum ratio
between background subtracted data and simulated signal events. The first ratio
panel shows the difference between the reweighted and nominal distributions
at parton level, and the second ratio panel shows the agreement between the
unfolded reweighted distributions and the reweighted parton-level distributions.
Only MC statistical uncertainties are shown.

92



10. Uncertainties in the
mMmeasurement

Any measurement of a physical quantity is affected by various uncertainties, whose
evaluation is an integral part of physics analyses. The uncertainties are broadly divided
into two categories, statistical and systematic uncertainties. Statistical uncertainties
refer to potential fluctuations caused by the finite number of measured or simulated
events and are typically large in phase spaces with rare topologies. Systematic un-
certainties are further divided into experimental uncertainties, caused by the limited
precision of the detector, and modelling uncertainties, which account for assumptions
and ambiguities present in the simulation of events. For differential measurements,
additional uncertainties related to limitations of the unfolding method can be defined.
However, the tests performed to evaluate these limitations (cf. Section 9.4) proved the
IBU method to introduce no bias and to be robust against changes in the shape of
the unfolded distributions, and therefore no uncertainties related to the method are
considered.

10.1. Sources and evaluation

The various sources of uncertainties considered in this measurement and their evalu-
ation are described in the following. Experimental uncertainties are evaluated with
systematically varied event weights or MC samples that deviate from the nominal
estimate by +1c in a single uncertainty. The variations are referred to as up and
down variation. The same terminology is used for the modelling uncertainties, many
of which are evaluated by changing the value of a parameter that affects the event sim-
ulation. The impact of each uncertainty is evaluated separately. A concise overview
of all considered uncertainties is provided in Appendix F.1. The methodology used to
evaluate the impact of systematic uncertainties leads to a change of the sign [78| which
is corrected afterwards; the magnitude of the impact is expected to be approximated
correctly.

Experimental uncertainties

To evaluate the impact of experimental uncertainties, pseudo data is constructed from
the systematically varied signal and background MC distributions. The nominal back-
ground estimate is then subtracted, and the resulting distribution is unfolded using
the nominal unfolding corrections. The difference of the resulting distribution to the
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nominal parton-level distribution of the signal sample is taken as uncertainty. The con-
sidered experimental uncertainties are described in the following.

Lepton calibration

Scale factors are applied to the simulated samples to match the efficiencies for lepton
triggers, reconstruction, identification and isolation to those observed in data. The
efficiencies in data events are determined in well-known resonance decays with a
tag-and-probe method as described in Chapter 6. By varying the selection criteria
for the tag and the probe lepton, systematic uncertainties in the efficiencies are de-
rived and propagated to the simulated samples by varying the SFs [139, 143, 167|. The
uncertainties in the trigger, identification and isolation SFs for muons are divided into
a statistical and a systematic component.

Uncertainties related to the calibration of lepton energy and momentum arise from
various factors such as fluctuations in the shower shape or misalignments between the
tracking detectors. Differences between simulation and data in the momentum scale
of muons and in the energy scale and resolution of electrons are corrected in the sim-
ulated samples, and associated uncertainties are applied. Muons are affected by the
sagitta bias, a charge-dependent bias in the muon momentum caused by a specific type
of misalignments in the detector. If layers of the detector are rotated with respect to
each other, the muon track will be reconstructed with a higher or lower curvature,
depending on the electric charge. The bias is measured in well-known resonances and
a statistical and a systematic uncertainty component are applied.

Electrons have a probability of about 0.2 % to be reconstructed with the wrong electric
charge [2]. The net effect is a migration of events from the ¢ SR to the ¢~ SR at
a rate of 6 x 10~* which is assigned in both SRs, where the sign of the up variation
reflects the direction of the migration.

Jet calibration

As described in Section 6.5, the JES is calibrated in a sophisticated procedure in-
volving multiple steps to extract correction factors from simulation and data. The
full uncertainty on the JES comprises 125 individual terms, most of which are re-
lated to the in-situ analyses [147|. A reduction scheme is applied to find a more
compact representation, using a smaller number of orthogonal terms, without losing
information about correlations. The 30 resulting terms can be grouped into ten cat-
egories:

e Limited statistical power of the samples used for calibration (6 uncertainties),
e Modelling of jets (4 uncertainties),

e Modelling of the detector (2 uncertainties),
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e Various minor uncertainties (3 uncertainties),

e Biases in the 7 intercalibration (6 uncertainties),

e Parameters in the pileup correction (4 uncertainties),
e Jet flavour response and composition (2 uncertainties),
e Response of b-jets (1 uncertainty),

e Response of high-pr jets (1 uncertainty),

e Punch-through correction (1 uncertainty).

The uncertainty in the jet flavour composition is decorrelated between all processes
involving top quarks.

Systematic uncertainties in the JER are propagated by smearing the jets according to
a Gaussian function whose width is chosen such that applying the Gaussian smearing
in addition to the nominal one (cf. Section 6.5) reproduces the £1o deviation of the
variation under study [147]. A systematic variation can either worsen or enhance the
JER. This is accounted for by applying the Gaussian smearing to simulated events in
the former case and to pseudo data in the latter. A reduction scheme is applied to
break the uncertainty down into twelve orthogonal terms. When the JER is smaller
in data than in simulation, the full difference is applied as an additional uncertainty.
Finally, two uncertainties related to the scale factors that correct for the JVT and
fJVT efficiencies are assigned.

Flavour tagging

The b-tagging efficiency is measured in data, and discrepancies in the simulated samples
are corrected via pp-dependent SFs. Uncertainties in these SFs cover the b-tagging ef-
ficiency for real b-jets and the mistagging for c-jets and light-jets.

The b-tagging efficiency is measured in dileptonic ¢t events, and the associated un-
certainties are represented by 45 orthogonal components [165]. The misidentification
of c-jets is measured in semileptonic tf events [168], and for light-jets, the associated
production of a Z-boson with jets is used [169]. The uncertainties for both types of mis-
tagged jets are parameterised by 20 orthogonal components each.

ETiss soft term

The missing transverse momentum is calculated from the pr of all reconstructed ob-
jects and an additional soft term (cf. Section 6.8). The uncertainties related to the
reconstructed objects are therefore propagated directly to the ERS calculation, and
dedicated uncertainties are only needed for the soft term [154|. Two components cover
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the resolution of the soft term parallel and perpendicular to the pr of all reconstructed
objects, and a third term is associated with the scale.

Pileup reweighting

Simulated minimum-bias events are used to model the effect of pileup interactions in
MC events (cf. Section 4.3). The distribution of the pileup p is reweighted with a nom-
inal scale factor (u)=1/1.03 to match the average pileup observed in data [170]. The
uncertainty in the reweighting is evaluated by varying the scale factor to ()=1,/0.99
and (u)=1/1.07.

Luminosity

The uncertainty in the integrated luminosity is 0.83 % [171]. The luminosity enters the
calculation of the differential cross sections as a normalisation factor (cf. Equation 9.6)
and therefore causes a flat uncertainty of 0.83% in the absolute differential cross
sections.

Modelling uncertainties

To evaluate the impact of uncertainties in the modelling of background processes,
pseudo data is constructed from the nominal signal and the systematically varied
background MC distributions. When an uncertainty is not evaluated for a back-
ground process, the nominal estimate is used for the construction of the pseudo data.
The nominal background estimate is then subtracted from the pseudo data, and the
resulting distribution is unfolded using the nominal unfolding corrections. The differ-
ence of the resulting distribution to the nominal parton-level distribution of the signal
process is taken as uncertainty. For uncertainties in the modelling of the signal pro-
cess, the systematically varied detector-level distribution is unfolded with the nominal
corrections. The uncertainty is then defined as the difference between the resulting
distribution and the systematically varied parton-level distribution. The considered
modelling uncertainties are described in the following.

Renormalisation and factorisation scale

Matrix-element calculations depend on the scales ji, and py as discussed in Chapter 4.
The systematic uncertainties related to the choice of scales are evaluated by varying
both scales by factors of 2 and 0.5. These uncertainties are considered for all processes
involving top quarks and W+jets production and are evaluated separately for each
process.
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ISR and FSR

Uncertainties related to the ISR are evaluated by varying the Var3c parameter of the
A14 tune, which corresponds to variations of g for the ISR modelling [118]. Similarly,
the uncertainties related to the FSR are evaluated by varying the scale u, at which
ag is evaluated for the FSR modelling by factors of 2 and 0.5. Both uncertainties are
only evaluated for the processes involving top quarks.

PDFs

The PDF uncertainty is evaluated for all processes involving top quarks according to
the PDFALHC prescription [172]. Alternative samples are used that were simulated
with the PDF4LHC15 set and its Hessian representation of uncertainties, consisting
of 30 symmetric eigenvectors. The differences between each variation and the nominal
value are added in quadrature, and the result is applied as PDF uncertainty to the
nominal samples.

Parton-shower modelling

The choice of a parton-shower algorithm and hadronisation model introduces phe-
nomenological uncertainties, which are evaluated for all processes involving top quarks.
The nominal POWHEG +PYTHIA 8 sample is compared to an alternative sample where
HERWIG 7 is interfaced to the POWHEG matrix event generator. For the signal tq and q
process, the HERWIG 7.3 version is used to produce the alternative sample. Since the
version became available at a late stage of the analysis, and the parton-shower uncer-
tainty in the tf and tW +tW, tb/tb processes were already found to have a minor impact,
the alternative samples for these processes use HERWIG 7.1.

NLO matching

The NLO-matching scheme used by POWHEG (cf. Chapter 4) introduces an additional
ambiguity when the generator is interfaced with PYTHIA [105]. Both POWHEG and
PyYTHIA implement pr-ordered parton showers, but the definition of pr, and thereby
the definition of hardness of an emission, differs slightly. The PYTHIA parton shower
should start at the scale of the POWHEG emission, which is by construction the hardest
emission in an event. The diverging definitions can however lead to over- or under-
counting of emissions. PYTHIA therefore offers different methods to calculate the

initial scale of the parton shower that can be selected via the pi®d parameter. The

default setting ph**d = (0 corresponds to an external definition of the scale taken from

a dedicated Les Houches Event file [173]. To evaluate the uncertainty introduced by

this choice as suggested in [105], alternative samples are generated where phad is set to
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one. The shower is then initiated at the p of the parton emitted by POWHEG. This
uncertainty is evaluated for the tq and tq, tt and tW processes.

For tt and tW production, the uncertainty in the choice of the hgym, parameter that
controls the dampening of parton-shower radiation with high transverse momenta is
evaluated by varying the nominal hgamp = 1.5 1 t0 hgamp = 3 1.

DR/DS

The nominal tW sample employs the diagram removal (DR) [125] scheme to account
for the interference between ¢t and tW production at NLO. As the name suggests, the
relevant diagrams are removed from the matrix-element calculations. The uncertainty
related to the interference removal is evaluated by comparing the nominal sample to
an alternative one utilising the diagram subtraction (DS) approach, which implements
a subtraction term modifying the tW cross section to cancel the tf contribution loc-
ally.

Multijet templates

The kinematics of multijet events are estimated separately for the electron and muon
components with the jet-electron and anti-muon methods as explained in Section 8.2.
The uncertainty associated with the jet-electron method is evaluated by varying the en-
ergy fraction a jet needs to deposit in the ECal to be classified as a lepton from the nom-
inal fev > 80% to fem > 90 % and 80 % < fem < 90 %. For the anti-muon method,
one variation is defined by changing the muon isolation criterion.

Background rate uncertainties

The estimation of the rate uncertainties in the background processes at detector level
is described in Chapter 8. Their impact on the unfolded cross sections is evaluated
separately for each process by creating pseudo data from the nominal signal sample,
the varied background sample and the nominal samples of the remaining background
processes. The nominal background estimate is then subtracted, and the resulting dis-
tribution is unfolded using the nominal unfolding corrections. The difference between
the unfolded result and the nominal parton-level signal distribution is taken as an
uncertainty.
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Data statistical uncertainty

The statistical uncertainty in the data is evaluated from pseudo experiments. The
measured data distribution is fluctuated per bin according to a Poisson distribution
with the bin content as mean value. The nominal background estimate is subtracted
from the fluctuated data, and the resulting distribution is unfolded using the nominal
unfolding corrections. This way, 1000 pseudo experiments are created and in each
bin of the unfolded results, the standard deviation normalised to the mean of the
distribution is taken as the data statistical uncertainty.

MC statistical uncertainty

The statistical uncertainty in the simulated signal samples impacts the unfolding cor-
rections. It is therefore evaluated by fluctuating each bin of the migration matrix and
efficiency according to a Gaussian distribution with the nominal bin content as mean
value and the bin uncertainty, i.e. the square-root of the number of MC events in that
bin, as standard deviation. The nominal signal MC is unfolded using the fluctuated
unfolding corrections. The process is repeated 1000 times, and in each bin of the
unfolded results, the standard deviation normalised to the mean of the distribution is
taken as the MC statistical uncertainty.

Evaluation of the total uncertainty

The total uncertainty in the absolute differential cross sections is calculated per bin
by adding the individual uncertainties in quadrature. All contributions with a positive
(negative) sign are added to the total Up (Down) variation, which are capitalised to
distinguish them from the up and down variations of individual uncertainties. If both
variations of an individual uncertainty have the same sign, the larger one is added to
the corresponding total variation, and the contribution to the variation of the opposite
sign is set to zero. Some modelling uncertainties, like the parton-shower uncertainty,
are one sided; they are symmetrised by defining the full uncertainty with opposite sign
as down variation.

The total uncertainty in the normalised differential cross sections is evaluated in the
same manner. Before the impact of individual systematic uncertainties is evaluated
at parton level by taking the difference to another distribution, both distributions are
normalised.
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Uncertainties in the cross section ratio

The uncertainties in the ratio of the tq and tg cross sections are evaluated at parton
level, taking into account correlations between the tq and ¢ measurements for single
sources of uncertainties. Using 6, and o7 as short notations for the absolute differential
tq and tq cross sections, the variation of the ratio due to a correlated systematic
uncertainty sys is evaluated as

(@) a1+ gvreh) (10.1)
sYs

Ot Gp - (14 a5y

Here, 62" and 5;7;‘“61' denote the relative difference in the differential tq and ¢q cross
sections caused by sys. The up and down variations are evaluated separately, and the
impact of sys on the ratio is defined as the relative difference between (%)SyS and the
nominal ratio. The statistical uncertainties and the rate uncertainties in the W + bb
and W + ¢(¢) backgrounds, which are charge asymmetric, are decorrelated between tq

and tg and therefore added in quadrature.

10.2. Results and discussion

The total uncertainties in the measured cross sections are presented in Figures 10.1
and 10.2 with a breakdown of the contributions of the different types of uncertainties.
Tables that show the impact of each individual uncertainty are given in Appendix F.2.
From Figure 10.1, it can be seen that the signal modelling and experimental uncertain-
ties have the highest impact on the absolute differential cross sections. For the pr(t)
and pr(t) distributions, the data statistical uncertainty becomes large in the high-pr
regions, with contributions of 9% and 13 % in the last bin. The uncertainties related
to the modelling and rate of the background processes are minor for all absolute dif-
ferential cross sections.

The overall picture is similar for the normalised cross sections, but the total uncer-
tainty is reduced, as the impact of systematic uncertainties on the normalisation is
removed and only shape effects remain. The reduction is especially visible for the
signal modelling uncertainties in the |y(¢)| and |y(¢)| distributions. The cross-section
ratios benefit from cancellations of systematic uncertainties that are correlated between
tq and tq events, although the impact of a few uncertainties is enhanced compared to
the individual absolute cross sections. For instance, the impact of the background
modelling uncertainties in the second highest bin of the pr(¢ or ) distribution is en-
larged because the up variation of the uncertainty in the ¢¢ parton-shower modelling
has opposite signs for the tq and ¢ measurements.

The individual uncertainties with the highest impact on the absolute cross sections are
related to the modelling of the signal process. A graphic breakdown of the individual
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Figure 10.1: Uncertainties in the absolute differential tq and tq production cross sections
measured as a function of (a) pr(t), (b) |y(t)], (¢) pr(t) and (d) |y(¢)| and
in the ratio of the cross sections measured as a function of (e) p(t or t) and
(f) |y(t or t)|. The shaded band indicates the total uncertainty, defined as the
quadratic sum of all sources of uncertainties, and the coloured bands show the
contributions of the different categories of uncertainties.
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Figure 10.2: Uncertainties in the normalised differential tq and tq production cross sections
measured as a function of (a) pr(¢), (b) |y(t)], (¢) pr(t) and (d) |y(¢)|. The
shaded band indicates the total uncertainty, defined as the quadratic sum of all
sources of uncertainties, and the coloured bands show the contributions of the
different categories of uncertainties.

signal modelling uncertainties is shown in Appendix F.3. The NLO-matching uncer-
tainty has the highest individual impact on all absolute cross sections, with more than
10 % in the high-pr(t) and high-pr () regions, followed by the parton shower and FSR
modelling uncertainties. For the normalised distributions, the impact is reduced sig-
nificantly, especially in the |y(¢)| and |y(¢)| distributions where the combined impact
of the signal modelling uncertainties is below 2 %. The reasons behind these observa-
tions become apparent when the systematic variations are compared to the nominal
distribution at parton level and detector level, as exemplarily shown in Figure 10.3 for
the NLO-matching and parton-shower uncertainties in the tq distributions. At parton
level, the differences by construction only affect the shape of the distribution since
all samples are normalised to the same cross section. The parton-shower simulation
contributes corrections to the top-quark kinematics, therefore some differences to the
nominal distribution are visible in the pr(t) distribution. At detector level, the sys-
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10.2. Results and discussion
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Figure 10.3: Impact of the parton-shower and NLO-matching variations on the parton-level
(a) pr(t) and (b) |y(t)| distributions and on the detector-level (c) pr(¢Tvb) and
(d) |y(¢*wb)| distributions.

tematic variations predict a different number of observed events, as it can be seen very
clearly in Figure 10.3(d). Since the unfolding technique cannot compensate for rate
differences, this offset causes the large impact of the uncertainty in the absolute cross
sections. For the normalised cross sections, the effect is again mitigated by construc-
tion.

For the pp(¢*Twvd) distribution, a strong shape effect is seen for the NLO-matching un-
certainty, where the difference to the nominal prediction increases in the high-pr(¢7vb)
region. The discussed uncertainties, as well as all other signal modelling uncertain-
ties with a high impact, affect the modelling of additional QCD radiation. Therefore,
the number of events that fulfil the selection requirement of exactly two jets with
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pr(7) > 30 GeV differs from the nominal prediction. For the discussed uncertainties,
the number of those events increases as shown in Figure F.5.

Out of all experimental uncertainties, the JES and JER related ones have the highest
impact. Their contributions exhibit fluctuations within single distributions, which are
most prominent in the JER uncertainties but to a lesser degree also visible in the JES
uncertainties as can be seen in the Figures in Appendix F.4. The same behaviour
is observed for the background modelling uncertainties and can be traced back to
fluctuations in the impact of individual uncertainties, as can be concluded from the
Tables in Appendix F.2. The fluctuations are caused by the limited statistical power
of the MC templates for background processes in the signal regions, and the impact is
quantified by evaluating the statistical uncertainty in the systematic variations with
the bootstrap method. This approach additionally serves as a cross check as it provides
an alternative way to evaluate the systematic uncertainties.

For each MC event, 1000 Poisson-distributed random numbers with a mean of one are
drawn and used as multipliers for the weight of the MC event. The random numbers are
generated using the MC event number as random seed, to synchronise the modification
between all systematic variations of the event. This way, 1000 pseudo experiments are
constructed for each systematic variation and subsequently unfolded with the nominal
unfolding corrections. The mean of the resulting distribution is taken as the central
value of the systematic uncertainty, and the standard deviation is used to define its
statistical uncertainty.

The obtained values for all distributions are listed in Appendix F.6. The central values
are compatible with the impact of individual uncertainties obtained with the default
method described in Section 10.1. The statistical uncertainties in the variations are
highest for JES related uncertainties, where they reach a magnitude of about 1 % of the
differential cross section in several bins. As expected, larger statistical uncertainties
are found for the uncertainties in the #q cross sections and generally in bins with lower
event statistics. The statistical uncertainties are not incorporated in the final results,
but they are of interest for potential future combinations, for example in the context
of PDF fits, as their inclusion can make the result of such combinations more robust
to outliers and discrepancies among the input data [174].

10.3. The covariance matrix

To evaluate the agreement between measured differential cross sections and theoretical
predictions, the covariance between the single bins of an unfolded distribution needs
to be known. This information is encoded in the covariance matriz, whose elements
Covy, represent the covariance between bin k and [. The covariance matrix incorpor-
ates the impact of all statistical and systematic uncertainties and is calculated from
pseudo experiments. Each pseudo experiment toy is constructed using the following
prescription:
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10.3. The covariance matrix

1. Incorporate the data statistical uncertainty

The data distribution at detector level is used as a starting point to create the
pseudo experiment. The data statistical uncertainty is incorporated by fluctu-
ating each bin ¢ according to a Poisson distribution with the number of data
events in that bin N as mean value. The bin content after the fluctuation is
denoted by P(Ngata),

2. Incorporate MC statistical, experimental and background related un-
certainties

For each bin 7 and each experimental, background modelling and background
rate uncertainty sys, the difference to the number of events in the nominal
distribution 6;¥* = N¥° — NP™ ig calculated. A random number g% 'V is
generated from a Gaussian distribution with a mean of zero and a width of
one. If g% ¥ > (), the up variation of the systematic is used to calculate §;%°,
otherwise the down variation is used. The fluctuation due to the uncertainty is
then evaluated as ASY® Y = |gsvs: tov| . 52V,

The fluctuation due to the MC statistical uncertainty is defined analogously as
AN toy — | MG toy) | sMO stat with the difference that separate random numbers
are drawn for each bin.

The number of events in bin ¢ for the pseudo-experiment toy is then calculated
as

sYs1

nom
N, 7

AI\/[C7 toy + Nsysts AéyS, toy
N;oy — P(Nidata) . <1 + ] Z i )

3. Unfold the pseudo experiment

The pseudo experiment is unfolded using the nominal unfolding corrections. The

number of events in parton-level bin j is then denoted as N ;Ozfmf.

4. Incorporate signal modelling uncertainties

The impact of the signal modelling uncertainties is evaluated at parton level,
following a similar prescription as for the other systematic uncertainties. For
each signal modelling uncertainty mod, the normalised difference between the
systematically varied unfolded distribution and its parton-level counterpart is
calculated, 87 = (N/ode — Nmod ) /(NI L on)- Analogously to the other

7, unf 7, parton 7, parton
systematic uncertainties, a Gaussian random number g% ¥ is drawn and the
. . d. t . .
fluctuation is evaluated as AT ™ = | gmod tov] . gmed. Depending on the sign
of gmed: toy, 6;”0‘1 is calculated using either the up or the down variation.

The bin content of an unfolded pseudo experiment is then finally calculated as

Nmods
toy __ prtoy 2 : mod, toy
]\[.7 — N]’ unf * (1 + AJ ) .

mod=1
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The elements of the covariance matrix Covy; are calculated from a set of nToys
pseudo experiments and the nominal signal MC distribution at parton level o™, parton
as

nToys
1 nom, parton o nom, parton 0
Coves = e 2 (NP N (N N)(102)

To calculate the covariance matrices for the cross-section ratios, the pseudo experi-
ments constructed for the tg and tq distributions are synchronised, i.e. for pseudo
experiment n, both distributions use the same Gaussian random number ¢ for a given
bin and uncertainty. The bin contents N in Equation 10.2 are replaced by the ratio
th/ Nig.

Figure 10.4 shows the covariance matrices calculated from 1000 pseudo experiments
for all t¢ production measurements. The matrices for the tq production measurements
and the ratios are shown in Appendix F.7. A striking feature visible in the covariance
matrices for all absolute cross-section measurements is that all bins are positively cor-
related. The reason behind this that the overall uncertainty is dominated by only a
few uncertainties related to the modelling of the signal process. As discussed in Sec-
tion 10.2, the systematic uncertainties in the NLO matching, parton-shower modelling
and FSR modelling of the signal process are the largest individual uncertainties for
all distributions. The up and down variations of these uncertainties have the same
sign in all bins of a given distribution, as exemplarily shown in Figure 10.5(a). As
a cross check, the calculation of the covariance matrix is repeated with an inverted
sign of the NLO-matching and parton-shower modelling uncertainties in the second
and seventh bin of the distribution. The resulting covariance matrix is shown in
Figure 10.5(b), and both bins exhibit anti-correlations with other bins of the distribu-
tion.

A useful tool to assess the correlations between bins is the correlation matriz, whose
entries are calculated from the covariance matrix as

COVi’j

\/ COVLZ' . COV]'J

The correlation matrices for all distributions are shown in Appendix F.8. The strong
correlations discussed above are well visible for all measured distributions as the cor-
relations between most bins are of the order O(107!).

COIT,L'J‘ =
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Figure 10.5: Both figures are related to the absolute tq production cross section as a function
of pr(t). (a) shows the signal modelling uncertainties where the solid lines
indicate the up variations and the dashed lines show the down variations. (b)
shows the covariance matrix obtained with the sign of the NLO-matching and
parton-shower uncertainties artificially inverted in the second and seventh bin.
The orange boxes highlight negative correlations.
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11. Results

The results of the differential cross-section measurement are presented in this chapter.
The unfolded distributions are presented in Section 11.1, and the level of agreement
with different theoretical predictions is evaluated. An interpretation of the measure-
ment results in the context of SMEFT is provided in Section 11.2.

11.1. The differential cross sections

The results of this measurement comprise the absolute and normalised differential
tq and tq cross sections and the ratio of the absolute cross sections. As described
in Chapter 4, theoretical predictions for comparisons are obtained from fixed-order
calculations with MCFM, different combinations of matrix-element generators and
parton-shower programs and simulations with POWHEG +PYTHIA 8 employing differ-
ent PDF sets. The number of obtained distributions is too large to provide a detailed
discussion on all of them. Instead, overall trends and a few striking features of indi-
vidual distributions are reviewed in the following. Distributions that are not mentioned
explicitly are shown in Appendix G.1, and the numerical values of the differential cross
sections are given in Appendix G.2.

The agreement between the measurement results and theoretical predictions for a given
distribution is evaluated by calculating the x? value

2= VT . Cov !V,

where Cov represents the covariance matrix of the measurement and V denotes the
vector of differences between measurement and prediction per bin of the distribution.
The x? probabilities listed in Tables 11.1 and 11.2 are then calculated from the cu-
mulative distribution function (cdf) of the x? function and indicate the probability
to obtain a y? value at least as high as the observed one, if the prediction describes
the measurement accurately. The cdf depends on the number of degrees of freedom
(NDF) in the measurement, which is equal to the number of bins for the absolute
cross sections and their ratio. For the normalised cross sections, the NDF is reduced
by one as the content of the last bin is fixed by the normalisation. Therefore, the last
entry of V and the corresponding entries of Cov are discarded for the calculation of
the corresponding x? values.

The uncertainties in the theoretical predictions are added in quadrature to the diag-
onal elements of the covariance matrix. The uncertainty in the MCFM predictions
comprises the uncertainty in the renormalisation and factorisation scale choice and
the uncertainty in the value of ag. The uncertainty in the predictions obtained with
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Table 11.1.: x? probabilities of the predictions for the absolute and normalised differential
tq or tq production cross sections and the ratio of the absolute cross sections as
a function of pr(t), pr(t) and pr(t or ) respectively.

L do(tq) 1 do(tq) do(tq) 1 do(tq) do(tq) do(tq)
Prediction y
dpr(t)  o(tq) dpr(t) dpr(t)  o(tg) dpr(?) (de(t) ) (dpr(f) )
NDF=8 NDF=7 NDF=8 NDF=7 NDF=8
MCFM, with PDF4LHC21
LO 0.03 0.0 0.02 0.0 0.99
NLO 0.55 0.50 0.83 0.69 1.0
NNLO 0.70 0.65 0.97 0.89 1.0
Event generators, with NNPDF3.0
POWHEG PYTHIA 8 (4FS) 0.78 0.59 0.98 0.91 1.0
MG _AMC@NLO (4FS) 0.60 0.19 0.96 0.86 1.0
MG AMC@NLO (5FS) 0.60 0.60 0.96 0.93 1.0
MG _AMC@NLO dyn. scale (5FS) 0.68 0.65 0.90 0.84 1.0
POWHEG +HERWIG 7 (4FS) 0.85 0.66 0.99 0.93 1.0
PDF sets, with POWHEG PYTHIA 8 (4FS)

CT18 0.58 0.57 0.97 0.93 1.0
MSHT20 0.62 0.60 0.97 0.93 1.0
PDF4LHC21 0.63 0.63 0.96 0.92 1.0
ABMP16 0.64 0.70 0.96 0.90 0.34
NNPDF4.0 0.59 0.59 0.99 0.96 1.0
ATLASpdf21 0.55 0.62 0.91 0.92 1.0

different PDF sets evaluates the MC statistical uncertainty and the PDF uncertainty.
For the predictions from different event generators, the MC statistical uncertainty,
the uncertainty in the renormalisation and factorisation scale choice and the PDF
uncertainty are considered.

Overall, a good agreement is observed between the predictions and the measurements.
For the fixed-order calculations, the inclusion of higher orders improves the agreement
as expected, and the LO calculations fail to describe the measured pr spectra. The
different generator combinations and PDF sets generally provide a good description
of the measured distributions, where the x? probabilities for the pr(f) distributions
are larger than for the pr(t) spectra, while the situation is reversed for the rapidity
distributions. In the case of the transverse momenta, this can be trivially explained
by the larger uncertainties in the ¢q cross sections. For the absolute rapidities, slight
discrepancies are visible in the second and fifth bins of the |y(¢ )| distributions. Almost
all predictions for the differential cross-section ratios show an excellent agreement with
the measurement results.

The differential cross sections are measured as a function of pr(t), pr(¢) and |y(¢)],
ly(t)| because these variables provide a high sensitivity to differences between the
predictions from different event generators and PDF sets respectively. The transverse
momentum of the top quark is affected by higher-order QCD radiation, where gluons
emitted from the top quark lead to an increase in the transverse momentum due to
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11.1. The differential cross sections

Table 11.2.: x? probabilities of the predictions for the absolute and normalised differential
tq or tq production cross sections and the ratio of the absolute cross sections as
a function of |y(t)|, |y(¢)] and |y (¢ or ¢)| respectively.

_ do(tq) 1 do(tq) do(tq) 1 do(tq) do(tq) do(tq)
Prediction dy®)] o(t)) dly®] _dly®I _o(a) diy@)] <d|y<t>|> / (d|y@|)
NDF=5 NDF=4 NDF=5 NDF=4 NDF=5
MCFM, with PDF4LHC21

LO 0.65 0.54 0.82 0.86 0.99

NLO 0.97 0.93 0.68 0.81 1.0

NNLO 1.0 0.98 0.81 0.74 1.0

Event generators, with NNPDF3.0

POWHEG PYTHIA 8 (4FS) 1.0 0.98 0.81 0.61 1.0

MG _AMC@NLO (4FS) 0.99 0.93 0.81 0.53 0.99

MG _AMC@NLO (5FS) 0.99 0.97 0.69 0.61 1.0

MG _AMC@NLO dyn. scale (5FS) 0.99 0.97 0.65 0.57 1.0
POWHEG +HERWIG 7 (4FS) 1.0 0.98 0.84 0.62 1.0

PDF sets, with POWHEG PYTHIA 8 (4FS)

CT18 0.98 0.96 0.68 0.55 0.96
MSHT20 1.0 1.0 0.61 0.52 1.0
PDF4LHC21 0.99 0.98 0.70 0.65 1.0
ABMP16 0.91 0.98 0.38 0.18 0.21
NNPDF4.0 0.99 0.99 0.70 0.61 1.0
ATLASpdf21 0.92 0.99 0.64 0.84 1.0

recoil effects. The rapidity on the other hand increases with the momentum transfer
in the hard-scattering event, which is in turn affected by the momentum of the light
quark in the initial state. For the predictions from different matrix-element generators
and parton-shower programs, it can indeed be seen that the differences between the
predictions are larger in the pr(t) and pr(t) distributions. However, most of these
differences are fully covered by the measurement uncertainties and are therefore not
reflected in the x? probabilities in a significant way. The different PDF sets on the
other hand yield similar predictions for all distributions, except for ABMP16 and
ATLASpdf21, whose predictions tend to differ from the others.

Results for the absolute differential cross sections are compared to the predictions
from fixed-order calculations in Figure 11.1. Higher-order corrections introduce neg-
ative interference for the signal process, therefore the total tq and tq production cross
sections decrease as it can be seen clearly in the |y(¢)| and |y(¢)| distributions. For
the pr spectra, a strong shape effect is visible for the LO prediction, which drastic-
ally overestimates the cross sections in the low-pr regions but underestimates their
magnitude in the tail of the distributions. This is expected for a LO calculation, as it
does not consider additional QCD radiation in the final state. The visual impression
is reflected in the y? probabilities in Table 11.1, which are below 0.03 for both the
absolute and normalised cross sections binned in pr(t) and pr(t ). For the cross-section
ratio however, the LO prediction reaches a decent agreement with the measurement,
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Figure 11.1: Absolute differential (a) (c¢) tg and (b) (d) tq cross sections compared to the
theoretical predictions from fixed-order calculations done with MCFM at LO,
NLO and NNLO. The shaded band indicates the total measurement uncertainty.
The uncertainty in the theoretical predictions comprises the uncertainty in the
renormalisation and factorisation scale choice and the uncertainty in the value
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11.1. The differential cross sections

as the relation between the valence-quark PDFs is the main aspect that determines
the ratio.

The normalised differential cross sections are shown in Figure 11.2 together with the
predictions from different matrix-element generators and parton-shower programs.
The predictions are similar to each other, and no significant differences are visible
between the 4FS and 5FS calculations. A striking feature is the low x? probability
of 0.19 for the MG _AMCQ@NLO (4FS) prediction in the pr(t) spectrum, as a visual
inspection of Figure 11.2(a) would suggest a higher compatibility. The explanation
lies in the correlation between bins, which enters the calculation of the x? values. The
correlation matrix for the distribution presented in Figure F.9 shows a strong positive
correlation of 0.42 between the third and fifth bin, while all predictions lie slightly
below the measured value in the third bin and up to 5% above in the fifth bin. The
difference is largest for the MG AMCQ@NLO (4FS) prediction which causes the low
compatibility with the measurement result, as a quick test validates. Recalculating
the x? values with Covss = Covss = 0 results in a x? probability above 0.6, which
fits the visual impression. The x? probabilities of the other predictions also increase
in the test to above 0.8, showing that the correlation between those two bins is the
main reason behind the comparatively lower agreement between the predictions and
the measurement for the normalised pr(t) distribution.

Figure 11.3 shows the measured ratio of tq and tq production and the predictions from
different proton PDF sets. The ratio increases with both pr(t or ¢) and |y(¢ or ¢ )| to
approximately 2:1 as a consequence of the different proton PDFs for valence u-quarks
and valence d-quarks. Events with a valence quark in the initial state dominate for high
pr(t or t) and |y(t or t )| values, as the valence quarks have the highest probability to
carry a large fraction of the proton momentum and to therefore feature an exceptionally
large momentum transfer Q2 in the hard-scattering process. A large Q? results in top
quarks with high energy and longitudinal momentum, i.e. with a high rapidity, and
high top-quark energies also facilitate the radiation of hard gluons, leading to a higher
transverse momentum of the top quark. It should be mentioned however that the tails
of the pr and |y| distributions have only limited overlap in phase space, as shown in
Appendix G.3.

The predictions generally show an excellent agreement with the measured ratios within
the measurement uncertainties. The y? probabilities are close to one, and a close visual
inspection of Figure 11.3 reveals that the predictions also agree with the measurement
within the uncertainties in the predictions. This suggests that the total uncertainty
in the measurement may be overestimated, for which the statistical fluctuations in
the systematic uncertainties (cf. Section 10.2) provide a possible explanation. Only
the ABMP16 prediction exhibits a poor agreement with the measurement result and
constantly overestimates the ratio in both distributions. This observation is consistent
with the findings of previous ATLAS measurements of the ratio of the total tq and fq
cross sections at /s = 8 TeV [74] and /s = 13 TeV [2].
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Figure 11.2: Normalised differential (a) (c¢) tq and (b) (d) tq cross sections compared to the
predictions from different MC event generators and parton-shower programs.
The shaded band indicates the total measurement uncertainty. All predictions
are generated with the NNPDF3.0 PDF set. The uncertainty in the theoret-
ical predictions comprises the MC statistical uncertainty, the uncertainty in the
renormalisation and factorisation scale choice and the PDF uncertainty.
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Figure 11.3: Ratio of the differential cross sections as a function of (a) pr(t or t) and (b)
ly(t or t)| compared to the predictions obtained from POWHEG +PYTHIA 8
with different PDF sets. The shaded band indicates the total measurement
uncertainty. The uncertainty in the theoretical predictions comprises the MC
statistical uncertainty and the PDF uncertainty.

Both ATLAS and CMS measured differential t¢ and tq production cross sections as
a function of the same kinematic variables in previous analyses. A straightforward
comparison of the results is not feasible since the previous ATLAS measurement [74]
analysed data taken at a different centre-of-mass energy and the CMS analysis [75]
measured combined tq and tg production cross sections. However, some qualitative
statements can be made.

The previous ATLAS measurement at /s = 8 TeV measured absolute and normalised
differential tq and tq cross sections as a function of pr(t) or pr(t) up to 300 GeV, with
relative uncertainties in the highest bin of +21.7%/—22.1 % and +39.1 %/—35.2 % for
the pr(t) and pr(t) distributions. This measurement reaches a better precision of
+20.4%/—19.6 % and +28.8 %/—26.5 % in the highest bin of the pr(t) and pr(t) dis-
tributions, which covers the kinematic range [275, 500] GeV. For the normalised cross
sections binned in the absolute top-quark rapidity, the measurement at /s = 8 TeV
reached a precision of about 7% in |y(t)| and 9 %—16 % in |y (¢ )|, whereas this measure-
ment provides uncertainties of about 3 % and 3 %—6 % in the respective distributions.
The improvements can be attributed to the larger number of data events in the signal
regions and a reduction in the background contribution. The number of data events
in the signal regions is increased by a factor of five, and the signal-over-background
ratios in the signal regions, which were also separated by lepton charge in the previous
measurement, are improved from 2.2 and 1.3 to 6.1 and 3.8. Thereby, the relative
statistical data uncertainty is reduced by a factor of two, and the uncertainties re-
lated to the modelling and rate of the background processes are diminished to minor
uncertainties, whereas they comprised the largest single uncertainties in the previous
measurement.
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The measurement from CMS at /s = 13 TeV uses only a partial Run2 data sample,
corresponding to an integrated luminosity of 35.9fb™", to measure combined t¢ and #gq
cross sections and the ratio of tq over combined tq and tq production. The combined
cross sections as a function of pr(t or ¢) are measured up to 300 GeV. The relat-
ive uncertainties in the combined absolute cross sections as a function of pr(t or ¢)
and |y(¢ or t)| are comparable to the uncertainties obtained in this analysis for the
pr(t) and |y(t)| distributions respectively. Major uncertainties in the CMS analysis
are related to the data statistics and the luminosity. Similar to this measurement,
the uncertainty related to the parton-shower modelling of the signal process also has
a large impact. The fact that this measurement provides separate results for t¢g and
tq production can be seen as an improvement in the scope, but a proper comparison
is complicated due to differences in the treatment of the uncertainties, as the CMS
measurement includes the experimental uncertainties as nuisance parameters in the
unfolding procedure.

11.2. EFT interpretation

As outlined in Section 1.8, the SMEFT provides a powerful framework to search for
effects of BSM physics in a model-independent way. The measurement results of this
analysis are particularly sensitive to the dimension-six operator O%’;, which introduces
a four-quark contact interaction as shown in Figure 11.4. Following the notation in
Ref. [175] to express the SMEFT operators in the Warsaw basis, the two four-fermion
operators relevant for single-top-quark production are

17kl _ _
Oas ™= (g7"4)) (@yuqr) and

3(ijkl _ _

Oa™™ = (277 4) (@77 ).

Here, 7! are the Pauli matrices, 4* the Dirac matrices and ¢ denotes the weak-isospin

doublets with quark generation indices ijkl € [1,2,3]. All four-quark subprocesses

contributing to the signal process only depend on the linear combination of the asso-
ciated Wilson coefficients

ng’ql _ Z Cgéii%) + 1 C1i331) _ 103(1'331')7

G G
i=1,2

where () represents the doublet of the third quark generation. The ¢-channel produc-
tion is also sensitive to the operators O;%,Q and Oy, which interfere with the tWb
vertex, O3, and Oy, whose interference with the SM is suppressed by the b-quark
mass, and Og;, which does not interfere with the SM as it is a colour octet [176].
Dedicated analyses like Ref. [177] set constraints on all these operators and evaluate
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b t

Figure 11.4: Exemplary LO Feynman diagram of single-top production via a four-quark con-
tact interaction.

the correlations between them, but the aim of this interpretation is to set individual
constraints on C’%’; /A%, ie. the other Wilson coefficients are set to their SM expecta-
tion of zero. The limits set in this interpretation assume a characteristic energy scale

A of 1 TeV.

The ub — dt and ud — bt processes are related by a crossing symmetry, therefore the
s-channel production is also altered by 022’; and considered as signal process for the
interpretation by being included in the EFT MC samples as mentioned in Chapter 5.
On a similar note, diagrams including quarks of the second generation, for example
cb — st, and /or antiquarks are also taken into account.

Top quarks produced via the 022’; vertex feature different angular and kinematic dis-
tributions than top quarks produced according to the SM and are specifically expected
to have higher transverse momentum than their SM counterparts. The interpretation
therefore uses the differential cross sections measured as a function of pr(t) and pr(t).
The dependence of the differential cross sections on C’é’; /A? can be parameterised in
each bin as

2
do-t ort dat ort ngl dat ort C%; dat ort
= + % o= . (11.1)
dprp dpr / sm A dpr /. A dpr /) psu

where the term linear in C%’; /A? stems from the interference between the SM and

BSM amplitudes and the term proportional to (C’g’?’; / A2)2 describes pure BSM contri-
butions. This quadratic dependency is utilised for the interpretation to parameterise
the expected change in the cross sections in each bin of the pr(t) and pr(t) distribu-
tions. The SM term in Equation 11.1 is set to the SM NNLO prediction to apply the
NNLO corrections to the BSM case. The dependency of the cross section on ng; /A2
is therefore evaluated in terms of relative changes with respect to the SM scenario,
where C’g’;/AZ equals zero. A confidence interval (CI) for C’%’;/Az is finally extracted
from a comparison to the measurement results.
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An important aspect to consider in the interpretation is the selection efficiency, which
enters the main analysis as an unfolding correction as described in Section 9.3.2. Con-
tributions from O%; affect the selection efficiency significantly as shown in Figure 11.5,
where the selection efficiencies calculated for the EFT MC samples are presented. The
selection efficiency decreases in the high-pr region compared to the SM prediction,
especially for positive values of Cé’; /A% This is a direct consequence of the altered

event kinematics. The larger transverse momentum of top quarks produced via O%’;
vertices is connected to an increased probability for QCD radiation off the top quark
that results in an additional jet with pr > 30 GeV, in which case the event is rejected
by the signal-region event selection.

The effect on the differential cross sections is substantial, as illustrated in Figure 11.6.
The grey squares show the expected relative change in the cross sections at parton
level obtained directly from parton-level distributions of the simulated EFT events.
The dashed grey line shows the best extrapolation obtained from a least-squares fit.
It follows a quadratic function in accordance with Equation 11.1. The interference
between BSM and SM amplitudes is destructive for positive values of Cg; /A% and
dominates in the low-pr region. The contribution from pure BSM events becomes
larger with increasing pr, as expected, and leads to drastic increases in the predicted
cross sections for large absolute values of C’%’; JAZ

The blue points in comparison are obtained by unfolding the detector-level distribu-
tions of the EFT events back to parton level using the nominal unfolding corrections.
This approach takes the altered selection efficiencies into account, as the signal-region
event selection is applied to the detector-level distributions. The blue line again shows
the result of the least-squares fit. This time, the fit result resembles a linear func-
tion in all bins except for the last one. The interference term, which reduces the
number of events for positive values of Cg’ql /A%, remains the dominating factor over
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Figure 11.5: Selection efficiencies in the (a) ¢+ SR and (b) £~ SR of the EFT MC samples
generated with ng; /A? set to different values.
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Figure 11.6: Expected relative change in the differential ¢q cross section measured as a func-
tion of pp(t). Every second bin of the distribution is shown exemplarily. Only
MC statistical uncertainties are shown.

the whole distribution, as most BSM contributions are rejected by the signal-region
event selection. The interpretation therefore utilises the parameterisations obtained
with the unfolded detector-level distributions to properly account for the significant
impact of the selection efficiency. The obtained best-fit values are given in Table G.7.

To extract constraints on Cg’ql /A%, an approach based on Bayesian inference is used.
The posterior probability for a free parameter A\ of some model M given a set of
measurements T can be calculated according to Bayes theorem,

@9 pG N dy-p(N)
PME) = T TN oY)

Here, i refers to the predictions for the observables for certain values of A, hence
p( | A) = 0(y — y(N\)). The probability p(Z | ) can be calculated by using the
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covariance matrix Cov of the measurement,

—2Wn(p(@ | 7)) =D [&—§li Covy)* [F—§];.

i=1 j=1

The EFTfitter tool [178] offers an implementation of the method tailored to the needs
of EFT interpretations by taking correlations and uncertainties in the measurements
into account. Constraints on model parameters are obtained by sampling the pos-
terior probability density function using a Markov Chain Monte Carlo algorithm. The
required inputs to the calculation are described in the following.

The Wilson coefficient C’g’; /A? is the free parameter of the model. An estimate for the
prior distribution is required, and a uniform distribution within the interval [—0.5,0.5]
is chosen based on the constraints from previous measurements. The observables are
the differential tq and tq cross sections binned in pr(t) and pr(t) respectively, where
each bin of the distributions is treated as an individual observable. The predictions for
the observables as a function of Cg’g’; /A? are parameterised according to Equation 11.1
with the best-fit values given in Table G.7. The parameterisations include the the-
oretical prediction for the SM cross sections, where the values obtained with MCFM
at NNLO are used. The uncertainties in the prediction related to the renormalisation
and factorisation scale choice and the value of ag are considered as uncertainties in
the model. The measured differential cross sections are used with the respective total
uncertainties, which are symmetrised by taking the larger of the Up and Down vari-
ations. The covariance matrices discussed in Section 10.3 are used to account for the

I smallest 99.71% interval(s)

smallest 95.56% interval(s)
6 smallest 69.25% interval(s)
—— mean

-0.2 0.0 0.2 0.4

3,1
CQ-, q

Figure 11.7: Posterior probability density for C’gqu /A2
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correlations between the bins within one distribution, while the measurements in pr(¢)
and pr(t) are treated as uncorrelated.

From the posterior probability density shown in Figure 11.7, the central interval con-
taining 95 % of the distribution is used to define the CI for C’g; /A% The interpretation

yields the result Cg’ql//\2 € [~0.12,0.12] TeV 2, which is compatible with the SM ex-
pectation of zero. A similar interpretation of the ATLAS measurement of the total
tq and tq cross sections at /s = 13 TeV utilised the detector-level D,,, distributions
of the signal events and yielded a 95% CI of C’%’;/A2 € [-0.37,0.06] TeV~2 [2]. The
improvement reached in this interpretation can be attributed to the higher sensitiv-
ity of the considered distributions. A dedicated EFT analysis that set constraints on
all operators affecting the t-channel production by using angular information of the
top-quark decay obtained an individual 95% CI of C¢y,/A? € [0.05,0.29] TeV > [177].
The comparison shows that the approach chosen in this interpretation is competit-
ive for limits set on an individual operator, where the performance for constraining
multiple operators simultaneously could be explored in future dedicated studies. The
large impact of C%’ql /A? on the selection efficiencies however suggests to perform fu-
ture interpretations at detector level, where the effect is automatically taken into
account.
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Conclusion and outlook

This thesis presents a measurement of differential cross sections for single top quarks
produced via the t-channel exchange of a virtual W-boson in proton-proton collisions
at the LHC. The analysed data was collected by the ATLAS detector in the years
20152018 at a centre-of-mass energy /s = 13 TeV and corresponds to an integrated
luminosity of 140fb™'. The differential tq and g production cross sections are meas-
ured at the parton level as a function of the transverse momentum and absolute rapid-
ity of the top quark and top antiquark. Both absolute and normalised differential cross
sections are determined, and the differential ratio of tq over tq production is measured
for the first time. This measurement also constitutes the first separate measurement of
differential tq and tq production cross sections at 13 TeV. The results are compared to
predictions obtained from fixed-order calculations, different event-generator programs
and various PDF sets.

The measurement builds upon the ATLAS measurement of the total tg and tq cross
sections at 13 TeV [2] and considers the semileptonic top-quark decay channel. Can-
didate events are required to contain one electron or muon, two jets out of which
one is b-tagged and missing transverse momentum. Two separate signal regions are
defined based on the lepton charge. Additional selection criteria are imposed on the
event kinematics to reduce the contribution from background processes. The most
important criterion utilises the neural network trained in Ref. [2] to achieve high pur-
ities in t-channel events. To model the contribution of background events with no
prompt lepton, templates are used which predict the shape but offer no estimate of
the normalisation. The rate of all background processes is therefore determined in a
dedicated maximum-likelihood fit that is performed in multiple phase-space regions
simultaneously, all of which are orthogonal to the signal regions of the differential
measurement.

The distributions measured at detector level are corrected for distortions related to
the limited resolution and acceptance of the detector via an unfolding procedure. The
method of Iterative Bayesian Unfolding is employed and thoroughly tested to ensure
that it works correctly and introduces no bias to the unfolded distributions. The tests
prove the method to be reliable and robust against variations in the shape of the
measured distributions.

The measurement is affected by various uncertainties which are broadly categorised
as statistical uncertainties and systematic uncertainties. The latter in turn comprise
experimental uncertainties and modelling uncertainties. The impact of each uncer-
tainty is evaluated separately, and the total measurement uncertainty is obtained by
adding all contributions in quadrature. The uncertainties in the modelling of the signal
process and the experimental uncertainties have the highest impact on the differen-
tial cross sections, while the uncertainties related to the modelling and rates of the
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background processes have a minor impact. The statistical uncertainty in the data
becomes significant in the high-pr(¢) and high-pr(¢) regions. The normalised cross
sections and the cross-section ratios benefit from cancellation effects, which overall
reduce the uncertainties. The statistical uncertainties in the experimental and signal
modelling uncertainties are evaluated, as they may be of interest for future combina-
tions.

The compatibility between the measured differential cross sections and the theoret-
ical predictions is evaluated via the y? probability, whose calculation takes the un-
certainties in both measurements and predictions into account. In general, a good
agreement is found between the measured distributions and the predictions. For the
fixed-order calculations, the inclusion of higher order corrections increases the compat-
ibility as expected. The differences between the predictions from different PDF sets
and event-generator programs are mostly small and covered within the measurement
uncertainties. For the ratios of the differential cross sections, most predictions provide
an excellent description of the measurement results.

The measurement results are interpreted in an EFT approach to extract limits on
the contribution of the four-fermion operator OZ’;. A significant impact of Og’g’; on
the selection efficiencies is found and accounted for in the interpretation. A confid-
ence interval for the associated Wilson-coefficient C'g’; JA? € [-0.12,0.12] TeV~? is
obtained.

Overall, the measurement presented in this thesis achieves a higher precision than pre-
vious measurements by ATLAS and CMS. Important factors for the improvements
are the increased statistical power and a significant reduction of the contribution
from background processes. The range of the pr(t) and pr(f) spectra is increased to
500 GeV, and the first measurement of the ratio of tq over tq production is provided.
The previous results for the differential cross sections as a function of |y(¢)| and |y(¢)|
proved to be of interest for global PDF fits and have been used by the NNPDF
collaboration. At the time of writing this thesis, the presented results are not yet
evaluated by any PDF group, but can be expected to be a useful addition to PDF
fits.

For future measurements, the reduction of signal modelling uncertainties will be cru-
cial to improve the precision. This is interconnected with the task of suppressing
background contributions, which provides a considerable challenge for any measure-
ment of the t-channel process. The event selection that provides the high signal purity
reached in this analysis also increases the impact of certain signal modelling uncertain-
ties. Therefore, these two challenges need to be approached together to enable further
increases in the measurement precision. The differential cross sections measured as a
function of pr(t) and pr(t) will benefit from increased event statistics in the high-pr
regions that are of special interest for searches for BSM effects.

An important insight gained from the BSM interpretation presented in this analysis
is that the impact of an EFT operator on the selection efficiencies can alter the ex-
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pected dependence of the unfolded cross sections on the operator significantly. This
only poses an issue for operators that alter the Lorentz structure of events, but for
those cases, the impact needs to be quantified. Alternatively, one can conclude that

interpretations at detector level are preferable, as they take the effects into account
by construction.
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A. Cross sections of the EFT signal samples

The cross sections of the simulated EFT signal samples described in Chapter 5 and util-
ised for the interpretation in Section 11.2 are given in Table A.1.

Table A.1.: Cross sections for the MC samples simulating ¢-channel and s-channel single top
production for different values of the EFT Wilson-coefficient Cg’j; /A2, The cross
sections are calculated with MADGRAPHS AMCQNLO 2.7.3.

Cog/ N [TeV 2] Cross section [pb|
tq + tb samples tq + tb samples
—0.6 99.1 33.9
—0.2 49.2 29.6
0.0 46.7 27.8
0.4 43.8 26.7
1.0 48.9 28.2
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B. Background estimate

In Appendix B.1, additional material regarding the maximum likelihood fit that is
performed to estimate the normalisation of the background processes (cf. Chapter 8)
is presented. Comparisons between data and simulation in the signal regions for various
kinematic distributions are shown in Appendix B.2.

B.1. Results of the maximum-likelihood fit
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Figure B.1: Pre-fit and post-fit agreement in the £* control regions for the (a), (d) muon,

(b), (e) central electron and (c), (f) forward electron components of the multijet
background.
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Figure B.2: Pre-fit and post-fit agreement in the ¢~ control regions for the (a), (d) muon,
(b), (e) central electron and (c), (f) forward electron components of the multijet
background.
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Figure B.3: Best fit results for the NPs included in the fit.
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Figure B.4: Best fit results for the NPs included in the fit.
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Figure B.6: Comparison between expected and observed distributions in the £+ SR for the
absolute rapidity and transverse momentum of the light jet, the b-jet and the

Kinematic variables in the signal regions
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Figure B.7: Comparison between expected and observed distributions in the £~ SR for the
absolute rapidity and transverse momentum of the light jet, the b-jet and the
charged lepton.
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Figure B.8: Comparison between expected and observed distributions in the £ SR and the £~
SR for the Er?iss and two NN input variables with the highest and third-highest
discriminating power. The second-highest discriminating power stems from the

7 distribution of the light jet, which is included in the previous figures.
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C. Event selection

Supplementary material regarding the event selection described in Chapter 7 is presen-
ted in this appendix.

C.1. Angular cut
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Figure C.1: Distribution in A¢(j1,¢) and pp(¢) of events required to contain one lepton, two
jets, one b-tag and EEFiSS with the pt and 7 requirements specified in Section 7 (i.e.
all requirements listed in Table 7.1 prior to the my (W) criterion are imposed).
Data events subtracted by all MC simulated processes are shown, which corres-
ponds to the multijet-background events. Most of these events are dijet events
where one jet is misidentified as lepton, therefore the lepton and the pr-leading
jet are emitted back-to-back. The red line indicates the selection requirement
pr(¢) > 40GeV - |A¢p(j1,£)|/m, which removes a large fraction of the multijet
events.
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C.2. NN input variables

Table C.1.: The 17 variables used for the training of the NN ordered by decreasing dis-
criminating power [2|. The sphericity S is defined via the sphericity tensor
Sob = (ZZ pf‘pf) / (Zl |}5}-|2), where o and 8 correspond to the spatial com-
ponents z, y and z of the three-momenta p; of the reconstructed jets, charged
lepton and neutrino.

Rank Variable

Description

1
2

10

11

12

13

14

15

16

17

m(jb)
()]

|Apr(W, jb)]
|AG(W, jb)]
m(evh)
|An(e, 5)]
AR(L, j)

| An(b, £))]

mT(W)
m(¢b)

Hr(l, jets, ERiss)
| An(b, 5)]

|Ag(j, tvb)|
cos0*(4, j)

In(0)]
S

Invariant mass of the untagged jet j and the b-tagged jet b
Absolute value of the pseudorapidity of the untagged jet

Absolute value of the difference in transverse momentum between the
reconstructed W-boson and the dijet system

Absolute value of the difference in the azimuthal angle between the recon-
structed W-boson boson and the dijet system

Invariant mass of the reconstructed top quark

Absolute value of the difference in pseudorapidity between the charged
lepton ¢ and the untagged jet

Angular distance of the charged lepton and the untagged jet, where

AR = \/(An)* + (Ag)?

Absolute value of the difference in pseudorapidity between the b-tagged jet
and the charged lepton

Transverse mass of the W-boson

Invariant mass of the charged lepton and the b-tagged jet

Scalar sum of the transverse momenta of the charged lepton, the
jets and the missing transverse momentum Emiss

Absolute value of the difference in the pseudorapidity of the two jets

Absolute value of the difference in the azimuthal angle between the
untagged jet and the reconstructed top quark

Cosine of the angle 8* between the charged lepton and the untagged
jet in the rest frame of the reconstructed top quark

Absolute value of the pseudorapidity of the charged lepton

Sphericity defined as the sum of the 2nd and 3rd largest eigenvalues
of the sphericity tensor multiplied by 3/2

Absolute value of the difference in transverse momentum of the charged
lepton and the untagged jet
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C.3. Pseudorapidity of the light jet
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Figure C.2: Shape of the |n|-distribution of the light jet for the signal process and the most
important background processes in the (a) £* region and (b) ¢~ region. All event
selection criteria given in Table 7.1 except for the D,,, requirement are applied.
The distribution for tq events tends to higher values than for tg events because
the u-valence quarks have a higher probability to carry a large proton momentum
fraction than the d-valence quark.

C.4. Background composition for different D,, requirements
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Figure C.3: Background composition in the (a) £* region and (b) £~ region as a function of
the deployed Dy, requirement. All other event selection criteria given in Table 7.1
are applied. The scaling of the background processes described in Chapter 8 is
not applied and this study was done at an early stage of the analysis using older
versions of the MC samples. The shown fractions therefore differ from the final
estimate used in the analysis, but the qualitative statement of this study remains
valid. The composition of background events changes gradually between 0.84 and
0.95 which shows that the D, distribution provides a well-behaved background
reduction criterion.
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D. Unfolding corrections

D. Unfolding corrections

The resolution of the observables in the ¢~ SR, defined as described in Section 9.2,
is shown in Appendix D.1. A study of the pr(t) and pr(¢) selection efficiencies is
presented in Appendix D.2.

D.1. Binning of the observables
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Figure D.1: Resolution of (a) pr(¢~wvb) and (b) |y(¢~vb)| as a function of the respective
top-antiquark property at parton level. The resolution is defined as the stand-
ard deviation of the distribution of the difference between the parton-level and
detector-level values.

D.2. Shape of the pr(t) and pt(t) selection efficiencies

As discussed in Section 9.3.2, the selection efficiencies of the pr(t) and pr(t) distribu-
tions decrease in the high-pr region. From considerations about detector limitations
and object reconstruction efficiencies, the opposite is expected. Therefore, the impact
of individual event selection criteria on the selection efficiency is studied. The selection
efficiency is calculated for a very basic event selection requiring one charged lepton.
Additional selection criteria are added consecutively as described in Table D.1. The
resulting selection efficiencies are presented in Figure D.2. The N* selection efficiency
shows the naively expected behaviour. About one third of the events are reconstruc-
ted according to the branching ratio for leptonic W-boson decays and the efficiency
increases with increasing pr(t) and pr(¢). The shape of the selection efficiency is
changed by the requirement of exactly two jets, as most events with a high-pt top
quark contain additional jets radiated off the top quark.
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Selection efficiency

Figure D.2:

Table D.1.:
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Selection efficiencies for the (a) pr(t) and (b) pr(t) distributions for different
subsets of the full event selection. The nominators of the legend entries specify
the selection criteria added in addition to those from earlier entries as summarised
in Table D.1.

Event selection criteria applied in Figure D.2. For any given entry, the listed
selection criteria are added to those specified in all rows above.

Legend in Figure D.2  Added selection criterion

Né
N&E$iss
N2

N 22ipT

N2
N2i >1b
N2 1b

Exactly one charged lepton with pr(¢) > 27 GeV,

veto events with additional leptons with pr(¢) > 10 GeV
pr(f) > 28 GeV and || < 2.5, E¥ss > 30 GeV

At least two jets

At least two jets with pr(j) > 30 GeV,
or pr(j7) > 35GeV if |n(j)| > 2.3

Exactly two jets with pr(j) > 30 GeV,
or pr(j) > 35GeV if |n(j)| > 2.3

At least one b-tag
Exactly one b-tag
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E. Unfolding validation

E. Unfolding validation

Results of the pull test, which is discussed in Section 9.4.2, for |y(¢)| and [|y(¢)].
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Figure E.1: Results of the pull test for (a), (b) |y(¢)| and (c), (d) |y(¢)|. The dashed lines
show the expected values for the pull distribution of a mean equal to zero and a
width equal to one.
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F. Systematic uncertainties

This appendix provides supplementary material on the uncertainties in the meas-
urement, which are discussed in Chapter 10. A tabular overview of all considered
uncertainties is given in Appendix F.1, followed by the impact of each individual un-
certainty on every measured distribution in Appendix F.2. The impact of uncertainties
related to the modelling of the signal process is shown graphically in Appendix F.3.
In Appendix F.4, the impact of the different categories of experimental uncertainties
is shown graphically. Related to the discussion in Section 10.2, the number of jets
per event for different signal modelling uncertainties is presented in Appendix F.5 and
the statistical uncertainties in systematic uncertainties are listed in Appendix F.6.
The covariance and correlation matrices calculated as described in Section 10.3 are
presented in Appendices F.7 and F.8.

F.1. Short description of all considered uncertainties

Table F.1.: All considered uncertainties are listed with a short description. Multiple terms
are assigned for certain uncertainties; in these cases, the names are numbered in
the range given in square brackets. Twosided uncertainties are evaluated from
up and down variations of simulated samples and symmetrised uncertainties are
either symmetric by construction or onesided uncertainties that were symmetrised
by assigning the full up variation with opposite sign as down variation.

Name Description Type

Experimental uncertainties
JER DataVsMC MC16 Uncertainty in JER applied in phase spaces where JER(Data) < JER(MC) 1o variation, twosided
JER Effective NP [1-12restTerm| Orthogonal component breakdown of uncertainty in JER applied when JER(MC) < JER(Data) 1o variation, twosided
JES Effective NP Detector[1-2] Detector modelling related uncertainty in the JES i , twosided
JES Effective NP Modelling[1-4] Uncertainty in the JES related to uncertainties in jet modelling lo variation, twosided
JES Effective NP Mixed|1-3] Collection of various minor uncertainties in the JES , twosided
JES Effective NP Statistical[1-5] Uncertainty in the JES due to limited statistical power , twosided
JES Flavor Response Uncertainty in JES related to the response of gluon-initiated jets , twosided
BJES Response Uncertainty in JES related to the response of b-jets 1o variation, twosided
JES Flavor Composition tg, fg
JES Flavor Composition ¢ Uncertainty in JES related to the fraction of quark-initiated and gluon-initiated jets, evaluated separately per listed processes 1o variation, twosided
JES Flavor Composition tW + £W, tb/b
JES pileup OffsetMu Uncertainty in JES related to the modelling of average pileup 1o variation, twosided
JES pileup OffsetNPV Uncertainty in JES related to the modelling of the number of primary vertices 1o variation, twosided
JES pileup RhoTopology Uncertainty in JES related to modelling of per-event pr density 1o variation, twosided
JES pileup PtTerm Uncertainty in JES related to the residual pr dependence of pileup 1o variation, twosided
JES SingleParticle HighPt Uncertainty in JES related to high-py jets derived from single-particle measurements 1o variation, twosided
JES PunchThrough MC16 Uncertainty in JES related to the punch-through correction i
JES Etalntercalibration Modelling Uncertainty in JES 7 intercalibration related to generator, pileup and event topology
JES Etalntercalibration TotalStat Statistical uncertainty in the JES 7 intercalibration 1o variation, twosided
JES Etalntercalibration NonClosure highE Uncertainty in JES due to non-closure at high energies 1o variation, twosided
JES Etalntercalibration NonClosure negEta Uncertainty in JES due to non-closure at n =~ —2.4 1o variation, twosided
JES Etalntercalibration NonClosure posEta Uncertainty in JES due to non-closure at n ~ 2.4 i , twosided
JES Etalntercalibration NonClosure 2018data  Uncertainty in JES 7 intercalibration due to non-closure at n &~ £1.5 due to Tile Calorimeter calibration , twosided
MET SoftTrk Scale Uncertainty in the EY e arising from the soft term 1o variation, twosided

MET SoftTrk ResoPara Uncertainty in the soft term resolution parallel to the py of all reconstructed objects lo variation, onesided
MET SoftTrk ResoPerp Uncertainty in the soft term resolution perpendicular to the pr of all reconstructed objects 1o variation, onesided
JVT Uncertainty in the JVT efficiency SF 1o variation, twosided

fIVT Uncertainty in the fJVT efficiency SF

b-tag B[0-44] Orthogonal component breakdown of uncertaintics in the tagging efficiency of b-jets 1o variation, twosided

, twosided
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F. Systematic uncertainties

Name

Description

Type

b-tag C[0-19]

Orthogonal component, breakdown of uncertainties in the mistagging rate of c-jets

—

o variation, twosided

b-tag Light[0-19]

Orthogonal component, breakdown of uncertainties in the mistagging rate of light jets

1o variation, twosided

EG RESOLUTION ALL

Uncertainty in the calibration of the electron energy resolution

o variation, twosided

EG SCALE ALL

Uncertainty in the calibration of the electron energy scale

—

o variation, twosided

EL ID Uncertainty in the electron identification SF 1o variation, twosided
EL Isol Uncertainty in the electron isolation SF 1o variation, twosided
EL Reco Uncertainty in the electron reconstruction SF 1o variation, twosided

EL Trigger

Uncertainty in the electron trigger SF

variation, twosided

—
)

MU ID stat.

Stati

cal component of the uncertainty in the muon identification SF

variation, twosided

—
)

MU 1D syst.

Systematic component of the un ainty in the muon identification SF

1o variation, twosided

Statis

1 component of the uncertainty in the muon isolation SF

1o variation, twosided

MU Isol syst.

Systematic component of the uncertainty in the muon isolation SF

1o variation, twosided

MU Trigger stat.

Statistical component of the uncertainty in the muon trigger SF

1o variation, twosided

MU Trigger syst.

Systematic component of the uncertainty in the muon trigger SF

1o variation, twosided

MU CB

Uncertainty in the CB track resolution

1o variation, twosided

MU Momentum Scale

Uncertainty in the calibration of the muon momentum scale

1o variation, twosided

MUON SAGITTA DATASTAT

Statistic

al uncertainty in the sagitta-bias correction due to the limited number of data events

lo variation, twosided

MUON SAGITTA RESBIAS

Uncertainty in the muon momentum scale based on the charge-dependent sagitta bias

1o variation, twosided

pileup

Uncertainty in the pileup reweighting SF

—_

o variation, twosided

tq or tq charge miss id

Migration between signal regions due to lepton-charge misidentification

Flat factor, symmetrised

Luminosity

Uncertainty in the luminosity measurement

Flat factor, symmetrised

Signal modelling uncertainties

tqoriq ur

Uncertainty in tq or fg modelling related to the choice of the renormalisation scale

Parameter variation, twosided

tq or tq pp

Uncertainty in tg or £g modelling related to the choice of the factorisation scale

Parameter variation, twosided

1 or fg FSR

Uncertainty in tq or g modelling related to the ag value for FSR modelling

Parameter variation, twosided

tq or tq ISR ag

Uncertainty in tq or g modelling related to the ag value for ISR modelling

Parameter variation, twosided

tq or tq PDF

Uncertainty in the proton PDFs evaluated from eigenvectors

Hessian eigenvectors, twosided

tq or tq Parton shower

Uncertainty related to the choice of the parton-shower program

Alternative sample, symmetrised

tq or tg NLO matching

Uncertainty related to the NLO-matching procedure

Alternative sample, symmetrised

Background modelling uncertainties

mj e shape

mj fe shape

y in the

ape of the electron and forward-electron multijet templates, evaluated separately

Alternative sample, twosided

mj u shape

Uncertainty in the shape of the muon-multijet template

Alternative sample, symmetrised

tt pg

W+ TW, th/th g
W bb

W+ ¢(0) pin

Uncertainty in the modelling related to the choice of the renormalisation scale, evaluated separately per listed process

Parameter variation, twosided

1 g

W+ EW, tb/th jup
W+ bb pp

W+ c(e) pr

Uncertainty in the modelling related to the choice of the factorisation scale, evaluated separately per listed process

Parameter variation, twosided

tt FSR
tW + TW, th/tb FSR

Uncertainty in the modelling related to the ag value for FSR modelling, evaluated separately per listed process

Parameter variation, twosided

1t ISR ag
W+ IW,tb/th ISR ag

Uncertainty in the modelling related to the ag value for ISR modelling, evaluated separately per listed proc

ation, twosided

Parameter

tW + W DS

Uncertainty in the treatment of interference between tW and ¢ production at NLO

Alternative sample, symmetrised

tt PDF
W 4 W, th/th PDF

Uncertainty in the proton PDFs evaluated from eigenvectors, evaluated separately per listed process

Hessian eigenvectors, twosided

1t Parton shower
tW + tW, tb/tb Parton shower

Uncertainty related to the choice of the parton-shower program, evaluated separately per listed process

Alternative sample, symmetrised

tt NLO matching
tW + {W NLO matching

Uncertainty related to the NLO-matching procedure, evaluated separately per listed proc

Alternative sample, symmetrised

tt hdamp
W+ W haamp

Uncertainty related to the fgam, paramter, evaluated separately per listed process

Alternative sample, symmetrised

Background rate uncertainties

1t rate

W + TW, tb/th rate
W + bb rate

W + ¢(¢) rate

V'V, Z+jets rate

mj e rate

mj fe rate
mj p rate

Uncertainty in the rate of the respective process, evaluated separately

Flat factor, symmetrised

Statistical uncertainties

Data stat.

Statistical uncertainty in the data

Pseudo-experiments, symmetrised

MC stat.

Statistical uncertainty in the simulated samples

Pseudo-experiments, symmetrised
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F.2. Impact of individual uncertainties

Table F.2.: Contribution of each individual uncertainty on the absolute differential tq cross
section binned in pr(t). Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in %]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Experimental uncertainties
JER DataVsMC MC16 —1.34/-016 -1.09/ 0.78 0.03/ 035 0.12/-028 048/ 032 —0.57/-051 096/ 045 —0.94/ 0.09
JER Effective NP 1 —0.66/ —0.87 105/ —1.62 148/ —0.6 074/ —1.04 173/ —0.63 —058/ —1.85 0.92/ —0.08 1.6/ —1.05
JER Effective NP 2 121/ -28 1.76 / —2.46 1.5 / —0.73 0.33/ —0.91 093/ 055 —1.62/ —0.61 036/ 0.44 0.14/ 0.12
JER Effective NP 3 -1.26/ 043 -1.07/ 0.68 0.08/ 016 —0.25/-037 0.07/ 096 —047/ 039 1.07/ 082 —11 / 0.36

e NP 4 —1.33/ —043 —0.59/ —0.13 00 / 103 —-085/ 049 0.01/ 107 —-15 /-009 —04 / 124 —02 /-0.32

: 023/ —1.02 —048/ —0.18 —0.11/ 04 —04 / 006 071/ 013 —04 /—045 034/ 108 —0.07/ —03
JER Effective NP 6 —0.66/ —038 —0.76/ 056 —0.31/ 066 —0.37/ —0.05 0.5/ 033 —097/—043 096/ —0.1 —0.14] 0.34
JER Effective NP 7 —0.98/ —0.99 029/ —0.62 0.4/ 075 —0.13/—028 031/ 008 —0.1 / 0.7 052/ 046 —0.68/ —045
JER Effective NP 8 ~0.75/ —0.05 041/ —0.19 0.15/ —027 —003/ —008 035/ 035 009/ 064 069/ 057 —1.17/ —05
JER Effective NP 9 055/ —0.7 02 / 025 051/ 024 —001/—05 022/ 0.66 —0.66/ —0.78 018/ 065 05 / 004
JER Effective NP 10 04 /=007 006/ 01 017/ —0.02 —028/ —0.07 —0.04/ 044 026/ 05 —024] 0.72
JER Effective NP 11 —0.67/ 055 001/ 017 02 /—001 004/—035 0.18/ 0.69 093/ —0.05 —1.25/ 08
JER Effective NP 12restTerm 062/ —056 009/ —0.03 045/ —0.13 —0.18/ 009 027/ 023 009/ 095 043/ —0.99
JES Effective NP Detectorl 006/ 01 002/ 003 003/ 002 —01 / 006 —0.09/ 013 —007/ 009 004/ —0.0l —0.2 / 0.09
JES Effective NP Detector2 —0.01/ —0.03 001/ —0.01 _ 0.05/ —0.01 —0.03/ 003 —0.01/—0.02 0.05/ —0.03 —0.04/ 0.08 —0.06/ 0.07

JES Effective NP Modellingl 016/ 124 007/ 028 —02 / 021 —-073/ 05 —0.82/ 094 -1.13/ 152 -0.36/ 0.28 011/ 0.37
tive NP Modelling2 0.09/ 0.21 0.01/ —0.02 0.02/-001 -0.13/ 012 —0.12/ 0.19 —0.08/ 0.18 —0.22/ 022 —044/ 0.11

JES Effective NP Modelling3 0.05/ 0.08 —0.02/—0.02 0.01/ 0.03 0.21/ —0.24 0.3 /—=0.26 0.3 /=025 03 /=017 —0.05/-0.26
JES Effective NP Modellingd 00 / 017 00 / 001 003/ 004 —004/ 002 —003/ 007 —0.06/ 003 —002/ 004 023/ 015
JES Effective NP Mixed1 0.04/ 0.05 0.09/ 0.1 0.17/-011 -0.23/ 017 -059/ 056 —051/ 07 05/ 041 —-093/ 0.86
JES Effective NP Mixed?2 041/ 028 —0.02/-0.05 —0.08/ 0.02 0.15/ —0.21 0.35/ —0.33 0.43/ —0.18 0.14/ —0.14 0.58 / —0.83
JES Effective NP Mixed3 00 / 014 —0.01/ 0.04 001/ 00 —0.03/ 0.01 0.04/ —0.02 0.03/ —0.09 0.08/ 0.05 —0.11/ 0.02
JES Effective NP Statisticall 002/ 001 00/ 00l 00/ 00 00/ 00 00 /003 002/ 00l 00/ 004 041/ 022
JES Effective NP Statistical2 055/ 0.15 0.05/-0.04 —0.12/ 0.04 -0.02/ 0.01 -0.05/ 0.07 —0.02/ 014 -0.06/ 0.25 —0.08/ —0.05
JES Effective NP Statistical3 001/ 001 00/ 00 00/ 00 00/ 00l 002/-00l 007/ 003 006/ 018 029/ —044
JES Effective NP Statisticald 0.03/ 0.09 0.01/ 0.0 0.06/—0.02 —006/ 0.05 —0.08/ 011 —0.04/ 022 -027/ 02 —019/ 0.09
JES Effective NP Statisticalo 001/ 016 00 / 003 008/ 004 00/ 002 —012/ 013 —000/ 011 008/ 001 —0.14/ 005
JES Effective NP Statistical5 0.15/ 0.02 0.01/-0.02 0.02/ 0.01 0.11/ 0.1 0.1 /—0.02 0.05/ 009 —0.18/ 0.04 —0.14/ 0.12
JES Flavor Response 052/ 168 001/ 025 086/ —0.81 146/ —-1.48 151/ -1.34 265/ -1.89 1.76/ -3.24  3.69/ —2.54
BJES Response —045/ 042 -0.03/ 026 —0.12/ 0.02 —0.03/—0.11 0.17/ —0.04 0.16 / —0.06 0.36/ —0.47 0.63/ —0.39
JES Flavor Composition g, tq 0.95/ —0.7 051/ —-029 —-1.38/ 1.86 —3.89/ 4.09 -359/ 413 -331/ 41 339/ 179 —-1.11/ 249
JES pileup OffsetMu —0.78/ 191 -0.62/ 074 —034/ 076 —0.57/ 036 0.1 / 0.66 012/ 017 0.64/-1.12 0.25/ =0.75
JES pileup OffsetNPV 027/ 074 005/ 03 001/ 026 017/ 021 037/ 023 064/ 024 08 /094 02 /031
JES pileup RhoTopology —047/ 229 017/ 0.6 0.0 /—0.09 016/ 0.1 0.76 / —0.32 0.78/ =0.75 149/ -1.34 1.79/ —1.14
JES pileup PtTerm —0.24/ 0.84 —0.02/ 0.08 011/ 00 -0.32/ 001 —021/ 031 0.62/ 049 —0.59/—0.03 0.09/ 0.59
JES SingleParticle HighPt 0.01/ 0.01 0.0 / 0.0 —0.01/-0.01 0.01/ 0.01 0.06/ 0.06 —0.03/—0.03 015/ 0.15 —0.07/-0.07
JES PunchThrough MC16 —0.01/ —0.02 00 / 00 —0.01/-0.01 0.02/ 0.02 0.05/ 0.03 —0.01/ 0.02 016/ 019 —0.08/—0.03
JES Etalntercalibration Modelling —2.83/ 4.03 —0.68/ 102 —0.09/ 012 —-20 / 189 —285/ 298 —181/ 329 —249/ 046 —-13 / 2.09
JES Etalntercalibration TotalStat —0.03/ 042 -018/ 024 —0.03/ 016 —0.11/ 0.09 —0.08/ 0.1 —0.02/ 0.19 012/ 0.0 —0.28/ 0.05
JES Etalntercalibration NonClosure highE 00 /=001 00/ 00 —001/ 001 0.02/-00L 0.01/ 0.08 0.07/-0.03 016/ 0.04 -0.12/ 0.09

JES Etalntercalibration NonClosure negEta 0.03/-0.01 0.11/-011 —-0.03/ 0.0 —0.06/ 0.08 0.09/-0.04 —0.12/ 0.01 019/ 015 —0.2 /—0.06
JES Etalntercalibration NonClosure posEta 0.0 /—-0.08 0.06/—0.01 —0.02/-0.02 0.02/—0.02 —0.08/ 0.1 0.09/ 0.05 —0.04/ 0.07 —0.2 / 0.1
JES Etalntercalibration NonClosure 2018data 017/ 0.31 0.11/ —0.06 0.12/ —0.16 0.15/ —0.15 0.09/ —0.14 0.07/ 0.02 012/ 0.04 —0.17/ 041

MET SoftTrk Scale 049/ 0.56 0.06 / —0.3 0.22/ —0.28 0.18 / —0.16 0.41/ -0.13 0.29/ 0.09 0.53/ —0.81 0.73/ 02
MET SoftTrk ResoPara 1.64/ - —0.16/ - 023/ - 062/ - 016/ - 121/ - 038/ - 188/ -
MET SoftTrk ResoPerp T2/ - 0] - R/ - 075/ - 087 - 32/ - 036/ - 149/ -
JVT 0.02/ 004 —0.02/ 0.06 —0.02/ 0.05 0.03/ 0.01 0.07/ —0.04 0.1 /—0.05 0.07/ —0.04 0.15/ —0.11
VT ~176/ 176 131/ 131 073/ 073 026/ 025 061/ 063 048/ 049 044/ 046 0.5 / —0.51
b-tag BO 0.8 /—08 0.74 / —0.74 0.69/ —0.69 0.66 / —0.66 0.67/ —0.67 0.66 / —0.66 0.58 / —0.58 0.66 / —0.66
b-tag BI 0.00/ 000 000/ —0.00 009/ —0.00 _0.08/ 008 0.07/ —0.07 007/ —0.07 005/ —0.05 _0.07/ —0.07
b-tag B2 0.12/ =012 0.11/ —0.11 0.11/ —0.11 0.09/ —0.09 0.08 / —0.08 0.08/ —0.08 0.06 / —0.06 0.12/ -0.12
b-tag B3 —0.05/ 0.05 —0.06/ 006 —0.06/ 006 —0.03/ 003 —0.01/ 001 —0.01/ 0.01 0.0 / 0.0 0.17/ -0.17
b-tag B4 0.79/ —0.79 0.82/ —0.82 0.78 / —0.78 0.61/ —0.61 0.54 / —0.53 05 /—05 0.32/ —0.32 0.39/ —0.39
b-tag B5 105/ 105 —101/ 101 —007/ 007 —001/ 001 —0.86/ 086 —081/ 081 —08 / 0.9 —0.64/ 0064
b-tag B6 -0.23/ 023 -013/ 013 —-0.1 / 01 —018/ 018 -027/ 027 —033/ 033 —037/ 037 —039/ 0.39
b-tag BY 051/ =051 04 /—04 031/ —031 021/ —021 013/ 013 011/ —011 003/ —0.03 —0.09/ 0.09
b-tag B8 0.17/ —-0.17 0.14/ —0.14 0.1 /—0.1 0.02/—-0.02 -0.07/ 0.07 —-0.1 / 01 —0.07/ 0.07 —0.03/ 0.03
b-tag BO 001/ —001 00 / 00 00/ 00 00/ 00 001/-001 00/ 00 —002/ 0.02 —0.05/ 005
b-tag B10 0.01/ —0.01 0.01/ —0.01 0.01/ —0.01 0.02/ —0.02 0.03/ —0.03 0.03/ —0.03 —0.03/ 0.03 —0.14/ 0.14
b-tag BIL 0.05/ 005 004/ —0.04 003/ 003 005/ 005 007/ 007 003/ 003 —001/ 001 —0.04/ 004
b-tag B12 —0.05/ 0.05 —0.04/ 0.04 —0.06/ 0.06 —0.07/ 0.07 —0.05/ 0.05 —0.03/ 0.03 —0.03/ 0.03 —0.03/ 0.03
b-tag B13 0.09/ —0.09 0.03/ —0.03 —0.03/ 0.03 —0.05/ 0.05 -0.03/ 0.03 —0.02/ 0.02 -0.02/ 002 -0.01/ 0.01
b-tag B15 0.01/ —0.01 0.03/ —0.03 0.05/ —0.05 0.06 / —0.06 0.05/ —0.05 0.02/ —0.02 —-0.07/ 0.07 —0.18/ 0.8
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F. Systematic uncertainties

b-tag B16 0.01 / —0.01 0.01 —0.01 0.02 / —0.02 0.02 / —0.02 0.0 —0.04

|
=
=
=

0.06 /  —0.06

/ / / / /

D-tag BI7 —011/ 011 —01 / 01 —011/ 011 —01 / 01 /008 —005/ 005 008 / 008 _ —017 / 011
b-tag B18 —0.06 / 0.06 —0.06 / 0.06 —0.07 / 0.07 —0.06 / 0.06 9 / 0.09 —0.15 / 0.15 —0.19 / 0.19 —0.21 / 0.21
b-tag B21 —0.03 / 0.03 —0.03 / 0.03 —0.04 / 0.04 —0.06 / 0.06 / 0.09 —0.09 / 0.09 —0.08 / 0.08 —0.09 / 0.09
b-tag B24 / 0.04 0.04 / 0.04 0.05 / 0.05 0.08 / 0.08 / 0.11 01 / 0.1 0.08 / 0.08 0.07 / 0.07
b-tag B25 /  —0.02 0.01 / —0.01 001 / —0.01 003 / -0.03 /=007 0.07 /  —0.07 0.06 /  —0.06 0.06 /  —0.06
b-tag B26 /  —0.09 0.07 /  —0.07 0.05 /  —0.05 0.03 / —0.03 / —0.01 0.01 /  —0.01 001 / —0.01 002 / —0.02
b-tag B27 /  —0.02 0.03 /  —0.03 0.05 /  —0.05 0.06 /  —0.06 5/ —0.05 0.05 /  —0.05 0.04 /  —0.04 003 / —0.03
b-tag B28 / 0.03 —0.05 / 0.05 —0.05 / 0.05 —0.04 / 0.04 / 0.02 —0.01 / 0.01 0.0 / 0.0 —0.01 / 0.01
b-tag B29 / 0.03 —0.05 / 0.05 —0.08 / 0.08 01 / 0.1 / 0.08 —0.07 / 0.07 —0.06 / 0.06 —0.05 / 0.05
b-tag B30 7/ 0.07 —0.06 / 0.06 —0.05 / 0.05 —0.04 / 0.04 3/ 0.03 —0.03 / 0.03 —0.02 / 0.02 —0.02 / 0.02
b-tag B32 / 0.05 0.03 / 0.03 0.02 / 0.02 0.01 / 0.01 / 0.01 0.01 / 0.01 01/ 0.01 00 / 0.0

b-tag B34 / 0.06 —0.05 / 0.05 —0.05 / 0.05 —0.03 / 0.03 / 0.02 —0.02 / 0.02 —0.02 / 0.02 —0.01 / 0.01
b-tag B35 4/ 0.14 —0.11 / 0.11 —0.08 / 0.08 —0.06 / 0.06 5/ 0.05 —0.05 / 0.05 —0.04 / 0.04 —0.03 / 0.03
b-tag B36 / =011 01 / =01 0.08 /  —0.08 0.06 /  —0.06 4/ —0.04 004 / —0.04 03 / —0.03 002 / —0.02
b-tag B37 /  —0.04 0.07 / —0.07 0.09 / —0.09 0.08 / —0.08 5/ —0.05 0.03 /  —0.03 0.02 / —0.02 0.01 / —0.01
b-tag B39 / 0.01 —0.01 / 0.01 —0.01 / 0.01 —0.01 / 0.01 / 0.02 —0.02 / 0.02 —0.03 / 0.03 —0.05 / 0.05
b-tag CO 7/ 087 037 / -037 011 / -0.11 011 / —0.11 / —011 012 / 012 0.16 /  —0.16 018/ —0.17
b-tag C1 / 0.56 0.24 / 0.24 0.07 / 0.07 0.07 / 0.07 / 0.06 0.03 / 0.03 0.03 / 0.03 0.01 / 0.01
b-tag C2 / 0.36 —0.16_/ 0.16 —0.05 / 0.05 —0.04 / 0.04 / 0.04 —0.02 / 0.02 —0.02 / 0.02 00 / 0.0

b-tag C3 5/ 0.66 —0.29 / 0.29 —0.09 / 0.09 —0.08 / 0.08 8 / 0.08 —0.06 / 0.06 —0.06 / 0.06 —0.01 / 0.01
b-tag C4 / 0.34 —0.15 / 0.15 —0.05 / 0.05 —0.05 / 0.05 4/ 0.04 —0.03 / 0.03 —0.03 / 0.03 —0.02 / 0.02
b-tag C5 / 0.36 —0.14 / 0.14 —0.04 / 0.04 —0.08 / 0.08 / 0.07 —0.07 / 0.07 —0.05 / 0.05 —0.01 / 0.01
b-tag C6 / 0.11 —0.02 / 0.02 0.03 /  —0.03 0.02 /  —0.02 /  —0.03 0.01 /  —0.01 0.02 / —0.02 —0.01 / 0.01
b-tag C7 / 036 013 / -013 0.01 /  —0.01 001 / —0.01 / 0.01 0.0 / 0.0 —0.01 / 0.01 00 / 0.0

b-tag Light0 / 0.14 0.11 / 0.11 011 / 0.11 012 / 0.12 / 0.17 0.26 / 0.26 0.35 / 0.35 0.62 / 0.62
b-tag Light2 / 0.04 —0.03 / 0.03 —0.03 / 0.03 —0.03 / 0.03 / 0.04 —0.05 / 0.05 —0.08 / 0.08 —0.13 / 0.13
b-tag Light4 1/ 0.01 —0.01 / 0.01 -0.01 / 0.01 —0.01 / 0.01 / 0.02 —0.02 / 0.02 —0.03 / 0.03 —0.06 / 0.06
b-tag Light6 / 0.0 00 / 0.0 00 / 0.0 [l / 0.0 / 0.0 —0.01 / 0.01 —0.02 / 0.02 —0.05 / 0.05
b-tag Light16 / 0.02 —0.02 / 0.02 —0.02 / 0.02 —0.02 / 0.02 / 0.02 —0.03 / 0.03 —0.04 / 0.04 —0.05 / 0.05
EG RESOLUTION ALL / 015 001 / —0.04 —0.1 / 0.0 —0.02 / 0.1 / 01 0.07 / —012 0.18 / 0.04 0.14 / —0.05
EG SCALE ALL / 0.15 —0.06 /  —0.02 —0.13 / 0.02 003 / -0.03 /004 0.08 / 0.1 —0.09 / 0.16 —0.02 /  —0.07
EL ID / 0.13 0.13 / 0.13 012 / 0.12 013 / 0.13 / 0.13 0.14 / 0.14 0.15 / 0.15 0.16 / 0.16
EL Isol / 0.94 —0.84 / 0.84 -0.78 / 0.78 -0.76 / 0.76 78/ 0.78 -0.83 / 0.83 —0.82 / 0.82 —0.84 / 0.84
EL Reco / 0.23 -0.19 / 0.19 —0.16 / 0.16 —0.16 / 0.16 / 0.17 —0.17 / 0.17 —0.16 / 0.16 —0.14 / 0.14
EL Trigger / 0.1 —0.09 / 0.09 —0.09 / 0.09 —0.09 / 0.09 / 0.09 —0.08 / 0.08 —0.08 / 0.08 —0.08 / 0.08
MU ID syst. / 0.09 —0.08 / 0.08 —0.07 / 0.07 —0.07 / 0.07 / 0.08 —0.08 / 0.08 —0.09 / 0.09 —0.11 / 0.11
MU Isol stat. / 0.03 —0.02 / 0.02 —0.02 / 0.02 —0.03 / 0.03 / 0.04 —0.05 / 0.05 —0.06 / 0.06 —0.08 / 0.08
MU Isol syst / 0.52 —047 / 7 —0.45 / 0.45 —045 / 0.45 / 0.4 —032 / 0.32 —0.28 / 0.28 —0.25 / 0.25
MU Trigger stat. / 0.2 0.17 / 0.16 / 0.16 0.16 / 0.16 / 0.16 0.15 / 0.15 0.15 / 0.15 0.15 / 0.15
MU Trigger syst /  —043 0.36 / 033 / -034 034 / —034 3/ —034 031 /  —0.32 032 / —033 032/ —033
MU CB / —0.16 —0.01 / —0.03 / 0.02 0.09 / —0.04 / 0.05 0.03 /  —0.15 028 / 0.03 —0.03 / 0.04
MU Momentum Scale / 0.13 0.02 / —0.05 /  —0.06 0.03 / 0.02 / 0.05 —0.04 / 0.01 011 / 0.13 —01 / —013
MUON SAGITTA DATASTAT / 0.03 00 / —0.04 / —0.02 0.02 / 0.01 / 0.09 —0.02 / —0.04 0.11 / 0.1 —0.15 / —0.06
MUON SAGITTA RESBIAS / 0.1 00 / —0.03 /  —0.04 0.01 / 0.01 / 0.08 —0.07 / —0.01 0.18 / 0.03 0.02 / 0.07
pileup J —1.38 133/ 116 /| —129 TA1 /] —127 5/ —Li8 106 /| —1.07 122/ —111 13 / -13

Modelling uncertainties

tq pr —1.57 / 1.19 =147 / 1.2 -13 / 1.15 —0.77 / 0.79 / 0.01 138 / / —149 553 / —3.16
1q s —0.79 /059 074 /] 051 —1od /] 072 —121 ] 063 / 032 —041 / /=07 131 ] —179
fq FSR —217 /30 191 / 256 —211/ 3.08 234 ] 281 / 485 1718/ 5/ 366 24 ] 027
tq ISR ag 019 / —0.14 033 / —025 047 /=035 0.51 / 072 / —0.52 0.89 / /=099 027 /  —0.74
tq PDF —012 / 0.18 —0.34 / 0.39 -05 / 0.56 —0.48 / —0.26 / .37 —038 / /=016 -0.19 / -0.28
Tq Parton shower 382 /( 382 145 [ 4.45) 9 /( 19) 053 / ( 0.66 / (_0.66) 308 / /(427 507 /(507
7q NLO matching 112 /( 112) 300 /( 3.00) 420 /( 429) —4.68 /( ) 486 /(_486) 557 ] 3 /( 11.03) —14.04 / ( 14.04)
JES Flavor Composition ¢t 0.19 / —-0.15 0.19 / .2 0.09 / —0.21 013 / —017 0.07 / -0.15 017 / 5/ 0.14 045 / —05

JES Flavor Composition tW + tW. th/th 0.01 / 0.04 0.01 /  —0.04 0.03 / —0.01 —0.03 / —0.03 0.02 / 0.01 0.02 / 5/ —0.04 0.03 / 0.0

mj e shape 0.86 / —0.66 0.79 / 0.04 0.83 / 0.28 025 / 013 025 / 0.13 —0.03 / 3/ —0.02 0.01 / 0.0

mj fe shape 02 / —0.03 —0.03 / 0.09 01/ 0.07 0.04 / 0.02 —0.02 / —0.01 0.0 / / 0.0 0.0 / 0.0

mj y shape 025 / —0.25 —0.04 / 0.04 —0.18 / 0.18 —0.14 / 0.14 046 / —0.46 —0.29 / 3/ 0.13 —0.65 / 0.65
tt g 0.06 / 0.05 0.03 / 0.02 0.04 / 0.03 0.02 / 0.01 0.02 / 0.02 0.07 / / 0.07 0.14 / 0.12
tt pp 0.0 / 0.0 —0.02 / 0.02 —0.04 / 0.03 —0.06 / 0.06 —0.11 / 0.1 —0.08 / 5/ 0.06 —0.14 / 0.12
tt FSR —0.05 / 0.09 0.03 / —024 —0.04 /012 —0.06 / —0.03 —0.11 / —0.24 038 / /  —041 02 / 118
# ISR as 0.09 /  —0.08 0.05 /  —0.04 0.03 / —0.03 0.07 /  —0.06 0.09 /  —-0.08 0.07 / / —0.05 014 / 012
W + W DS —0.14 /(__0.14) 004 /(__0.04) 0.01_/ ( —0.01) 0.03 / ( —0.03) 001 /( —0.01) 011 / 5 / (__0.06) 0.11 / ( —0.11)
(W + W, tb/th FSR 0.02 / 0.03 —0.01 / 0.04 —0.04 / 0.08 0.01 / —0.05 004 / —0.07 0.07 / / 014 / 0.13
(W + 1W, tb/th ISR ag 0.03 / —0.02 00 / 0.0 0.01 /  —-0.02 i / 0.0 002 /  —0.04 0.05 / /  —0.01 / 0.01
W+ bb g / 0.91 0.25 / 0.25 0.56 / 0.56 0.05 / 0.05 0.01 / 0.01 00 / / 0.18 / 0.01
W +bb pug /  —0.63 0.06 /  —0.28 007 / -0.15 0.06 / —0.09 0.02 /  —0.08 01 / 3/ 0 / —012
W + (@) pr / 0.22 0.09 / 0.15 —0.03 /  —0.09 -0, / —012 0.06 / 0.3 —021 / / —014 / 0.1

W + (@) pr 036 / —-1.29 026 / —033 02 / —0.05 0.14 /  -0.39 0.19 / 0.1 —01 / / —01 / =011
tt,tW + tW. th/tb PDF —0.05 / 0.05 —0.07 / 0.07 —0.11 / 0.11 —0.13 / 0.13 —0.14 / 0.14 —0.13 / 5/ 0.16 / 0.32
W 7, tb/th Parton shower 0.05 / (—0.05) 0.01 / ( —0.01) 0.02 / (—0.02) 0.09 / (—0.09) 0.07 / (=0.07) —049 / 5 / ((—0.05) /(=0.15)
17 Parton shower 0.13 /( —0.13) 025 /( —0.25) 011 /( 0.11) 03 /( —03) 0.74 / ( —0.74) 0.23 / J(_1.68) /( 01)
7 NLO matching 0.33 / ( —0.33) 0.02 / ( —0.02) 0.01 /( 0.01) 0.36 / ( —0.36) 0.12 /( —0.12) 0.0/ J(_157) /(_11)
TW + {W NLO matching 00 /( _00) 0.01 / ( —0.04) 0.01 / ( —0.04) 0.02 / ( —0.02) 0.06 /( —0.06) 02 ] 7 (=011) /(—034)
1 Pdamy 049 / ( —0.49) 0.01 / ( —0.01) 0.02 / ( —0.02) 028 / ( —0.28) 0.07 /(—007) 071 / 8 /(—0.58) /(_1.65)
Luminosity 083/ —0.83 083 / —083 083/ —0.83 083/ —0.83 083 / —0.83 083 / / —083 / —083

Background rate uncertainties

{1 rate -0.17 / 0.17 —0.14 / 0.14 —0.13 / 0.13 —0.13 / 0.13 -013 / 0.13 —0.14 / 0.14 —0.13 / 0.13 —0.14 / 0.14
(W + TW, ib/1h rate 011 / 0.11 0.08 / 0.08 0.06 / 0.06 0.04 / 0.04 0.05 / 0.05 0.03 / 0.03 0.06 / 0.06 0.08 / 0.08
W + bb rate / 1.15 —0.61 / 0.61 -0.33 / 0.33 -017 / 0.17 —018 / 0.18 -0.22 / 0.22 —0.16 / 0.16 —0.15 / 0.15
W + c(¢) rate / 2.53 —1.08 / 1.08 -0.32 / 0.32 —0.34 / 0.34 —0.29 / 0.29 —0.26 / 0.26 —0.29 / 0.29 —02 / 0.2

VV, -+ jets rate / 0.46 —0.26 / 0.26 —0.09 / 0.09 —0.05 / 0.05 —0.04 / 0.04 0.03 /  —0.03 —0.03 / 0.03 —0.05 / 0.05
mj € rate / 0.25 —0.23 / 0.23 —0.24 / 0.24 —0.08 / 0.08 / 0.07 0.01 / —0.01 0.01 / —0.01 0.0 / 0.0

mj fe rate / 0.33 —0.29 / 0.29 —0.29 / 0.29 —0.09 / 0.09 —0.07 / 0.07 0.01 / —0.01 0.01 / —0.01 0.0 / 0.0

mj j rate / 0.59 —0.52 / 0.52 —0.26 / 0.26 -017 / 0.17 —0.28 / 0.28 —021 / 0.21 —0.03 / 0.03 —0.56 / 0.56

Statistical uncertainties

Data stat. 188 / —1.88 123 / . 128 / —1.28 192 / -1.92 341 / 511 / =511 6.35 /| —6.35 8.89 / —8.89
MC stat 0.51 /  —0.51 039/ -039 039/ —0.39 051/ —0.51 0.85 / 1 / —13 1.64 /  —1.64 204 [/ —2.04
Total uncertainty 97 | -89 77/ -19 75 ) —65 85 | -8l 104 / 1.2/ —10.7 153 | —15.4 204 / 196
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Table F.3.: Contribution of each individual uncertainty on the absolute differential ¢q cross
section binned in pp(¢). Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in |%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Experimental uncertainties

JER DataVsMC MC16 0.97/ —0.04 0.58/ —0.06 —0.93/ 0.72 —0.13/—-0.16 —0.12/ —0.45 0.1 / 0.88 09 /—-011 —0.19/ 1.33
JER Effective NP 1 —247/ 393 -0.14/ 024 147/ —1.41 0.39/ —1.17 0.78 / —1.63 —0.57/ —0.35 157/ 0.31 0.66 / —3.28
JER Effective NP 2 143/ 1.45 0.33/ —1.08 1.52/ —2.56 054/ —0.78 —0.65/ 1.73 —24 / 1.67 1.38/ —0.04 —0.77/ —0.59
JER Effective NP 3 2.25/ —0.11 069/ 032 —-1.39/ 1.5 —0.67/-0.09 —0.56/—0.29 097/ 026 —-1.9 / 123 —1.62/-0.29
JER Effective NP 4 0.63/ 238 —04 / 0.01 —-021/ 017 —-1.2 / 023 —055/ 04 —1.68/ 1.29 1.66/ 043 —26 / 0.75
JER Effective NP 5 23 /—1.00 —018/ 067 —076/ 119 —037/ 008 —03 /—068 160/ —1.23 —042/ 06 —026/ —1.39
JER Effective NP 6 —0.63/ 3.32 0.34/ —0.11 0.7 / 062 —0.69/ 019 —0.53/ 0.02 153/ -1.79 —0.01/ 011 —0.49/-0.57
JER Effective NP 7 146/ 0.75 0.07/ 023 —0.68/ 0.01 0.61/ —1.04 0.04/ 026 —0.13/ 0.72 056/ 034 —1.5 /—0.7
JER Effective NP 8 —1.06/ 0.76 031/ 0.61 0.24/ —056 —0.57/ 0.07 —0.66/ 0.28 0.97/ 0.22 0.02/ 035 —1.09/ 0.21
JER Effective NP 9 114/ 03 —0.04/ 0.12 0.3 / 0.26 0.14/ —0.85 0.33/ —0.04 —0.86/ 1.42 0.36 / —1.0 0.29/ —0.53
JER Effective NP 10 115/ 0.08 —0.26/ 0.65 —047/-0.45 —0.22/-0.28 0.51/-031 —0.34/-0.22 —0.54/ 0.53 0.53 / —1.06
JER Effective NP 11 051/ 1.0 001/ 011 063/ —061 —051/ 003 —053/ 073 064/ —0.65 003/ —0.7 —053/ —1.32
JER Effective NP 12restTerm 125/ 02 041/ 038 011/ —065 —011] —047 027/ 012 —07 / 135 047/ —127 —045] —1.58
JES Effective NP Detectorl 0.07/ 0.03 0.01/ 0.02 —-036/ 0.05 —0.14/ 0.09 0.03/ 018 —0.22/-0.07 —0.1 / 0.26 0.03/ —0.12

/e NP Detector2 00 / 008 002/ 00 00 /00l —005/ 00 007/ 005 —0.08/—005 00 / 014 —0. /—0.03
JES Effective NP Modellingl —0.63/ 125 —034/ 014 0.12/—-027 —034/ 134 —12 / 14 —137/ 04 006/ L4 037/ 0.09
JES Effective NP Modelling2 0.04/ —0.03 —0.03/ —0.02 —036/ 007 —

13/ 005 —011/ 033 —020/ 005 007/ 037 —0.76/ 025
JES Effective NP Modelling3 012/ 0.14 0.01/ —0.02 01 /-04 0.19/ —0.22 04 /—0.25 0.22/ —0.35 04 /—0.07 —0.05/—0.53
JES Effective NP Modelling4 0.05/ 0.15 0.04/ 0.04 0.01/-0.01 —0.11/-0.07 0.06/ 019 —0.11/-0.09 -0.28/ 0.01 —0.48/-0.36
JES Effective NP Mixed1 0.23/ 0.14 018/ 0.0 —029/-012 —03 / 014 —-036/ 086 —0.65/ 008 —052/ 093 —1.38/ 0.54
JES Effective NP Mixed2 0.21/ —0.25 0.08/ 0.1 —0.04/-0.29 0.15/ —0.24 0.6 /—0.18 —0.09/ —0.34 0.57/ —0.34 0.01/ —0.52
JES Effective NP Mixed3 —0.03/ 014 -0.02/ 01 —0.38/ 0.04 —0.06/—0.01 014/ 0.0 —0.07/-0.04 0.08/ 0.12 0.01/ —0.06
JES Effective NP Statisticall —0.01/ 013 -0.01/ 0.0 0.0 /—0.01 0.0 /—0.02 0.04/ 0.08 —0.04/-0.01 -0.03/ 01 —0.19/ 0.12
JES Effective NP S tical2 0.22/ —0.31 0.02/ 0.05 0.11/ —0.27 0.02/—-0.08 —0.09/ 0.16 —0.07/-01 —0.15/ 0.27 —0.03/ 0.5
JES Effective NP Statistical3 0.0 / 0.02 —0.02/—-0.01 0.0 / 00 —0.03/—-0.01 0.14/ 0.04 —0.13/ 0.1 02 / 0.04 0.34 / —0.58
JES Effective NP Statistical4 015/ 0.1 0.03/ 00 -036/-001 —0.05/ 001 —0.06/ 033 —0.16/ 0.04 —0.04/ 038 —0.35/-0.14
JES Effec NP Statistical6 —0.02/ 0.14 0.0 / 0.02 0.02/ -0.06 —0.04/ —0.02 —0.07/ 0.23 —0.04/ 0.15 —0.18/ —0.01 0.06 / —0.02
JES Effective NP Statisticald 0.19/ 0.22 0.04/ 0.0 0.07/ —0.42 0.08/ —0.13 0.13/ 0.09 —0.02/ 0.09 —-0.23/ 0.19 0.04/ 0.12
JES Flavor Response 025/ 033 018/ 035 161/ 044 15 /166 251/ —2.16 2.83/ —2.06 326/ —2.82 132/ —20
BJES Response —0.23/ 025 -036/ 024 —0.53/ 0.26 0.13/ 0.11 0.66/ 0.15 —0.22/ —0.58 0.2 /—0.33 0.72/ =0.55
JES Flavor Composition {q, tq 0.0 / 051 —-03 / 069 —2.02/ 276 —4.04/ 4.04 —-4.03/ 412 373/ 427 274/ 326 —144/ 2.5
JES pileup OffsetMu —5.72/ 298 002/ 1.18 —-035/ 026 —-0.62/ 1.23 —0.06/ 0.15 0.3 /—0.53 0.39 / —0.54 0.22/ —0.04
JES pileup OfsctNDV 074/ 083 00/ 026 018/ 061 017/ 043 004/ 037 042/ 071 115/ 050 148/ 033
JES pileup RhoTopology -1.78/ 1.77 —0.58/ 0.31 041/ 0.04 027/ 0.16 0.26 / —0.11 0.82/ —1.12 2.62/ —1.75 251/ —1.98
JES pileup PtTerm 012/ 031 —013/ 03 —036/ 024 011/ 02 —047/ 06 —049/ —03 —095/ 058 —021/ 033
JES SingleParticle HighPt 0.08/ 0.08 0.01/ 0.01 0.02/ 0.02 —0.04/—0.04 —0.06/ —0.06 0.03/ 0.03 —-01 /—-01 —0.38/—-0.38
JES PunchThrough MC16 0.05/ 0.05 —0.02/-0.02 —0.01/—-0.01 —0.01/—0.01 0.01/ —0.02 004/ 007 -013/-01 0.02/ 0.0
JES Etalntercalibration Modelling —5.29/ 433 -1.68/ 1.37 051/ 039 —-124/ 163 -346/ 351 -237/ 19 -122/ 239 -111/ 2.4
JES Etalntercalibration TotalStat -0.92/ 061 -019/ 028 0.15/-034 -021/ 075 -0.13/ 02 —0.14/ 0.0 0.62/ —0.13 047/ -0.12
JES Etalntercalibration NonClosure highE 0.02/ 0.02 —0.03/-0.02 0.01/ 0.02 0.0 /—-0.02 —0.02/ 0.01 0.05/ 0.08 0.01/-0.06 039/ 0.13

JES Etalntercalibration NonClosure negEta 022/ 001 011/-017 —-046/ 01 —0.03/ 013 02 /-016 0.03/ 016 —-031/ 025 0.25/-0.33
JES Etalntercalibration NonClosure posEta 0.04/ 003 003/-011 0.05/-003 0.04/-0.04 —0.15/-0.01 —0.03/ 0.2 018/ -021 —0.17/ 0.3
JES Etalntercalibration NonClosure 2018data  0.16 / —0.18 021/ 0.03  0.17/ —0.1 015/-021 028/-01 —0.09/-012 023/ 017 057/ 0.35

MET SoftTrk Scale 011/ 056 021/ —0.01 035/ 068 044/ 025 0.0/ —061 —025/ 0.8 —064/ 018 0.65/ —1.63
MET SoftTrk ResoPara 142/ - 091/ - 033/ - 029/ - 245/ - 104/ - -098/ - 042/ -
MET SoftTrk ResoPerp 098/ - 1.23/ - 1.06/ - 073/ - 131/ - 094/ - 011/ - 143/ -
VT 012/ -002 002/ 004/ 001 005/ =001 012/ —007 018/ —013 012/ —0.09 0.22/ —017
VT 158/ 150 —120/ 062/ 061 022/ 021 072/ 0475 061/ 063 048/ 05 068/ —0.60
b-tag BO 0.84/ —0.84 0.78 / 0.72/ =0.72 07 /=07 07 /=07 0.69 / —0.69 0.63/ —0.63 0.56 / —0.56
b-tag Bl 0.1 /—0.1 0.1 / 0.09/ —0.09 0.08/ —0.08 0.07/ —0.07 0.07/ —0.07 0.06 / —0.06 0.06 / —0.06
brtag B2 013/ 013 012/ 011/ 011 01 /01 008/ —0.08 008/ 008 0.07/ 007 01 /0.1
b-tag B3 ~0.06/ 006 —0.07/ ~0.06/ 0.06 004/ 0.04 —001/ 001 00/ 00 —002/ 002 011/ —0.11
b-tag B4 0.85/ —0.85 0.86 / 0.79/ —0.79 0.67 / —0.67 0.54/ —0.54 047/ —047 044/ —-0.44 0.38/ —0.39
b-tag B5 ~109/ 109 —1.07/ 102/ 101 095/ 095 —091/ 091 —085/ 085 —082/ 082 —075/ 075
b-tag B6 —024/ 024 —-0.14/ —0.12/ 012 —0.19/ 019 —029/ 029 —035/ 035 —043/ 043 —044/ 0.44
b-tag BY 053/ —053 043/ 033/ 033 022/ 022 013/ 013 0.13/ 013 0.04/ 004 01/ 0.1
b-tag B8 0.17/ =017 0.15/ 0.11/ —=0.11 0.03/ —0.03 —0.08/ 0.08 —0.11/ 011 —0.09/ 0.09 —0.03/ 0.03
b-tag B9 0.01/ 001 001/ 00/ 00 00/ 00 001/ 00 001/ 001 —0.02/ 002 —005/ 0.05
brtag BIO 001/ 001 001/ 001/ 001 002/ —0.02 003/ —0.03 _0.04/ 004 —0.02/ 002 017/ 0.7
b-tag BI1 0.06/ —0.06 _ 0.04/ 0.03/ —0.03 005/ —0.05 0.00/ —0.00 003/ —0.03 —0.01/ 0.01 —0.03/ 0.03
b-tag B12 —0.05/ 0.05 —0.04/ —0.06/ 0.06 —0.08/ 0.08 —0.06/ 0.06 —0.04/ 0.04 —0.03/ 0.03 —0.03/ 0.03
b-tag BI3 01 /01 003/ 003 —003/ 003 —0.05/ 005 —0.04/ 004 —0.02/ 002 —001/ 001 —0.01/ 001
brtag B4 004/ 004 002/ —0.02 001/ 001 00 / 00 00/ 00 001/ 001 00 / 00 —0.01/ 001
b-tag BI5 001/ —0.01 003/ 003 0.05/ —0.05 0.6/ —0.06 0.05/ —0.05 0.3/ —0.03 —0.08/ 0.08 —021/ 021
b-tag B16 0.01/ —0.01 0.01/ —0.01 0.02/ —0.02 0.03/ —0.03 0.01/-0.01 —0.04/ 0.04 —0.03/ 0.03 0.07/ =0.07
b-tag B17 —011/ 011 —011/ 011 —011/ 011 —011/ 011 —009/ 009 —005/ 005 —007/ 007 —02 / 02
brtag BIR 006/ 0.06 007/ 007 —0.07/ 007 —0.07/ 007 008/ 0.08 016/ 016 —021/ 021 022/ 022
b-tag B21 003/ 003 —004/ 004 —0.04/ 0.04 —0.06/ 006 —01 / 01 —0.00/ 009 —009/ 009 —0.1 / 0.1
b-tag B24 —0.04/ 0.04 -0.05/ 0.05 —0.05/ 0.05 —0.08/ 0.08 —0.12/ 012 —0.1 / 01 —0.09/ 0.09 —0.09/ 0.09
b-tag B25 0.02/ 002 001/ 00l 001/ 001 003/ 003 008/ 008 008/ 008 007/ 007 0.07/ 007
brtag B2G 0.00/ 009 007/ —0.07 005/ —0.05 _0.03/ 003 0.0 / 00 001/ —0.01 001/ —0.01 _0.01/ —0.01
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F. Systematic uncertainties

D-tag B27 /002 7 0.06 / _—0.06 007 /_—0.07 0.06 /_—0.06 0.05 / /004 004 /0.0

D-tag B23 03 /___0.03 7 —0.05 / 005 —0.04 / 004 002/ 002 __—001 ] /00 —0.01 /001

b-tag B29 /003 / —0.08 / 0.08 —01 /01 —0.09 / / 5/ 0.06 —0.05 /005

D-tag B30 /007 )i —005 / 005 —0.04/ 004 003/ 3/ 3/ 003 003/ 003

b-tag B32 /005 ] 0.02 / —0.02 0.02 / —0.02 / / /__—0.01 00 /00

D-tag B34 06 /___0.06 / —0.05 / 005 —003 / 0.3 3/ / /002 001/ 001

b-tag B35 /015 / —0.09 /009 —007 / 0.7 / / /004 003/ 003

D-tag B36 /012 7 0.09 /_—0.09 0.06 /_—0.06 1/ / 3/ —0.03 0.02 /] —0.02

b-tag B37 / —0.04 / 0.09 / —0.09 0.08 / —0.08 5/ 3/ / —0.02 0.01 / —0.01

D-tag B33 /003 7 —0.02 /002 002/ 0.02 3/ / /004 004/ 004

D-tag B30 1/ 001 )i 001 / 001001/ 001 7 2 / 3/ 003 006/ 006

b-tag B4l 1/ 0.04 ] 003 /003 002 /002 / / /002 001/ 0.01

D-tag CO 1/ 1ot / 025 / 025 0.19 / —0.19 / / 3/ 043 031 /031

b-tag C1 /064 3/ =016 / 016 —012 / 012 )i / /004 003/ 003

D-tag C2 /039 / —011 /0.1 —0.07 /___0.07 5/ 5/ /002 00 /00

b-tag C3 /074 / —02 /02 —015 /015 / / /01 —0.06 /_ 0.06

D-tag C4 /039 7 —01_/ 01 —0.08 / __0.08 / 7/ 5/ 006005/ 005

D-tag C5 /061 )i 007 /007 012 ] 012 7 7 /01 —0.01 / __ 0.0L

b-tag C6 /013 i 003 / 003 0.06 /_—0.06 / / /0.4 001 / __0.01

D-tag C7 /039 3/ 007 / _—0.07 00 / 001 / / /__00L___—003/ 003

b-tag C8 /_—0.01 7 00 /00 00 /00 3/ / 5/ —0.06 0.07 /007

D-tag Light0 /015 / 011 / —0.1 021 / 024 / 5/ /04 085 / 0.8

b-tag Light2 / 0.04 / —0.03 / 0.03 —0.06 / 0.06 5 / / / 0.09 —0.18 / 0.18

D-tag Light3 3/ —0.03 3/ 0.01 / _—0.01 001/ —0.01 2/ / /00l 004/ 004

b-tag Light4 /00 )i 001 / 00l —003/ 003 / 2/ /005 007/ 007

b-tag LightG /00 / 00 /00 001 / 001 / / /003 0.06 / __0.00

D-tag Light16 /002 / —0.02 / 002 002/ 002 3/ / /005 006/ 006

EG RESOLUTION ALL /007 7 022/ —004 001 / —01 / / /013 0.32 ] —059

EG SCALE ALL /___0.05 /002 011/ 003 014 / 00 / / /015 014 / —0.24

EL ID / 0.14 / 0.13 —0.13 / 0.13 —0.14 / 0.14 / 5/ 5/ 0.16 —0.19 / 0.19

EL Isol /098 /093 083/ 083 081/ 081 7 7 /091 096/ 096

EL Reco /024 /020 018/ 018 017 / 047 / 7/ /018 017 / 017

EL Trigger /01 /01 009 / _ 0.09 01 / 01 / 9 / 9/ 0.09 0.00 /009

MU ID syst /0.9 /008 008/ 008 / / / /01 —0.12 / 0.2

MU Tsol stat 3/ 003 3/ 003 003/ 003 / 5/ 7/ 007 008/ 008

MU Isol syst /051 /05 —048 /048 / / /031 020/ 029

MU Trigges / 0.21 / 0.19 —0.17 / 0.17 / 5/ 5/ 0.16 —0.17 / 0.17

MU Triggel /044 /04 037 /038 / / 5/ 036 0.35 /036

MU CB /__—0.09 /014 021 /] 03 / / / —009 032/ —057

MU Momentum Scale 2/ 003 /007 031/ 00 / / 5/ 018 0.35 /] —0.42

MUON SAGITTA DATASTAT 9/ __0.05 3/ 007 001/ 0.03 / / /015 031/ —0.42

MUON SAGITTA RESBIAS /021 /00 00 / —026 / / / 011 055 /] —0.36

pileup / —L15 / —123 162/ —1.49 / / 5/ —0.74 149 / —1.34
Modelling uncertainties

Tq pin ~169 / 132 -168/ 136 16 / 094 058 / 0.76 / / 69 /  —0.98 /

Tq jir 116 /09 109 /078 158 /0.6 135 /] 087 / / 3/ 018 /

Tq FSR —216 / 398 188 / 3 —2.45 /] 236 —2.14 / / / 5/ 4.60 /

tq ISR as 031/ —02 039 / 03 /] —0.69 04/ 036 / / /051 /

Iq PDF —061 /072 —0.97 / —142 /095 —121 / 125 / / /1 /

Iq Parton shower —2.55 /(_255)  —327 ] —2.09 /(209 —155 /(155 / /( /(787) S/ ( )

Tq NLO matching —0.92 /(__092) 333/ —3.80 /(_389) 401 /(401 / / /(993) 2063 /( )

JES Flavor Composition 1 037 / _—0.19 0.13 / 028 / —0.33 043 /] 047 / / 2/ _—0.60 039 / 031

JES Flavor Composition tW + {W, th/Th 003 / _ 0.14 0.02 / 002 / 005 003/ 0.05 / / /_—0.03 041 /

mj e shape 131/  0.64 / 10 / 081 063 / 043 3/ / /_—0.01 0.0 _/

mj fe shape —051 /018 7 021 / 016 083 / 00 / / 3/ 00 0.0 /

mj 1 shape, 039 / _—0.39 7 —0.16 /__0.16 0.01 / _—0.04 / / /006 —0.76 /

i —0.11 /  0.08 / —01 /007 —011 / 0.08 / / 5/ 002 —0.15 /

i jir —0.03 /  0.03 / —013 /012 —015 /014 / 7/ 21 /021 —0.03 /

11 FSR 018 /031 )i —003 / 016004 /] —018 / / /04 —0.69 /

17 ISR as 013 / 0.2 / 0.00 / _—0.07 0.08 /__—0.06 / / 5/ 047 0.03 /

T + IW,1b/Tb g 002 / _—0.01 / 00 / 00 00 /00 / / 3/ 003 012/

W + W DS 0.07 / ( —0.07) 7 —0.06 /(__0.06) _—0.03 /(_0.03) /1 / /(099 017 / (

W + W, 15/T jip 001 / _—0.01 7 —0.01 /0.1 —0.02 / __0.02 / / /002 011/

W + W, b/t FSR —0.04 / 0.06 / 3 —0.04 / 0.03 0.24 / / /04 0.06_/

1W + 0W, 10/ ISR as 0.05 / _—0.05 /006 0.06 / _—0.04 —0.01 / / /006 003/

W+ 0b jir 043 / 043 /009 057/ 057 0.09 / 7 3/ 033 0.05 /

W+ 0b jin 014 / 033 /0387 011 / 031 0.23 / / /041 0.00 /

W + (@) pir 047 /] —2.48 / 026026/ 005 0.07 / / 1/ 047 016/

W+ (@) jn 013 / —1.46 /081 057 /] —0.12 —0.45 ] / /_—05 0.08 /

1. tW + 1W, th/th PDF —0.08 / _ 0.08 /012 02 / 02 0.28 37/ / /031 —0.68 /

W + tW. th/#h Parton shower 0.29 /( —0.29) 0.01 /(—0.01) =005 /( 005 —0.02 /( 0.02) 123/ / 5 /(1.26) 028 /(

17 Parton shower 02 /( 02) 004 /(004 04 /( _04) 056 / ( —0.56) 1.66 / 7 /(—412) 051 /(

1 NLO matching 043 / ( —0.43) 026 /( —0.26) 009 /(_ 009 013 /(_ 0.13) 046 / / J(—149) 108 /(

W + (W NLO matching 0.07 / ( —0.07) 0.02 /(__0.02) 0.02 / ( —0.02) 0.08 / ( —0.08) 0.02 / 7 /(_11) 04/

1 Py 047 / ( —0.47) 041 /( —041) 011 /(_0.11) 0.16_/ ( —0.16) 0.18 / / /(—018) 116 /(

Tq charge miss id 0.06 / _—0.06 0.06 /_—0.06 0.06 /_—0.06 0.06 /_—0.06 0.06 / / [ —0.06 0.06_/

Luminosity 083/ —0.83 083/ —083 083/ —083 083/ —083 0.83/ / /083 083/

Background rate uncertainties

11 rate 27 /027 -025/ 025 026/ 026 —029/ 029 031/ 031 -03 / 03 041 / 041 —054/ 054

W + TW, 1b/1b rate 019 /0.9 013 /013 011 / 041 01 / 01 014/ 014 015 /015 011 /011 027/ 0.27

W + b rate /10 —079 / 079 043 / 043 025 / 025 032/ 032 019/ 019 021 /] 021 025/ 025

W + c(c) rate 3/ 243 129/ 13 —059 / 059 04 / 04 —042 / 042 045/ 045 =05 / 05 —0214 / 024

V'V, jets rate /086 045/ 045 __—017 / 017 __—01 / 0.1 —011 /0.1 012 / 012 ___—0.06 / 006 —0.03 / 0.3

mj e rate / 0.54 —0.36 / 0.36 —0.36 / 0.36 —0.14 / 0.14 0.04 / —0.04 —0.01 / 0.01 —0.01 / 0.01 00 / 0.0

j fe rate /063 044/ 044 042/ 042 014/ 0.4 0.05 / _—0.05 001 / 00l __—0.0L / 001 00 /00

mj 1 rate /088 063/ 063 045/ 045 035/ 035 0.67 /] 0.67 0.08 / —0.08 01 / —01 —06 / 06
Statistical uncertainties

Data stat 249 /  —2.49 179 / -1.79 1.96 /  —1.96 284 / —284 511 / —5.11 745 /| —745 1062 / —10.62 13.23 / —13.23

MC stat 051 /] —0.51 045 / —0.45 045 / —0.45 061 / —0.61 105 / —1.05 162/ —162 212 /] —212 27 ] 27

Total uncertainty 122/ —114 78 ) -13 80 / —83 82 / -85 155 / —14.9 157 / —139 19.7 / —185 288 | —26.5
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Table F.4.: Contribution of each individual uncertainty on the absolute differential tq cross
section binned in |y(t)|. Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05% for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Experimental uncertainties

JER DataVsMC MC16 —-04 / 0.02 0.54/ 042 -0.78/-0.06 —04 / 0.07 —2.73/ 1.42
JER Effective NP 1 022/ —132 178/ —031 113/ —111 —054/ —10  1.32/ —2.12
JER Effective NP 2 0.57/ —1.54 159/ —1.36 1.53/ —=1.09 —0.02/ —0.84 2.76 / —3.75
JER Effective NP 3 -031/-03 —022/ 10 -0.73/ 0.14 -034/-075 —-16 / 224
JER Effective NP 4 —048/ -0.15 —048/ 15 —1.18/ 0.14 0.5 / —0.08 —1.45/ —0.42
JER Effective NP 5 —0.53/ —0.2 0.55/ 032 —-039/-0.08 —0.77/—-0.27 —0.32/ —0.65
JER Effective NP 6 -0.22/-0.6 —0.07/ 133 -0.76/ 0.19 —1.03/ 0.05 0.03/ —0.13
JER Effective NP 7 —0.85/ 0.36 0.53/ 0.22 —0.18/ —0.43 0.06/ —0.45 0.13/ —0.82
JER Effective NP 8 —0.02/ 0.32 0.19/ 0.13 0.31/-0.64 —-0.35/-0.69 -0.17/ 04
JER Effective NP 9 —0.04/ —0.14 0.51/ 0.45 0.05/ —0.02 —0.58/ —0.44 0.74/ —0.42
JER Effective NP 10 0.09/ —0.01 02 / 012 —-024/ 04 —0.22/-0.24 1.15/ —0.57
JER Effective NP 11 —0.55/ 0.18 0.37/ 0.14 0.56/ —0.25 —0.54/ —0.27 —0.71/ 1.3
JER Effective NP 12restTerm -0.03/ 0.0 043/ -0.1 —036/ 0.05 -0.37/—0.13 0.97/ —0.9
JES Effective NP Detectorl 0.07/ 0.0 —0.06/ 001 -0.04/ 0.0 0.05/ 0.17 0.03/ 0.14
JES Effective NP Detector2 0.07/ —0.01 —0.01/ —0.01 0.0 / 0.01 0.01/ —0.01 —0.01/ —0.02
JES Effective NP Modelling] 015/ 041 —027/ 045 —013/ 020 —018/ 044 —044/ 1.79
JES Effective NP Modelling2 0.03/ 006 —0.04/—-002 —007/ 011 —002/ 018 012/ 00
JES Effective NP Modelling3 0.02/ 0.03 0.03/ —0.08 0.07/ —0.08 0.2 / —0.05 0.02/ —0.02
JES Effective NP Modelling4 0.03/ —0.02 —0.03/ —0.02 —0.02/ 0.01 0.02/ 0.14 0.01/ 0.1
JES Effective NP Mixed1 0.07/ —0.09 —0.04/ 0.01 -0.05/ 0.05 —0.08/ 0.18 0.02/ 0.13
JES Effective NP Mixed?2 —0.07/ 0.06 0.07/ —0.09 0.02/ —0.07 0.11/ 0.01 0.73/ —0.02
JES Effective NP Mixed3 006/ 00 —002/ 00 —002/ 00 00/ 013 00/ 014
JES Effective NP Statistical2 —0.05/ 0.09 0.07/ —0.06 —0.02/ 0.09 -0.01/ 0.06 0.65/ 0.01
JES Effective NP Statistical4 0.05/ 0.0 —0.02/-0.02 -0.02/ 0.04 0.03/ 0.17 0.03/ —0.01
JES Effective NP Statistical6 0.07/ —0.01 —0.02/ —0.01 0.01/ 0.02 0.0 / 0.15 0.04/ 0.11
JES Effective NP Statisticals 0.01/ 0.04 0.01/ —0.05 0.04/ —0.03 0.15/ 0.01 0.13/ 0.01
JES Flavor Response 057/ 029 050/ —023 054/ —027 09 /06 222/ 023
BJES Response 0.05/ 011 -0.15/ 017 -0.18/ 0.0 —0.07/ 022 -0.09/ 0.07
JES Flavor Composition tq, g —-0.68/ 129 —-08 / 128 -1.22/ 1.07 -122/ 163 -211/ 2.36
JES pileup OffsetMu 05 / 094 —047/ 062 00 / 051 —118/ 1.02 —03 / 162
JES pileup OffsetNPV 012/ 03 03 /—023 012/-019 003/ 0.13 —001/ 081
JES pileup RhoTopology —0.06/ 0.15 0.22/ 0.31 042/ 061 —-04 / 0.09 0.14/ 1.97
JES pileup PtTerm —0.26/ 0.32 0.01/ 01 —0.14/ 0.01 0.09/ 0.08 —0.01/ 0.97
JES Etalntercalibration Modelling —0.55/ 1.33 -1.38/ 117 -0.83/ 1.19 —-197/ 174 -237/ 3.94
JES Etalntercalibration TotalStat —0.01/ 022 -0.13/ 0.22 0.16/ 001 -0.38/ 0.06 —0.22/ 097

JES Etalntercalibration NonClosure posEta 0.0 /—0.07 00 / 00 0.03/ 0.01 -0.02/-0.07 0.08/ 0.09
JES Etalntercalibration NonClosure 2018data 0.17/ —0.11 0.14/ —0.07 0.07/ 0.03 0.13/ —0.08 0.12/ 0.11

MET SoftTrk Scale —0.02/ —0.13 0.13/ -0.07 0.2 / —0.09 0.59/ 0.03 0.57/ —0.47
MET SoftTrk ResoPara —-0.39/ - 051/ - 043/ - 0.61/ - 199/ -

MET SoftTrk ResoPerp -023/ - 089/ - 08 / - 1.01/ - 27 ) -

JVT 002/ 003 00 / 004 —00l/ 005 002/ 003 004/ 00
fJVT —0.88/ 0.87 —-091/ 091 -085/ 0.85 —-0.82/ 0.82 —-082/ 0.82
b-tag B0 071/ —071 071/ —071 071/ —071 0.2/ 0.2 0.74/ —0.74
b-tag B1 009/ —009 009/ —0.09 008/ —0.03 003/ —0.03 _0.08/ —0.08
b-tag B2 01 /—01 011/-011 01 /—01  011/—-011 011/ 011
b-tag B3 005/ 005 —005/ 005 —005/ 005 —005/ 005 —0.04/ 0.04
b-tag B4 0.74/ —0.74 0.75/ —0.74 0.72/ —0.72 0.74/ —0.74 0.72/ —-0.72
b-tag B5 093/ 098 097/ 097 —097/ 097 096/ 096 —093/ 0.93
b-tag B6 -0.14/ 0.14 -0.15/ 015 -0.16/ 0.16 —0.18/ 0.18 —0.25/ 0.25
b-tag BT 032/ 032 032/ 032 033/ 033 034/ 031 035/ 035
b-tag B8 0.09/ —0.09 0.09/ —0.09 0.09/ —0.09 0.09/ —0.09 0.09/ —0.09
b-tag B12 —0.04/ 0.04 —0.05/ 005 -0.05/ 0.05 —0.06/ 0.06 —0.08/ 0.08
b-tag B17 011/ 011 01/ 01 01/ 01 01/ 01 —009/ 0.09
b-tag BIS 008/ 0.08 —0.07/ 007 —0.07/ 007 —0.07/ 007 —0.06/ 0.06
b-tag B21 —0.05/ 0.05 —0.05/ 005 —0.05/ 0.05 —0.04/ 0.04 —0.04/ 0.04
b-tag B24 —0.06/ 0.06 —0.06/ 0.06 —0.06/ 0.06 —0.06/ 0.06 —0.05/ 0.05
b-tag B26 0.05/ —0.05 0.05/ —0.05 0.05/ —0.05 0.05/ —0.05 0.06 / —0.06
b-tag B27 0.04/ 004 004/ 004 004/ 004 004/ 0.04 004/ 004
b-tag B28 004/ 004 004/ 004 —0.04/ 004 —0.04/ 004 —0.03/ 0.03
b-tag B29 —0.06/ 0.06 —0.06/ 006 —0.06/ 0.06 —0.06/ 0.06 —0.07/ 0.07
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F. Systematic uncertainties

b-tag B30 005/ 005  —005/ 005 —005/ 005 —005/ 005 —005/ 005
b-tag B34 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.04 / 0.04
b-tag B35 009 /009  —009 / 009  —009/ 009  —009/ 009 —01 / 01
b-tag B36 0.09 / —0.09 0.08 / —0.08 0.08 / —0.08 0.08 / —0.08 0.07 / —0.07
b-tag B37 0.08 /  —0.08 0.07 / —0.07 0.07 / —0.07 0.07 / —0.07 0.05 / —0.05
b-tag C0 033 / —033 032/ —032 032 /] —032 023 ] —023 038 / —038
b-tag C1 —0.21 / 0.21 —02 / 0.2 —0.2 / 0.2 —0.15 / 0.15 —0.25 / 0.25
b-tag C2 —014 / 014 —013/ 013 —014/ 014 —009 / 009  —016 / 0.16
b-tag C3 025/ 025 024/ 024 035/ 02 017/ 017 029/ 020
b-tag C1 —013 / 013 —013/ 013  —013/ 013 _ —000 / 009 —015/ 015
b-tag C5 —014/ 014 015/ 015 —01 / 01 —009 / 009 —019/ 019
b-tag C7 01 / -01 012/ —0.12 01 / —0.1 0.08 / —0.08 0.09 /  —0.09
b-tag Light0 012/ —0.12 014 / —0.14 0.13 / —0.13 014 / —0.14 014 / —0.14
EG RESOLUTION ALL —0.09 / 0.09 01 / 0.0 0.01 / —0.06 0.05 / =017 0.58 / 0.02
EG SCALE ALL —0.01 / —0.04 0.02 / 0.02 —0.06 / 0.01 —0.13 / 0.1 0.45 / 0.05
EL ID —0.13 / 0.13 —0.14 / 0.14 —0.13 / 0.13 —0.11 / 0.11 —0.13 / 0.13
EL Tsol 09 / 09 088/ 085 08 / 08 —071/ 071 —046 /] 0.76
EL Reco —0.2 / 0.2 —0.19 / 0.19 —0.17 / 0.17 —0.17 / 0.17 —0.19 / 0.19
EL Trigger —0.08 / 0.08 —0.09 / 0.09 —0.09 / 0.09 —0.09 / 0.09 —0.11 / 0.11
—008 / 007 —007/ 007 —007/ 007 —008/ 008 012/ 012
syst. —0.41 / 0.41 —0.42 / 0.42 —0.46 / 0.46 —0.51 / 0.51 —0.54 / 0.54
MU Trigger stat. —0.16 / 0.17 —0.17 / 0.17 —0.18 / 0.18 —0.16 / 0.17 —0.14 / 0.14
MU Trigger syst. 036 / —0.37 036 / —0.36 035 / —0.36 035 / —0.36 0.36 / —0.36
MU CB —0.04 / —0.11 —0.02 / 0.09 0.09 / —0.13 021 / 0.08 —0.07 / -0.18
MU Momentum Scale —0.07 / —0.04 0.02 / —0.01 0.03 / 0.07 0.14 / 0.03 0.03 / —0.1
MUON SAGITTA DATASTAT —0.04 /  —0.02 0.0 / 0.01 0.09 / 0.01 0.05 / 0.04 —0.04 / 0.01
MUON SAGITTA RESBIAS —0.03 / —0.09 0.03 / 0.07 —0.02 / 0.06 0.17 / 0.03 —0.01 / —0.16
pileup 134 / -1.16 128 / —1.19 138 / —1.28 131/ -1.27 1.96 / —-1.73
Modelling uncertainties
1q pn 079 / 075  —066/ 078 069/ 073 /079 153/ 118
tq jurp —0.96 / 0.55 —0.86 / 0.59 —0.98 / 0.6 / 0.64 —1.53 / 1.02
iq FSR 921 ] 263  —202 ] 287 211 ] 361 /306 —24 ] 368
14 ISR as 033/ —03 047 / —03 043 / —036 /=049 033 /] —037
tq PDF —0.15 / 0.12 —0.05 / 0.16 —0.09 / 0.12 / 0.09 —0.13 / 0.05
tq Parton shower —3.26 /( 3.26) —234 /( 234) —247 / ( 247) /(195 —3.46 / ( 3.46)
tq NLO matching —3.37 /( 3.37) —421 /( 4.21) —-3.92 /( 3.92) /( 342) —-3.72 /( 3.72)
JES Flavor Composition ¢t 021 / —0.26 015 / —0.19 014 / —0.11 / —0.19 0.01 / —0.12
mj e shape 077 / —0.13 0.73 / 0.02 08 / —0.15 / 0.19 028 / —0.1
mj fe shape 00 / 00 0.0l / —001  —0.03/ —0.01 /007 041 /037
mj u shape —0.15 / 0.15 —0.03 / 0.03 —0.16 / 0.16 / —0.07 031/ —0.31
tt ur —0.07 / 0.05 —0.06 / 0.04 —0.03 / 0.02 / 0.02 0.01 / —0.01
1 jr 006 / 005  —004/ 003 —003/ 003 /003 002/ 002
tt FSR —0.09 / 0.34 0.04 / —0.38 0.02 / —0.25 / 0.05 —0.02 /  —0.19
7 ISR as 0.08 /] —0.07 007 /] —0.07 0.06 / —0.05 /001 0.06 /| —0.05
W + W DS 007 /( —007) —004 /( 004) —01 /( 01) —007 /( 007 0.05 / ( —0.05)
TV + 1, 1b/1b FSR 001/ 00 002/ 003 —002/ 008 003 / —004 005/ 004
Wt b ip 012 /] —012 012/ —012 015/ 015 035/ —035  —035/ 035
W+ 0b g 005 / —0.18 001 / —02 019 / —027 008 / —068  —023 ] 032
W+ (o) pr 006 / —01 008 / —01 006 / 047 059 / —028  —146 / 0.0l
W +c(e) pgr 034 / —0.35 03 / —0.03 0.16 / —0.85 038 / —0.16 —0.35 / —0.78
IT,0W + W, ib/1b PDF 008 / 008 —008/ 008 —01 / 01 —011/ 011 —011/ 011
tW + W, tb/tb Parton shower 0.12 / ( —0.12) 0.05 / ( —0.05) —-0.1 /( 01) 0.07 / ( —0.07) 00 /( 00)
11 Parton shower 0.08 / ( —0.08) 0.09 / ( —0.09) 0.22 ] ( —0.22) 028 /( —028) —018 /( 0.18)
# NLO matching 0.03 / ( —0.08) 0.09 / ( —0.09) 0.16 / ( —0.16) 0.08 /( —0.08) —0.05 /( 0.05)
{W + {W NLO matching 017 /] ( —0.17) —0.02 /( 0.02) —0.02 /( 0.02) 0.05 / ( —0.05) —0.05 /( 0.05)
1T Ntary 0.13 / ( —0.13) 0.16 / ( —0.16) 0.16 / ( —0.16) 0.07 /( —0.07) 002 /( 0.02)
Luminosity 0.83 / —0.83 083 / —0.83 083 / —0.83 083 / —0.83 0.83 / —0.83
Background rate uncertainties
1f rate 016 / 016 015/ 015 —014/ 014 —012 / 012  —008 / 0.8
W + TW, 1h/1b rate —008 /008 007/ 007 —006/ 006 —007/ 007 —007/ 007
W + bb rate —04 / 04 047 / 047  —051 ] 051 —055/ 055  —072 /] 012
W+ c(c) rate —095 / 095 —0906/ 096 09 / 09 —067 / 067  —107 /] 107
V'V 4jets rate —011 / 011 —013/ 013  —017 / 017 —027 /] 027 —04 ] 04
mj e rate —021 / 021 —022/ 022 024/ 024 —012/ 012 —008 / 008
mj fe rate —0.23 / 0.23 —0.23 / 0.23 —0.24 / 0.24 —0.15 / 0.15 —0.43 / 0.43
mj 1 rate 037/ 037  —031/ 034 032/ 032 —042/ 042 —051/ 051
Statistical uncertainties
Data stat. 164 / —1.64 132/ —1.32 151 ) —1.51 18 / -18 258 ) —2.58
MC stat. 0.43 / —0.43 039 / —0.39 042 / —0.42 051 / —0.51 0.65 / —0.65
Total uncertainty 69 / —6.9 78 | —6.6 75 ) —6.9 69 / =70 11.6 / -10.1
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Table F.5.: Contribution of each individual uncertainty on the absolute differential tq cross
section binned in |y(#)|. Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05% for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Experimental uncertainties

JER DataVsMC MC16 -1.79/ 048 0.73/ —0.25 1.67/ 049 —-0.56/ —0.34 —0.74/ 0.75
JER Effective NP 1 148/ 253 —126/ 001 —042/ 152 157/ —048 —142/ 167
JER Effective NP 2 2.14/ —3.24 0.16/ 0.7 0.47/ 0.26 0.54/ —0.82 1.33/ —2.06
JER Effective NP 3 —-1.54/ 1.78 1.33/ —0.34 042/ 038 —0.19/ 0.71 -0.11/-0.08
JER Effective NP 4 -1.76/ 0.64 047/ 0.08 —0.71/ 197 0.16/ 0.32 129/ —1.04
JER Effective NP 5 —0.75/ 0.49 0.02/ 0.26 097/ 011 -0.12/-05 0.89/ 1.45
JER Effective NP 6 -1.25/ 1.08 —0.06/ 0.32 112/ 1.34 0.07/ 0.94 0.74/ —0.22
JER Effective NP 7 -0.2 /-0.19 —0.17/ 0.1 1.16/ 0.01 -0.02/ 0.28 —0.05/ 0.63
JER Effective NP 8 —0.73/ —0.94 0.49/ 0.92 0.27/-023 —-0.7 / 0.78 —-0.89/ 0.71
JER Effective NP 9 —0.03/ —0.33 0.83/ —0.41 0.11/ 0.53 0.16/ 0.15 0.55/ 0.95
JER Effective NP 10 0.0 /—045 —024/ 04 —0.04/ —0.42 068/ 00 —046/ 1.11
JER Effective NP 11 079/ —043 —0.04/ 047 039/ —049 02 / 07 041/ 0.32
JER Effective NP 12restTerm 0.18/—-0.05 022/ 021 041/-092 0.85/-034 037/ 144
JES Effective NP Detectorl 0.11/ 012 -0.38/ 0.04 -0.13/ 0.17 0.05/ —0.04 —0.06/ —0.3
JES Effective NP Detector2 0.0 / 0.08 0.0 / 0.01 0.01/ —0.01 0.0 / 00 —001/ 0.02
JES Effective NP Modelling] 016/ 112 —037/ 034 —002/ 018 —031/ 045 —135/ 039
JES Effective NP Modelling2 0.01/ 0.09 —-027/ 00 -0.09/ 0.02 —0.08/ 0.08 —0.36/—0.03
JES Effective NP Modelling3 0.12/ 0.08 0.04/ —0.33 0.19/ —0.16 0.13/ —0.03 0.03/ —0.32
JES Effective NP Modelling4 —0.02/ 0.08 0.03/ 0.05 —0.01/ 0.0 0.0 / —0.01 0.05/ 0.06
JES Effective NP Mixedl 01/ 01 035/ 011 —002/ 019 005/ 013 —0.07/ 003
JES Effective NP Mixed?2 0.12/ —0.09 0.21/ —0.41 0.17/ —0.05 -0.01/ 0.0 —0.17/—0.21
JES Effective NP Mixed3 0.08/ 0.09 —-04 / 004 -0.11/ 0.2 0.0 /—0.08 —0.04/ —0.04
JES Effective NP Statisticall 0.0 / 0.09 —0.01/ 0.03 00 / 00 —0.02/-0.02 —0.01/ 0.01
JES Effective NP Statistical2 0.06/ —0.04 0.15/ —0.38 0.21/ —-0.02 —-0.03/ 0.03 —0.26/ —0.15
JES Effective NP Statisticald 0.07/ 013 —-0.31/ 0.0 —0.05/ 0.03 0.04/ 0.02 —-0.07/ 0.0
JES Effective NP Statistical6 -0.01/ 0.13 —0.04/ 0.01 0.02/ 0.0 0.01/ —0.03 —0.06/ 0.02
JES Effective NP Statisticald 0.12/ 0.09 —0.01/—0.32 0.19/ —0.08 0.09/ 0.03 0.0 / —0.08
JES Flavor Response 1.22/ —0.58 0.48 / —0.76 1.46/ —0.3 0.92/ 027 123/ —-2.14
BJES Response 034/ 027 —043/ 005 —01 / 025 01/ 048 —05 / 0.0
JES Flavor Composition tg, tq —-1.27/ 1.84 —-146/ 174 —143/ 233 —-159/ 2.04 —288/ 233
JES pileup OffsctMu “134] 157 —21 ] L1d —061/ 071 —052/ 124 —221] 1.33
JES pileup OffsetNPV 0.28/—-0.37 —0.05/ 0.12 —-0.01/ 039 —0.09/ 0.23 -0.76/ —0.14
JES pileup RhoTopology 0.04/ 093 —-008/ 019 -0.14/ 07 —0.19/ 004 -2.25/-0.18
JES pileup PtTerm 018/ 042 —068/ 015 01 / 024 —001/ 02 —078/ —0.07
JES Etalntercalibration Modelling —-157/ 228 -19 / 103 —-1.09/ 153 —-172/ 281 —4.02/ 226
JES Etalntercalibration TotalStat -0.15/ 043 -0.39/ 0.15 0.0 / 021 -027/ 0.18 -0.39/ 0.0

JES Etalntercalibration NonClosure negEta 0.09/ 0.03 0.07/ —0.08 —0.36/ 0.03 0.03/ 0.05 —0.06/ —0.04
JES Etalntercalibration NonClosure posEta ~ —0.02/ —0.02  0.05/ —0.03  0.04/ —0.04  0.04/ —0.06  0.01/ —0.08
JES Etalntercalibration NonClosure 2018data  0.37/ 0.0 0.14/ -0.26 017/ -0.06 0.02/-0.13 018/ 0.19

MET SoftTrk Scale 0.32/ 0.15 —0.08/ —0.48 0.69/ —0.25 0.07/ 0.32 0.49/ —0.95
MET SoftTrk ResoPara 123/ - 0.14/ - 082/ - 146/ - 0.56/ -
MET SoftTrk ResoPerp 1.08/ - 044/ - 113/ - 153/ - 167/ -
JVT 0.04/ 0.01 0.05/ 0.01 0.11/ —0.04 0.02/ 0.03 0.06/ 0.0
VT 078/ 077 004/ 003 081/ 08 083/ 083 —0.67/ 0.67
b-tag BO 075/ —0.75  0.75/ —0.75 _ 0.75/ —0.75 0.6/ —0.76 _ 0.77/ —0.77
b-tag B1 0.00/ 009 009/ 009 009/ 009 009/ 0.00 009/ —0.09
b-tag B2 0.11/ —0.11 0.11/ —0.11 0.11/ —0.11 0.11/ —0.11 0.12/ —0.12
b-tag B3 005/ 0.05 005/ 0.05 005/ 0.05 005/ 005 —0.06/ 0.6
b-tag Bd 078/ 077 048/ —0.78 077/ 077 0.76/ —0.76 _ 0.84/ —0.34
b-tag B5 104/ 104 —1.03/ 103 —103/ 103 —1.03/ 103 —0.93/ 093
b-tag B6 -0.16/ 0.16 —0.16/ 016 -0.17/ 0.17 -0.19/ 0.19 —-026/ 0.26
b-tag B7 0.36 / —0.36 0.36 / —0.36 0.36/ —0.36 0.36/ —0.36 0.39/ —0.39
b-tag BS 011/ 011 01 /01 01 /01 011/ 011 0.1 /01
b-tag B11 0.04/ —0.04 0.04/ —0.04 0.04/ —0.04 0.04/ —0.04 0.05/ —0.05
Drtag BI2 —0.04/ 004 —005/ 005 —005/ 005 —0.05/ 005 —0.00/ 0.09
b-tag B17 -0.11/ 0.11 -011/ 011 -0.11/ 011 -01 / 0.1 —0.09/ 0.09
b-tag B18 —0.08/ 0.08 —-0.07/ 0.07 -0.07/ 0.07 —0.07/ 0.07 —0.06/ 0.06
b-tag B21 005/ 005 —005/ 005 —0.05/ 005 —0.05/ 005 —004/ 004
b-tag B24 -0.06/ 0.06 —0.06/ 0.06 —0.06/ 0.06 —0.06/ 0.06 —0.05/ 0.05
b-tag B26 0.05/ —0.05 0.6/ —0.06 0.6/ —0.06 0.06/ —0.06 _ 0.06/ —0.06
b-tag B27 0.04/ —0.04 0.04/ —0.04 0.04/ —0.04 0.04/ —0.04 0.04/ —0.04
b-tag B28 004/ 004 004/ 0.04 004/ 0.04 004/ 004 —0.03/ 003
b-tag B29 0.07/ 007 —0.06/ 006 —0.06/ 006 —0.06/ 0.06 —0.07/ 007
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F. Systematic uncertainties

b-tag B30 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.06 / 0.06
b-tag B34 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.05 / 0.05 —0.04 / 0.04
b-tag B35 -0.1 / 0.1 -0.1 / 0.1 -0.1 / 0.1 —0.1 / 0.1 —0.11 / 0.11
b-tag B36 0.09 /  —0.09 0.09 / —0.09 0.09 / —-0.09 0.09 /  —0.09 0.08 /  —0.08
b-tag B37 0.08 / —0.08 0.08 / —0.08 0.07 /  —0.07 0.07 / —0.07 0.04 / —0.04
b-tag CO 047 /| —047 048 / —0.48 044 / —0.44 046 / —0.46 0.53 / —0.53
b-tag C1 -0.29 / 0.29 -03 / 0.3 —0.27 / 0.27 —0.29 / 0.29 —0.34 / 0.34
b-tag C2 —0.19 / 0.19 —0.19 / 0.19 —0.17 / 0.17 —0.18 / 0.18 —02 / 0.2

b-tag C3 035/ 035  —036/ 036 032/ 032 —033/ 033 —04 /] 04

b-tag C4 —0.18 / 0.18 —0.19 / 0.19 —0.17 / 0.17 —0.18 / 0.18 —0.21 / 0.21
b-tag C5 —0.16 / 0.16 —0.23 / 0.23 —0.23 / 0.23 —0.27 / 0.27 —0.33 / 0.33
b-tag C6 —0.02 / 0.02 —0.02 / 0.02 —0.05 / 0.05 —0.07 / 0.07 0.03 / —0.03
b-tag C7 0.15 / —=0.15 015 / —0.15 018 / —0.18 019 / -0.19 012 / —0.12
b-tag Light0 016 / —0.16 017 / -017 015 / =015 02 / -02 014 / -0.14
b-tag Light2 —0.04 / 0.04 —0.04 / 0.04 —0.03 / 0.03 —0.06 / 0.06 —0.03 / 0.03
b-tag Light3 0.02 / —0.02 00 / 0.0 0.01 / —0.01 0.05 / —0.05 0.01 / —0.01
EG RESOLUTION ALL 045 / 0.08 —0.08 / —0.12 026 / —0.01 —0.52 /  —0.07 —0.23 / 0.15
EG SCALE ALL —0.02 / 0.07 0.02 / —0.06 03 / 0.1 —0.7 / 0.0 —0.36 / 0.07
EL ID —0.14 / 0.14 —0.14 / 0.14 —0.14 / 0.14 -0.12 / 0.12 —0.13 / 0.13
EL Isol —0.98 / 0.98 —0.93 / 0.93 —0.88 / 0.88 —0.77 / 0.77 -08 / 0.8

EL Reco -0.21 / 0.21 -02 / 0.2 —0.19 / 0.19 —0.18 / 0.18 -0.24 / 0.24
EL Trigger —0.09 / 0.09 —0.09 / 0.09 —0.1 / 0.1 —0.09 / 0.09 —0.11 / 0.11
MU ID syst. —0.08 / 0.08 —0.08 / 0.08 —0.07 / 0.07 —0.09 / 0.09 —0.12 / 0.12
MU Tsol syst. —0.45 / 0.45 —0.46 / 0.46 —0.49 / 0.49 —0.55 / 0.55 —0.54 / 0.54
MU Trigger stat. —0.17 / 0.17 —0.18 / 0.19 —0.2 / 0.21 —0.18 / 0.18 —0.14 / 0.14
MU Trigger syst. 04 / -041 039 / —04 038 / —0.39 038 / —0.38 035 / —0.36
MU CB —0.05 / 0.02 017 / —0.2 042 / 03 0.23 / 0.22 0.31 / —0.05
MU Momentum Scale 0.04 / —0.01 -0.33 / 0.04 —0.04 / 0.01 0.06 / 0.04 019 / —0.09
MUON SAGITTA DATASTAT 0.0 / —0.01 —0.01 / 0.04 0.03 / 0.02 00 / 0.05 0.09 / —0.02
MUON SAGITTA RESBIAS 0.12 / 0.06 —0.05 / —0.36 —0.09 / 0.05 0.18 / 0.1 0.06 / 0.17
pileup 142/ —142 144 /] —128 123/ —124 121/ —118 152 /] —149

Modelling uncertainties
tq pr —1.37 / 0.79 —1.07 / 1.1 —1.23 / 1.03 -1.32 / 0.85 -112 / 1.52
lq pp —1.43 / 0.54 -1.19 / 0.91 -14 / 0.9 -1.69 / 0.86 -1.78 / 1.89
tq FSR —-2.14 / 3.13 —1.74 / 2.84 —2.33 / 2.79 —2.77 / 2.74 —1.29 / 3.56
tq ISR ag 021 / —0.62 05 / —028 039 / —042 015 / —0.42 089 / —0.12
tq PDF —0.88 / 0.44 —0.58 / 0.76 —0.76 / 0.73 —0.91 / 0.58 —0.03 / 0.68
tq Parton shower =37 /( 37) —2.61 /( 2.61) -123 /( 1.23) —1.65 /( 1.65) —3.67 / ( 3.67)
tg NLO matching —5.46 / ( 5.46) —4.04 / ( 4.04) —226 /( 2.26) —2.26 /( 2.26) —6.41 / ( 6.41)
JES Flavor Composition tt 0.18 / —0.34 03 / —0.36 044 / -0.25 029 / —021 —0.05 / —0.14
mj e shape 00 / -0.16 1.52 / —0.24 1.11 / -0.13 0.06 / 0.73 02 / -0.02
mj fe shape —0.03 /  —0.01 0.01 / 0.0 022 / 0.05 -0.1 / -=0.01 -3.36 /  —0.28
mj s shape 00 / 0.0 —0.04 / 0.04 034 / —0.34 0.03 / —0.03 —0.54 / 0.54
it g —0.11 / 0.08 —0.12 / 0.08 —0.12 / 0.09 —0.09 / 0.07 —0.07 / 0.05
i e 007 / 008 —01 / 009 015/ 013 _—01 / 0.9 0.02 / —0.01
tt FSR —0.19 / —0.53 —0.06 / —0.09 023 / —0.42 —0.02 / —0.32 —0.25 / 0.62
tt ISR ag 0.09 /  —0.08 01 / —0.08 011 / —0.1 011 / —0.09 0.01 / —0.02
tW +tW DS 00 /( 00) —0.06 / ( 0.06) 0.09 / ( —0.09) -0.32 /( 0.32) 0.05 / ( —0.05)
tW + W, th/tb FSR —0.07 /  —0.09 —0.05 / 0.11 0.04 / 0.08 0.0 / 0.04 —0.1 / 0.37
tW + (W, tb/th ISR ag 0.04 / —0.03 0.07 / —0.06 0.02 / —0.05 0.03 / —0.02 0.01 / —0.01
W+ 0b e -18 / 18 01 / —01 021 / —021 077 ] —047 043 / —0.43
W+ b fin 009 / 05 005 /] —059 051 / 012 041 / 035  —087/ —15
W+ ¢(©) pr —042 / —1.05 0.16 / —0.55 —0.01 / —0.6 —0.31 / 0.34 044 / —0.88
W+ (@) jin 059 /  0.06 005 / —077  —025 ] —148 024 /] —004 105/ 0.66
tt,tW + tW, tb/tb PDF —0.14 / 0.14 —0.16 / 0.16 -02 / 0.2 —0.24 / 0.24 -0.19 / 0.19
tW + W, tb/tb Parton shower —0.02 /( 0.02) 0.07 / ( —0.07) 0.08 / ( —0.08) —0.01 /( 0.01) 0.19 / ( —0.19)
it Parton shower 0.01 /( —0.01) —0.14 / ( 0.14) 0.52 / ( —0.52) 041 /( —041) -0.21 /( 0.21)
tt NLO matching —0.01 /( 0.01) —0.07 /( 0.07) 0.32 / ( —0.32) 044 / ( —0.44) —0.81 /( 0.81)
tW + tW NLO matching —0.03 / ( 0.03) —0.04 /( 0.04) 01 /(-01) 0.0 /( 00) 012 /( -0.12)
1t haamp 03 /(-03) 0.21 / ( —0.21) 0.17 / ( —0.17) 0.33 / ( —0.33) —0.26 / ( 0.26)
7q charge miss id 0.06 /] —0.06 0.06 /] —0.06 0.06 / —0.06 0.06 / —0.06 0.06 /] —0.06
Luminosity 083 / —0.83 083 / —0.83 0.83 / —0.83 083 / —0.83 083 / —0.83
Background rate uncertainties
it rate —0.31 / 0.31 —0.29 / 0.29 —0.27 / 0.27 —0.25 / 0.25 —0.16 / 0.16
tW + tW, tb/th rate —0.14 / 0.14 —0.13 / 0.13 —0.14 / 0.14 —0.13 / 0.13 —0.13 / 0.13
W + bb rate —0.57 / 0.57 —0.59 / 0.59 —0.65 / 0.65 —0.61 / 0.61 —0.59 / 0.59
W + c(¢) rate 108 / 108 —113/ 113 —105/ 105 —-115/ 115 -—122/ 122
V'V, +jets rate -0.21 / 0.21 -0.24 / 0.24 —-0.38 / 0.38 —0.57 / 0.57 —0.73 / 0.73
mj e rate 036 / 036  —042 /] 042  —037 / 087 —022/ 022  —007 ]/ 007
mj fe rate —0.39 / 0.39 —0.45 / 0.45 —0.39 / 0.39 -0.21 / 0.21 -0.52 / 0.52
mj i rate —042 /] 042 —061/ 061  —056 / 056  —04d / 044  —104 / 104
Statistical uncertainties

Data stat. 226 / —2.26 186 /| —1.86 211 / —2.11 249 / 249 365 /| —3.65
MC stat. 048 / —048 045 / —0.45 047 / —047 0.58 /  —0.58 0.76 / —0.76
Total uncertainty 102/ —105 79 ) =17 79 / —6.3 79 / =70 11.6 / —125
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Table F.6.: Contribution of each individual uncertainty on the normalised differential tq cross
section binned in pp(t). Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all

bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in [%]

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8

Experimental uncertainties

ER DataVsMC MC16 073/ —031 —048/ 064 063/ 021 072/ 043 107/ 017 004/ —065 155/ 03 —0.33/ —0.05
JER Effective NP 1 -1.18/ 0.11 0.53/ —0.63 096/ 0.37 0.22 / —0.06 121/ 035 —1.11/ —0.86 04 / 0.89 0.64/ —0.07
JER Effe > NP 2 0.1 /-114 0.66 / —0.81 04 / 09 -079/ 072 —-017/ 216 -2.76/ 1.02 —-075/ 2.05 —0.98/ 1.73
JER Effective NP 3 —0.61/ 0.08 —0.42/ 0.34 0.72/ —0.19 0.39/ —0.72 0.71/ 0.61 0.17/ 0.04 1.7 / 047 —045/ 0.01
JER Effective NP 1 050/ 061 014/ 031 074/ 082 —011/ 028 074/ 086 —075/ 031 031/ 103 053/ 053
JER Effective NP 5 —0.03/ —0.74 —0.28/ 0.1 009/ 068 —02 / 0.34 091/ 041 -0.19/-0.17 0.54/ 1.36 0.14/ —0.02
JER Effective NP 6 -021/-05 031/ 044 0.14/ 0.54 0.07/ —0.17 119/ 021 —0.52/ —0.54 1.41/ —0.21 031/ 0.23
JER Effective NP 7 —0.73/ —0.68 0.54/ —0.32 0.38/ 1.05 011/ 0.03 0.55/ 0.39 014/ 1.0 076/ 0.76 —0.44/ —0.14
JER Effective NP 8 061/ 006 053/ 008 027/ 015 008/ 004 047/ 046 02 / 053 081/ 060 —105/ 030
JER Effective NP 9 —0.51/ —0.52 024/ 043 056/ 0.41 0.04/ —0.32 026/ 0.83 —0.62/ —0.6 0.23/ 0.83 054/ 0.21
JER Effective NP 10 0.27/-0.09 —0.07/ 0.08 0.03/—-0.04 —0.41/-0.09 —0.17/ 042 —0.34/—0.02 0.13/ 048 —0.37/ 0.71
JER Effective NP 11 —0.49/ 0.39 0.18/ 0.0 0.38/ —0.17 0.21/ —0.52 036/ 052 —02 /—1.62 11 /—022 —1.08/ 0.63
JER Effective NP 12restTerm —0.53/ —0.36 018/ 018 054/ 0.07 —0.08/ 0.3 037/ 043 0.63/ —0.34 001/ 115 0.52/ —0.78
JES Effective NP Detectorl 0.06/ 0.04 0.01/ —0.04 0.03/ =0.05 —0.11/-0.01 —0.1 / 0.07 —0.08/ 0.03 0.04/ —0.08 —0.21/ 0.03
JES Effective NP Detector2 —0.01/ —0.02 0.01/ 0.0 0.05/ 0.0 —0.04/ 0.04 —0.02/—-0.01 0.05/—-0.02 —0.05/ 0.09 —0.07/ 0.08
JES Bffective NP Modelling] 033/ 051 024/ —043 —0.03/ —049 —056/ —02 —0.65/ 021 —096/ 082 —019/ —042 028/ —034
JES Effective NP Modelling2 0.09/ 0.11 0.01/-0.12 003/ -012 -0.13/ 001 —011/ 0.09 —0.08/ 007 —021/ 012 —044/ 0.1
JES Effective NP Modelling3 —0.03/ 011 -0 / 0.02 —0.07/ 0.07 0.13/ —0.2 0.22/ —0.23 0.22 / —0.21 0.22/-0.13 —0.13/ —0.23
JES Effective NP Modelling4 0.0 / 011 0.01/ —0.05 0.04/ -01 —0.03/ —0.04 —0.02/ 0.01 —0.05/-0.03 —0.01/—-0.02 —0.23/ 0.09
JES Effective NP Mixed1 0.08/ —0.03 0.14/ —0.18 021/-019 —0.19/ 0.09 —0.54/ 048 —047/ 0.62 —045/ 0.33 —0.88/ 0.78
JES Effective NP Mixed2 022/ 027 —-021/-007 —-026/ 00 —0.03/—0.23 0.16/ —0.35 025/ -019 —0.05/—0.15 04 /—084
JES Effective NP Mixed3 0.0 / 0.09 —0.01/-0.02 0.01/ —=0.05 —0.03/ —0.04 0.04 / —0.07 0.03/ —0.15 0.08/ —=0.01 —0.11/ —0.04
JES Effective NP Statisticall 0.02/ —0.01 0.0 / 0.01 —0.01/ 0.0 0.0 / 0.0 0.0 /—0.03 0.02/—-0.01 —0.01/ 0.04 —041/ 0.22
JES Effective NP Statistical2 039/ 0.08 —-011/-01 —0.28/-0.02 —0.18/—-0.05 —0.21/ 0.01 —0.18/ 0.08 —0.22/ 0.19 —0.24/—0.11
JES Effective NP Statistical3 —0.02/ 0.01 0.0 / 00 -0.01/ 0.0 0.0 / 0.02 0.01/ —0.01 0.07/ 0.04 0.05/ —0.18 0.29/ —0.43
JES Effective NP Statisticald 0.03/ 0.04 0.01/ —0.05 0.06/ —=0.08 —0.06/ 0.0 —0.09/ 006 —0.04/ 017 -027/ 015 —0.2 / 0.03
JES Effective NP Statistical6 —0.01/ 0.09 0.0 /—0.04 0.08/ —0.11 —0.01/—0.04 —0.12/ 0.06 —0.09/ 0.05 0.07/—-0.056 —0.15/ —0.01
JES Effective NP Statistical5 0.08/ 0.03 —0.07/-0.01 —0.06/ 0.02 0.03/ —0.1 0.03/ -0.02 —0.03/ 0.09 —-0.25/ 0.04 -0.22/ 0.12
JES Flavor Response -03 / 1.69 —0.82/ 0.26 0.04/ 038 0.64/ —1.46 0.69/ —1.33 1.84/ —1.88 2.89/ —2.53
BJES Response —03 / 026012/ 01 003/ 014 012/ —027 032/ 02 _ 031/ —022 0.78/ —0.55
JES Flavor Composition {q, tq 1.77/ —1.87 1.34/ —1.46 —0.53/ 0.72 —3.02/ 297 —272/ 3.02 -245/ 299 5 —0.26/ 1.35
JES pileup OffsctMu 008/ 002 —012/ 026 016/ 024 —0.07/ 065 06 /031 062/ 084 114/ 215 075/ 177
JES pileup OffsetNPV 0.08/ 057 —014/ 013 —0.18/-042 —0.02/ —0.41 0.19/ —0.45 0.45/ —0.41 0.62/ —1.11 0.02/ —0.48
JES pileup RhoTopology —05 / 151 014/-019 —0.03/-0.89 0.13/-0.69 073/ -112 075/ -156 146/ -214 1.76/ —-1.94
JES pileup Dt Term —013/ 05 01 /=026 022/ 031 —02 /033 —0.09/ 003 074/ 015 —047/ —037 021/ 02
JES SingleParticle HighPt 0.0 / 00 001/ 001 —002/ 002 001/ 00l 005/ 005 —0.04/ 001 015/ 015 —0.08/ —0.08
JES PunchThrough MC16 —0.01/ —0.02 0.0 / 0.0 —0.01/-0.01 0.01/ 0.02 0.04/ 0.03 —0.02/ 0.02 016/ 019 —0.09/ —0.04
JES Etalntercalibration Modelling -1.12/ 1.9 099/-117 157/-21 —031/-029 -1.14/ 083 -012/ 115 -079/-1.75 0.38/ —0.08
JES Etalntercalibration TotalStat 004/ 018 =011/ 0.0 0.04/—-0.08 —0.03/—0.16 00 /—0.15 005/ —006 019/ —-024 —0.21/-02
JES Etalntercalibration NonClosure highE 0.0 /001 00 / 00 —0.02/ 0.0 0.01/-002 00 / 008 0.06/-003 015/ 0.03 —0.13/ 0.08
JES Etalntercalibration NonClosure negEta 0.01/ 0.01 0.09/ —0.09 —0.05/ 0.01 —0.07/ 0.09 0.08/ —=0.03 —0.14/ 0.02 017/ 016 —0.22/—0.05
JES Etalntercalibration NonClosure posEta —0.01/-0.06 0.06/ 0.02 -0.02/ 0.01 0.02/ 0.0 -0.08/ 012 0.08/ 0.08 —-0.04/ 0.09 —021/ 0.13
JES Etalntercalibration NonClosure 2018data  0.04/ 0.27 —0.02/ —0.09 —0.01/-0.19  0.01/—-0.18 —0.05/ —0.17 —0.06/ —0.02 —0.02/ 0.01 —-0.3 / 0.38
MET SoftTrk Scale 019/ 053 —-0.24/-0.33 —0.08/ 032 —0.12/-0.2 0.11/-017 —0.01/ 0.05 0.23/ —0.84 043/ 017
MET SoftTrk ResoPara 002/ - 09/ - 051/ - 011/ - 057/ - 048/ - 035/ - 116/ -
MET SoftTrk ResoPerp 023/ - -0.19/ - —0.12/ - —0.15/ - —0.03/ - 042/ - —054/ - 059/ -
JVT 0.0 / 0.01 —0.03/ 0.03 —0.03/ 0.02 0.01/ —0.02 0.05/ —0.07 0.08/ —0.08 0.05/ —0.07 0.13/ —0.14
VT —0.79/ 0.81 —-0.35/ 0.36 0.18/ —0.18 0.7 /—=0.71 1.55/ —1.6 1.43/ —1.46 1.39/ —1.43 1.45/ —1.48
b-tag B0 0.07/ =0.07 0.01/—0.01 —0.04/ 0.04 —0.07/ 0.07 —-0.06/ 0.06 —0.07/ 0.07 -0.14/ 014 -0.07/ 0.07
b-tag B2 001/ 001 001/ 001 00 / 00 —002/ 002 —003/ 003 —003/ 003 —005/ 005 002/ 002
b-tag B3 —0.01/ 0.01 -0.02/ 0.02 —0.02/ 0.02 0.01/ —0.01 0.03/ —0.03 0.03/ —0.03 0.05/ —0.05 0.21/ —0.21
b-tag B4 0.07/ —0.06 0.09 / —0.09 0.05/-0.05 —012/ 012 —-019/ 019 —0.23/ 022 —041/ 041 —034/ 0.34
b-tag B5 —0.08/ 0.08 —0.03/ 0.03 0.01/ —0.01 0.06 / —0.06 0.11/ —0.12 0.16/ —0.17 0.18 / —0.18 0.33/ —0.33
b-tag B6 004/ 004 005/ —005 009/-009 001/—001 —008/ 008 —014/ 014 —019/ 019 —02 / 021
btag BY 0.6/ —0.16 0.06/ —0.05 —004/ 004 —014/ 014 —022/ 022 —024/ 024 —032/ 032 —044/ 0.44
b-tag B8 0.07/ =0.07 0.04/ —0.04 001/ -001 -0.07/ 007 -017/ 017 -019/ 019 -017/ 017 -012/ 0.12
b-tag B9 001/ 001 00/ 00 00/ 00 00/ 00 00/ 00 00/ 00 —002/ 002 —0.05/ 005
b-tag B10 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0 0.01/ —0.01 0.02/ —0.02 0.02/—-0.02 —0.04/ 0.04 —0.15/ 0.15
btag B11 0.01/ 001 —001/ 001 —002/ 002 00/ 00 003/ 003 —001/ 00l —0.05/ 005 —003/ 008
b-tag B13 0.07/ =0.07 0.01/-0.01 —0.05/ 0.05 —0.07/ 0.07 —0.05/ 0.05 —0.04/ 0.04 -0.04/ 0.04 —-0.03/ 0.03
b-tag B15 —0.01/ 0.01 0.0 / 0.0 0.02/ —0.02 0.03/ —0.03 0.02/—0.02 —0.01/ 0.01 —0.09/ 0.09 —0.21/ 0.21
b-tag B16 00/ 00 00/ 00 001/-00l 001/ 00l —001/ 00l —005/ 005 —003/ 003 004/ 004
btag BT 00 / 00 00/ 00 001/ 00l 00/ 00 002/ 002 005/ 005 003/ 003 —007/ 007
b-tag B18 0.01/ —0.01 0.01/ —0.01 00 / 00 0.01/-0.01 —-0.01/ 0.01 -0.08/ 0.08 —0.11/ 011 -0.13/ 0.14
b-tag B21 0.01/ —0.01 0.01/ —0.01 00 / 00 —0.02/ 002 —0.04/ 0.04 —0.04/ 0.04 —0.03/ 0.03 —0.04/ 0.04
b-tag B24 0.01/ —0.01 0.01/ —0.01 0.01/-0.01 —0.02/ 0.02 —0.05/ 0.05 —0.04/ 0.04 —0.03/ 0.03 —0.01/ 0.01
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F. Systematic uncertainties

b-tag B25 —0.01 / 0.01 —0.01 / 0.01 —0.01 / 0.01 —0.01 0.05 /  —0.05 [/ —0.05 004 / —0.04 004 / —0.04
b-tag B26 0.03 /  —0.03 0.01 / —0.01 —0.01 / 0.01 0.03 5/ 0.05 / 0.05 —0.05 / 0.05 —0.04 / 0.04
b-tag B35 —0.04 / 0.04 —0.01 / 0.01 0.02 / —0.02 —0.03 /  —0.05 /  —0.05 0.06 /  —0.06 0.07 /  —0.07
b-tag B36 0.03 / —0.03 0.01 / —0.01 0.0 / 0.0 0.03 / 0.04 / 0.05 —0.06 / 0.06 —0.07 / 0.07
b-tag B37 —0.02 / 0.02 001 / —0.01 0.03 /  —0.03 —0.02 / 0.01 / 0.03 —0.04 / 0.04 —0.05 / 0.05
b-tag CO 045 /  -045 —0.04 / a 03 / 0.3 0.3 / 0.3 / 0.3 -0.25 / 0.25 —024 / 0.24
b-tag C1 —03 / 0.3 0.02 / .0 [i / —019 —0.19 / —02 / —0.23 023 / 023 027 / —0.28
b-tag C2 —0.19 / 0.19 0.01 / a [l / —012 —0.13 /[ —013 / 015 015 / =015 017 /  —0a7
b-tag C —0.34 / 0.34 0.02 / 022 / —022 —0.23 / =023 / 026 025 / 025 03 / —03
b-tag C —0.18 / 0.18 0.01 / / —012 —0.12 / 012 / 013 013 / —013 0.14 /  —0.14
b-tag C5 —0.19 / 0.19 0.04 / / —0.14 —0.09 / —01 / —01 012 / 012 017 /  —0.17
b-tag C6 —0.09 / 0.09 0.01 / /  —0.06 —0.05 /  —0.06 /  —0.04 0.05 /  —0.05 0.02 / —0.02
b-tag C7 021 / -021 —0.02 / / 0.14 0.13 / 0.16 / 0.15 —0.15 / 0.15 —0.15 / 0.15
b-tag Light0 0.0 / 0.0 —0.04 / 3/ 0.03 0.02 / —0.02 /=012 021 / 021 047 [ —048
b-tag Light2 0.0 / 0.0 0.01 / / =001 —0.01 / 0.0 / 0.02 —0.05 / 0.05 —01 / 0.1
b-tag Light3 0.01 / —0.01 0.0 / /00 0.0 /00 /002 —0.03 /003 —0.05 /005
D-tag Light4 0.0 /00 0.0 / /00 0.0 /001 /001 —0.02 /002 005/ 005
b-tag Light6 00 / 0.0 00 / / 0.0 0.0 / 0.0 / 0.01 —0.02 / 0.02 —0.04 / 0.04
EG RESOLUTION ALL 044 / 0.1 0.18 / / 0.05 0.15 / 0.05 / 0.07 0.01 / 0.09 0.04 / 0.0
EG SCALE ALL 0.27 / 0.1 —0.15 / / —0.03 —0.08 /_—0.09 / 0.05 —0.17 / 0.11 —01 /[ 012
EL Tsol —0.09 / 0.09 00 / /=007 —0.09 / —0.06 / —0.01 0.02 / —0.02 001 / —0.01
EL Reco —0.04 / 0.04 00 / /  —0.03 —0.03 /[ —0.02 /  —0.02 0.03 /  —0.03 0.05 /  —0.05
MU Isol stat 0.0 / 0.0 00 / / 0.0 0.0 / 0.01 / 0.02 —0.03 / 0.03 —0.05 / 0.05
MU Isol syst —0.06 / 0.06 —0.01 / .02/ —0.02 0.01 / —-0.01 /  —0.06 / 014 018 / —018 021 / —0.22
MU Trigger syst. 0.05 /  —0.05 —0.01 / 0.03 / 0.03 —0.03 / 0.03 / 0.04 / 0.05 —0.05 / 0.05 —0.04 / 0.04
MU CB 0.08 / 0.1 0.08 / 0.09 / 0.08 q / 0.02 / 0.11 / 0.09 0.22 / 0.09 0.09 / 0.1
MU Momentum Scale 0.08 / 0.1 —0.03 / —0.07 -01 / -0.09 —0.02 /  -0.01 / 0.02 / —0.03 0.06 / 0.1 —0.15 /  —0.16
MUON SAGITTA DATASTAT 0.09 / 0.01 —0.04 / 0.0 —0.08 /  —0.04 —0.02 / —0.01 / 0.08 / —0.06 0.07 / 0.09 —019 / —0.08
MUON SAGITTA RESBIAS 0.11 / 0.07 —0.05 / —0.06 —0.09 / —0.07 —0.05 / —0.01 / 0.06 /  —0.03 012 / 0.01 —0.04 / 0.05
pileup 0.06 / —0.09 —0.06 / 0.06 0.07 / 0.0 0.02 / 0.02 / 0.11 / 0.21 —0.17 / 0.17 —0.09 / —0.01
Modelling uncertainties

tq pr —0.6 / 0.32 -05 / 0.33 0.28 019 / -0.08 232 / -143 / 3/

tq pr 0.04 / 0.07 0.09 / 0.0 0.2 038 / 0.2 0.41 / 0.65 / /

tq FSR 0.0 / -0.11 0.26 /  —0.56 —0.03 -0.16 / 0.64 0.38 /  —0.93 / 22 /

tq ISR ag -02 / 0.19 —0.05 / —0.02 012 / —017 0.51 /  —0.56 / /

tq PDF 02 / -0.16 —0.03 / 0.23 —0.16 / 0.09 —0.06 / —0.11 / 3/

fq Parton shower —0.94 /(_094) 155 /( (—0.93) 2.26 / ( —2.26) —021 /(__021) 3/ ( /

fq NLO matching 223 [ —2.23) 032 / ( 121 J( 121) 208 /( 2.08) 5 /1 /

JES Flavor Composition ¢t 0.03 / 0.02 0.03 / —0.03 / 0.0 0.01 / 0.16 / /

JES Flavor Composition tW + iW, tb/th 00 / 0.04 0.0 / -0.04 / -0.03 0.01 / 0.02 / /

mj e shape 02 / 049 0.14 / —0.41 / 0.04 —0.69 / 0.18 59 / 55 /

mj fe shape 012 ] —005 012 ] —0.04 /00 —0.09 /_—0.03 8/ /

mj i shape 022 / 022 —0.07 ] 017 /017 032 /032 5/ 3/

tt g —0.02 / 0.02 0.01 / 0.02 /  —-0.02 —0.02 / 0.01 / /

1 pip 0.04 / —0.03 0.01 / —0.03 / 0.03 —0.05 / 0.04 2 / /

tt FSR —0.03 / 0.1 0.05 / —0.04 / -0.02 04 / -1.06 / /

tt ISR as 0.02 / -0.02 —0.02 / . 00 / 0.0/ -0.03 / /
tW + W DS —0.09 /( 0.09) 0.01 / (—0.06) 0.08 /( 0.06 / (_0.06) / 5/

tW + tW.th/th FSR 0.01 / 0.01 —0.01 / 0.06 0.01 / ). /=007 8 / /

W+ b i 59 [ —0.69 0.03 / 079 —0.28 ] 23 /023 / 23 /

W+ in /031 0.02 / ; 0.16 0.02 / 5/ 018 / 7/

W+ cle) pr /017 021 / 0.0¢ 014 0.09 / /006 / 3/

W+ (@) pin 12/ 072 0.02 / 0.0¢ 0.52 01 / /009 / 7

tt, tW + tW, tb/tb PDF 0.04 /  —0.04 0.03 / .03 0. 0.01 —0.04 / / 0.04 / 23 /

W + 0W, th/th Parton shower 0.02 /( —0.02)  —0.02 /(_0.02) 00 _/( _00) 0.06 /( /(052 / /

# Parton shower —0.01 /(__0.01) 011 /( —011) =025 /(_0.25) 0.16 / ( 7 (=0.09) / 24 /

17 NLO matching 02 /(—02) =01 /( 01) —013/( 013 0.23 /( /(012) / 7/
TW + 1 NLO matching —0.02 /(_0.02) 0.02 / ( —0.02) 0.02 / ( —0.02) 00/ ( /(022 7 /

7 gy 031 /( —031) 017 /( 017) —017 /( 0.17) 0.09 /( —0.09) =09 /( 09) 7 /

Background rate uncertainties
W+ bb rate 0.54 0.01 / 0.0 029 / -0.29 044 / —045 044 / —0.44 / —04 045 / 046 0.46 /  —047
W + c(¢) rate 1.35 012 / —0.12 087 / —0.89 085 / —0.87 09 / -0.92 [/ —0.95 09 / —092 099 / —1.02
VV, -+ jets rate 0.23 —0.03 / 0.03 014 / —0.14 019 / -0.19 019 / -0.19 / 026 02 / -02 018 / —0.19
mj e rate 0.06 —0.04 / 0.04 —0.05 / 0.05 011 / —0.11 012 / —0.12 / 02 02 / 02 019 / —0.19
mj fe rate 0.09 —0.05 / 0.05 —0.05 / 0.05 015 / 015 017 /  —017 0.25 / —0.25 025 / 025 024 / —024
mj j rate 0.19 —0.11 / 0.11 014 / —0.14 023 / -024 012 / -0.12 0.19 / 0.2 037/ —0.38 —0.15 / 0.16
Statistical uncertainties

Data stat. 139 / —1.39 12 / -12 14 / -14 1.86 / —1.86 33 / -33 5.08 / —5.08 6.35 /| —6.35 8.85 /

MC stat 0.39 /=039 042/ —0.42 041/ —0.41 049 / —0.49 0.84 /  —0.84 13 / -13 163/ —1.63 2.03 /

Total uncertainty 53 / —5.0 32 | -35 39 | -37 49 | -53 74 | —62 79 |/ -84 21 ) —123 171/
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Table F.7.: Contribution of each individual uncertainty on the normalised differential ¢q cross
section binned in pr(t). Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in %]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Experimental uncertainties
aVsMC MC16 0.71/ =0.15 032/ -017 -1.2 / 062 -0.39/-027 -0.38/-0.56 —0.17/ 0.77 0.64/ —0.22 —045/ 1.22
ve NP 1 199/ 31 033/ —063 194/ —228 086/ —2.056 1.25] —251 —0.1 ] —122 203/ —055 113/ —4.18
JER Effective NP 2 056/ 1.63 —0.55/—0.9 0.65/—-237 —0.34/—-0.6 —154/ 191 -331/ 1.85 05 / 014 —1.66/—0.41
JER Effective NP 3 1.75/ —0.44 0.19/-0.01 -191/ 1.18 -1.18/-042 -1.07/—0.62 047/ -0.06 —242/ 091 -2.14/-0.62
JER Effective NP 4 076/ 141 -0.26/-0.98 —0.07/-0.82 -1.07/-0.76 —042/—-0.59 —1.55/ 0.32 1.8 / —0.56 —2.47/-0.24
JER Effective NP 5 172/ -10 —078/ 0716 —136/ 128 —097/ 002 —09 /058 11 /—1.14 —1.02/ 07 —086/ 129
JER Effective NP 6 052/ 200 045/ 138 08 /065 —058/ 100 —042/ 126 164/ 300 01 /117 —0.38/ —1.86
JER Effective NP 7 1.0 / 054 —041/ 002 —-116/-0.2 0.14/-1.25 —043/ 0.05 —0.6 / 0.51 0.09/ 0.13 —1.98/-0.91
JER Effective NP 8 —0.69/ 0.44 0.68/ 0.3 0.61/—-088 —0.19/-0.25 —0.29/ —0.04 133/ —0.1 038/ 0.03 —0.72/ —0.11
JER Effective NP 9 0.66/ 022 —052/ 0.04 —0.18/ 018 —0.34/-093 —0.15/-0.12 —1.34/ 134 —0.13/-1.08 —0.19/—0.61
JER Effective NP 10 00 / 008 —051/ 065 —072/ 045 —047/ 028 026/ 031 —059/ 022 —079/ 051 023/ —1.06
JER Effective NP 11 —0.36/ 0.74 0.16 / —0.16 0.78/ —0.88 —0.39/ —0.24 —0.38/ 0.47 0.79/ —0.92 0.18/ —0.97 —0.38/ —1.59
JER Effective NP 12restTerm 071/ 026 —0.13/ 044 —043/-059 —0.65/-041 —0.27/-0.06 —1.24/ 141 -0.07/-1.21 —0.99/ —1.51
JES Effective NP Detector] 014/ =002 008/ —003 —029/ 00 —007/ 004 01 / 014 —015/ 012 —0.02/ 022 01 ] 017
JES Effective NP Detector2 0.0 / 005 002/ 003 00 /004 —005/ 003 007/ 002 —0.08/ 008 00/ 011 —0.1 /006
JES Effective NP Modelling1l —0.21/ 0.54 0.07/ —0.58 0.53/ —0.99 0.08/ 0.63 —0.79/ 0.69 —0.95/—0.31 0.47/ 0.43 0.78 / —0.62
JES Effective NP Modelling2 0.14/ —0.07 0.07/ —0.06 —0.26/ 0.03 —0.02/ 0.02 —0.01/ 029 —0.18/ —0.08 017/ 033 —0.65/ 0.22
JES Effective NP Modelling3 001/ 023 —012/ 007 —002/—03 007/ —012 028/ 015 01 /026 027/ 002 —0.17/ —044
JES Effective NP Modelling4 0.05/ 0.09 0.04 / —0.01 0.01/-0.06 —0.12/ —0.12 006/ 014 —0.12/-0.14 —0.29/-0.05 —0.48/ —0.41
JES Effective NP Mixed1l 027/ 0.02 022/ -012 —-025/-024 —-026/ 0.02 -032/ 074 —0.6 /-0.04 -047/ 081 -1.33/ 041
JES Effective NP Mixed2 0.07/—-0.06 —0.07/ 0.29 —0.18/—0.1 0.01/ —0.05 046/ 0.01 —0.24/ —0.15 043/ —-0.15 —0.13/ —0.33
JES Bffective NP Mixed3 006/ 007 007/ 002 —0.28/—004 003/ —009 023/ —007 002/ 012 018/ 004 01 /—014
JES Effective NP Statisticall 0.0 / 0.08 —0.01/-0.05 0.01/ —0.06 0.0 /—0.07 0.05/ 0.04 —0.04/-0.06 —0.02/ 0.05 —0.19/ 0.07
JES Effective NP Statistical2 0.13/ -0.16 —0.08/ 0.2 001/ -012 —0.08/ 0.07 -019/ 031 -0.17/ 005 -025/ 042 —0.12/ 0.65
JES Effec NP Statistical3 0.0 / 002 —0.03/—-0.01 0.0 / 001 —0.03/—-0.01 0.14/ 0.05 —0.14/ —0.1 02 / 0.04 0.34/ —0.58
JES Effective NP Statisticald 0.18/ 0.04 0.06 / —0.06 —0.33/ —0.07 —0.02/ —0.05 —0.03/ 0.27 —0.13/-0.02 —0.01/ 0.32 —0.32/—-0.2
JES Effective NP Statistical6 0.0 / 0.09 0.01/ —0.04 0.03/-0.12 —0.02/ —0.08 —0.06/ 0.17 —0.02/ 0.09 —0.17/—0.07 0.07/ —0.08
JES Effective NP Statisticald 0.08/ 023 —0.06/ 0.01 —0.03/-041 —0.02/ —0.11 0.03/ 01 -012/ 011 -033/ 021 —0.07/ 0.13
JES Flavor Response -0.73/ 03 —08 / 087 064/ 018 053/ -1.02 1.58 / —1.53 187/ -143 231/ -218 338/ -1.36
BJES Response 003/ 006 —0.16/ 006 —033/ 007 032/ 008 086/ 004 —002/ 077 04 /052 001/ —0.74
JES Flavor Composition £q, i T4 /138 11 /-110 —06 / 001 —9250/ 222 —258/ 23 —228/ 246 —131/ 142 —0.03/ 0.5
JES pileup OffsetMu —3.48/ 151 214/ —0.31 1.78 / —1.25 151/ —0.27 2.06/ —1.36 241/ =2.05 2.49 / —2.06 2.34/ =155
JES pileup OfsetNPV 058/ 06 016/ 004 034/ 084 033/ 02 02 /06 058/ —094 131/ 082 164/ —056
JES pileup RhoTopology 125/ 114 005/ 033 093/ 06 079/ 047 078/ 075 131/ —177 313/ 24  3.02/ —2.63
JES pileup PtTerm 0.06/ 0.11 0.05/ 0.06 —0.18/ 0.01 029/ -043 —0.29/ 037 —031/-053 —0.77/ 0.35 —0.03/ —0.56
JES SingleParticle HighPt 0.06/ 0.06 —0.01/—0.01 00 / 00 —0.06/-0.06 —0.07/—0.07 001/ 001 —011/-011 —04 /-04
JES PunchThrough MC16 0.04/ 0.04 —0.04/-0.03 —0.02/-0.02 —0.02/—-0.02 0.0 /—0.03 0.03/ 0.06 —0.14/-0.11  0.01/—0.01
JES Etalntercalibration Modelling —2.66/ 1.95 0.86/-1.08 3.0 /—2.09 1.29/-0.82 —0.87/ 1.11 0.19/-054 131/ -0.04 142/ 0.02
JES Etalntercalibration TotalStat —0.56/ 0.29 0.16 / —0.03 0.51/ —0.66 0.14/ 0.44 0.22/ —0.11 0.22 / —0.31 0.97/ —0.44 0.82/ —0.43
JES Etalntercalibration NonClosure highE 0.02/ 001 -003/-003 00 / 001 0.0 /-0.02 —0.02/ 0.0 0.04/ 008 00 /-006 038/ 0.12

JES Etalntercalibration NonClosure negEta 0.21/ 0.01 01 /—-018 —047/ 01 —0.04/ 013 019/ -0.17 0.02/ 015 —032/ 024 023/ -0.34
JES Etalntercalibration NonClosure posEta 0.01/ 005 0.0 /-0.09 0.02/-0.01 0.02/-0.02 —-0.17/ 0.01 —-0.06/ 022 0.16/—-0.19 —0.19/ 0.37
JES Etalntercalibration NonClosure 2018data  —0.01/ —0.07 0.03/ 0.14 -0.01/ 0.01 —0.03/—0.09 01 / 0.01 -0.27/-0.01 0.05/ 0.29 04 / 046

MET SoftTrk Scale 014/ 0.6 004/ 006 01 /064 019/ 02 054/ —056 —05 / 023 —0.89/ —0.14 04 / —1.59
MET SoftTrk ResoPara 048/ - —0.04/ - —0.62/ - —0.66/ - 151/ - 009/ - -1.95/ - —0.54/ -
MET SoftTrk ResoPerp 005/ - 02/ - 00i/ - 03] - 020/ - =009/ - 093/ - 04/ -
JVT 0.04/-001 —0.05/ 0.05 —0.04/ 0.02 —0.03/ 0.0 0.04/ —0.06 01 /-012 0.05/ —0.08 0.15/ =017
fJIVT —0.68/ 07 —-04 / 041 0.27/ —0.28 0.67/ —0.69 1.6 / —1.66 149/ —1.54 1.36 / —1.41 1.56 / —1.59
b-tag BO 0.07/ =0.07 0.01/-0.01 —0.04/ 0.04 —-0.07/ 0.07 —0.06/ 0.06 —0.08/ 0.08 —0.14/ 014 —-02 / 0.2
brtag B2 001/ 001 001/ 001 00/ 00 —0.02/ 002 —003/ 003 —0.04/ 0.04 —004/ 0.04 —0.01/ 001
b-tag B3 —0.01/ 0.01 -0.02/ 0.02 —0.01/ 0.01 0.01/ —0.01 0.04/ —0.04 0.05/ —0.05 0.03/ —0.03 0.16/ —0.16
b-tag BA 007/ —0.07 003/ 008 001/ 001 —01/ 01 024/ 023 —031/ 03 031/ 033 —0.39/ 033
b-tag B5 —0.06/ 0.06 —0.04/ 0.04 0.01/ —0.01 0.08/ —0.08 0.11/ —0.11 0.17/ —0.18 0.21/ —0.21 0.27/ —0.28
b-tag BG —0.04/ 004 006/ 006 0.08/ —0.08 0.01/ 001 —0.08/ 0.00 —015/ 015 —022/ 023 —024/ 024
b-tag B7 0.15/ =0.15 0.05/ —0.05 —0.05/ 0.05 -0.16/ 016 -025/ 025 —-025/ 025 -034/ 034 —049/ 048
b-tag BS 007/ —0.07 004/ 004 00 / 00 —008/ 008 —019/ 019 —022/ 021 —02 / 02 —0.14/ 014
b-tag B9 0.01/ —0.01 0.0 / 00 —0.01/ 0.01 0.0 / 00 0.01/ —0.01 0.01/—-0.01 —0.03/ 0.03 —0.06/ 0.06
b-tag B10 00/ 00 00/ 00 00/ 00 001/-001 002/ 002 003/ 003 —003/ 0.03 —0.18/ 0.8
b-tag B11 0.01/-0.01 —0.01/ 0.01 —0.02/ 0.02 0.0 / 0.0 0.04/ -0.04 —0.01/ 0.01 —0.06/ 0.06 —0.07/ 0.07
b-tag BI3 0.07/ 007 001/ —0.00 005/ 0.05 —0.08/ 008 —0.06/ 006 —0.04/ 0.04 —004/ 004 —0.03/ 003
brtag BI5 002/ 002 00/ 00 002/ 002 0.03/ 003 002/ —0.02 00/ 00 —01 / 01 —024/ 024
b-tag B16 00/ 00 00/ 00 001/ 001 001/ 001 —0.01/ 0.0l —006/ 006 —004/ 0.04 0.06/ —0.06
b-tag B17 00 / 00 0.0 / 0.0 —0.01/ 0.01 0.0 / 0.0 0.02/ —0.02 0.06 / —0.06 0.04/ —0.04 —0.09/ 0.09
b-tag B18 0.01/ —0.01 0.01/ —0.01 0.0 / 0.0 0.01/-0.01 —0.01/ 0.01 —0.09/ 0.09 -0.14/ 0.14 —0.15/ 0.15
b-tag B21 0.01/ —0.01 0.01/ —0.01 00 / 00 =002/ 002 —005/ 005 —0.04/ 004 —0.04/ 0.04 —0.05/ 0.05
b-tag B24 0.01/ —0.01 0.01/ —0.01 0.01/-001 —0.02/ 0.02 —006/ 0.06 —0.05/ 005 —0.03/ 0.03 —0.03/ 0.03
b-tag B25 00 / 00 =001/ 001 —0.01/ 0.01 0.01/ —0.01 0.05/ —0.05 0.05/ —0.05 0.05/ —0.05 0.05/ —0.05
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F. Systematic uncertainties

b-tag B26 003/ _—0.03 001 / 00l 001/ 00l 003/ 003 /006 /005 005/ 005 /005
D-tag B20 3/ 003 001 / 001 002/ 002004/ 004 3/ 003 /o001 00 /00 /001
b-tag B35 / 0.04 —0.01 / 0.01 002 / —0.02 0.04 /  —0.04 /  —0.05 5/  —0.05 0.06 /  —0.06 /  —0.08
b-tag B36 [ —002 001 / —001 =001/ 00 003 /003 /005 /006 ___—006/ 006 /007
b-tag B37 /002 001 / 001 003 / 003 —0.02 /o0l 3/ 003 005/ 005 /005
b-tag B30 /00 00 /00 00 /00 0.0 /o0l /o0l 002 /002 /005
b-tag CO 5/ 041 001/ 004 032/ 032 0.37 5 /035 /03 014/ o1 03
b-tag C1 /029 002 /002 019 /0.9 —0.23 /021 8/ 028 032 /] 032 /033
D-tag C2 /017 00 /00 011 /0.1 —0.15 /015 7/ 017 02 /] 02 /021
b-tag C3 / 0.33 0.02 / —0.02 021 / —0.21 —0.27 / 027 / —029 032 / —0.32 /  —0.36
b-tag C4 T/ 047 001 / 001 011 / —0.11 —0.14 /0.4 5/ 015 016 /| —0.16 /017
b-tag C5 /03 008 / 008 023 /] 023 —0.18 /015 /019 02 /| 02 /02
b-tag C6 /009 004/ 004 007 /007 —0.11 /ol /0.9 009 /] —0.09 / —0.03
b-tag C7 [ 02 001 / 001 013 /] 013 02 ) /019 021/ 02 /033
T-tag C8 /00 00 /00 —0.01 /001 0.01 /002 /004 005 /_—0.05 /_—0.06
D-tag Light0 /002 001/ 00l 006/ 006 —0.07 3/ 003 /008 022 ] 0.2 /068
b-tag Light2 / 0.0 00 / 0.0 0.02 / —0.02 0.02 / 0.01 / 0.0 —0.05 / 0.05 / 0.14
b-tag Light3 /001 001 / 001 ___—0.01 0.01 0.01 /00 /003 003/ 003 /006
b-tag Lightd /001 00 /00 0.0 0.0 0.02 /00 /_00L___—004/ 004 /006
b-tag Lightt /00 00 /00 0.0 0.0 0.0 /00 /00l 002/ 002 /0.6
EG RESOLUTION ALL 2/ 0.08 005 / 001 025 /001 —0.09 /0.6 /01l 0./ 012 /059
EG SCALE ALL /002 016 /_—0.01 [ 0 0 /015 /015 001 /0.8 /027
EL D /00 00 /00 0 /00l —001/ 001 002/ 0.2 /005
EL Tsol /008 002/ 002 6 /007 003 / —003 __—00L / 001 /005
MU Tsol stat. /00 00 /00 /00l —002/ 002 004/ 004 5/ 005
MU Isol syst /005 001 / 001 /007 015 /] 015 018 /| —0.18 /021
MU Trigger syst. /004 00 /00 /__00i 005/ 005 004/ 004 /004
MU CB /00 014 / 023 R/ 024031/ 009 038/ 00 /048
MU Momentum Scale /002 007 /007 5/ 0.0 001 /002002 /] —0.8 /042
MUON SAGITTA DATASTAT / 0.04 0.01 / 0.05 5/ —0.07 —0.02 / 0.03 —019 / -0.17 5/ —0.44
MUON SAGITTA RESBIAS [ 02 014 / 001 5/ 002 —013/ —008 =01 ]/ —0.12 56/ —0.37
pileup 7ol 003 / 003 7009 038 /] —023  —031/ 052 /=007
tq un 059 / 031 -059 / 038 / 0. / _—Lo1 / 373 / 198 864 /

Tq jir —0.01 /013 006 /001 / 0 5/ 008 51/ 116 /096 3.96 /

7q FSR —0.07 /041 02 /] 003 / 0 27 /048 7 052 /] 154 058 /

¢ ISR as —0.07 /013 002/ 002 / 0. /009 / 046 /02 071/

7q PDF 031 /] —027 __—001/ 003 046/ ) 0. /034 76 / 007 /029 01/

Tq Parton shower 012 /(_012) 082 /(__082) 033 / ( —033) 0. 1/ —14) 58/ —531 /(53D 005 / (

7g NLO matching 255  (—255) 022 /( —022) 032 /(032 0. 3 /(_7.83) 7 616 /( 6.16) 1649 /(

JES Flavor Composition {7 007 /007 __—0.17 / __0.04 002 /007 0.3 /033 5/ 029/ 039 0.09 /

JES Flavor Composition tW 1 iW.#b/th 0.0 / 0.1 001 /012 001 /009 0.0 /005 / 01/ 007 04/

mj ¢ shape 051 /049 —05 ] —0.04 019 / 097 0 /002 7 08 / 016082 /

mj fe shape —0.18 / 0.15 —0.07 /  —0.05 054 / —0.19 —0.5 / =001 / 03 / —0.03 0.32 /

mj /i shape 03 /| 03 —007 /007 026/ 026 0. /034 7 —0.03 /003086 /

s 00 /00 00 /00 001 / 001 0. /003 7 006 /] —006__ —0.05 /

Tt pir 006 / 005 004 / 003 004/ 003 __ 0 /08 7 —012 /013 0.06 /

i FSR 017 / 007 014/ —01l___004/ 008 0. 3/ 00 / 049 / 01607/

7 ISR as 003/ 002 006/ 005 002/ 003 0.0 /006 / 001/ 007 014/
W+ W, 5/% jin 001 /_—0.01 00 /00 —0.01 /00 4 /001 7 003/ 002 013 /

W + tW DS 01 /(—01) =006 /( 0.06) —0.03/( 0.03) 0. /(—0.02) / —0.96 /(__0.96) —0.4 /(

W + W, 10)1b i 002 /| _—0.01 00 /00 001/ 001 __—0. /00 3/ —0.03 /002011

W + W, 10/7h FSR —001 /00 001 / 004 —001/ —003__ 0. /02 7 002/ 033 0.09 /

W + W, 10/ ISR as 001 / 001 —0.02 ] —0.01 001 /00 0. /003 9/ 012 /01l 007 /

W+ pr 043 / 043 009 / 009 __—057 ] 057 0 3/ 033 / 031 ] —031 0.06 /

W+ 55 in 004/ 049 01 ] 071 002 /0.5 0 /001 / 031 / _025___—0.01 /

W + (@) ir 043 / 155 016 / 065 031 /] 096 02 /036 7 00 / 044 021/

W + (@) ir 006 / 062 018 /0.2 039 /0.1 [ 012 7 —0.08 /033 —01 ]
1,0 + 11V, 151 PDF 01 / —01 006 / 006 —0.02 /] 002 /019 7 —0.16 /016 —049 /

TV + 1, 10/7b Parton shower 0.19 /(0.9 0.09 / (__0.09) 015 /(__0.15) /7 —013) 7 137 /(_137) 0.18 / (

77 Parton shower —004 /(004 02 /( 02) 064 /( 064 /(—143) / 380 /( 389) 075 /(

# NLO matching 033 /(033 016 / (—0.16) __—0.19 /(__0.19) /(_0.36) / 139 /(—1.39) 118 /(
W + W NLO matching 005 /(005 __—0.05 / (__0.05) 00 _/(_00) /(001 / 113 /(113 037 / (
Tty 023 /( —023) 017 /( —0.07)  —0.35 /( 0.3) /(" 0.06) 7( 007 /( 0.07) 092 /( —0.92)

uncertainties
f rate 001 / =001 003/ 003 0.01 /004 003/ 003 013/ 014 026/ 026
W + W, 10/ rate 005 /005 001 / 001 0.05 /00 001 / 001 004 ] —0.04 012 /0.2
TV + 0 rate 031 / 031013/ 013 —0.41 /034 046 /047 041 / 045 041 / 041
W+ (@) rate —1.08 / 111 001 /001 —0.91 /093 087 | _—0.89 083 /085 T8 / LIl
V'V, jets rate 041 /041 00 /00 —0.35 /031 033 /] 034 039 /0.3 042 /042
mj e rate / 0.19 —0.01 / 0.01 —0.21 / 039 034 / 034 034 / 035 035 / —0.35
mj e rate /022 003/ 003 /=046 04 /] —04 04 /] 04 041 / _—041
mj 7 rate [ 02 002/ 002 5/ 005 07 ] 07 071 /] 072 002 /] —0.02
certainties

Data stat 182 / 182 178 ) 178 21 ) —21 2.79 / 197 /497 74/ 74 1063 / 1063 1319 / —13.19
MC stat 04 /] —04 048 / 048 047 ] —047 059 / 103 / —1.03 162 /] —1.62 21/ 21 260 / 269
Total uncertainty 74 | —68 39 / -39 58 / —66 50 / 1.3/ —11.2 124 / —120 164 / —159 2.3 /
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Table F.8.: Contribution of each individual uncertainty on the normalised differential g cross
section binned in |y(t)|. Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05% for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Experimental uncertainties

JER DataVsMC MC16 0.69/ —0.53 1.61/ —0.13 0.3 / —0.61 0.68/ —0.48 —1.62/ 0.87
JER Effective NP 1 073/ —001 084/ 099 019/ 02 —15/ 031 033/ —0.79
JER Effective NP 2 -1.05/ 05 —001/ 0.67 —0.06/ 094 -1.65/ 1.19 1.18 / —1.66
JER Effective NP 3 05 /—L11 050/ 02 008/ 068 047/ 157 —073/ L
JER Effective NP 4 0.33/ —0.27 0.32/ 1.38 —0.37/ 0.01 1.3 /=021 -—0.64/ —0.55
JER Effective NP 5 026/ 004 082/ 056 —011/ 016 —05 /003 —0.05/ 041
JER Effective NP 6 0.12/ —0.76 0.27/ 117 —-041/ 0.03 —0.68/ —0.11 0.37/ —0.29
JER Effective NP 7 -0.85/ 0.7 0.53/ 0.56 —0.17/ —0.09 0.06 / —0.11 0.14/ —0.47
JER Effective NP 8 —0.01/ 0.35 02 / 0.17 0.32/ —0.61 —0.34/ —0.66 —0.15/ 0.43
JER Effective NP 9 -0.3 / 0.01 025/ 059 —021/ 013 —0.84/—0.29 0.48 / —0.27
JER Effective NP 10 -0.26/ 011 —-0.15/ 024 -0.59/ 052 —0.57/-0.12 0.8 / —0.45
JER Effective NP 11 —0.34/ —0.21 0.58/ —0.25 0.76 / —0.65 —0.33/ —0.67 —0.5 / 0.91
JER Effective NP 12restTerm -03 / 032 016/ 023 -0.63/ 038 —-0.64/ 0.19 0.7 /—-0.57
JES Effective NP Detectorl 0.06 / —0.07 —0.07/ —0.06 —0.05/ —0.08 0.04/ 0.1 0.02/ 0.07
JES Effective NP Detector2 0.06/ —0.01 —-0.01/ 0.0 —0.01/ 0.02 0.0 / 0.0 —0.02/-0.01
JES Effective NP Modelling1l 0.12/ —0.46 0.0 / —0.42 0.14/ —0.57 0.09/ —0.42 —0.17/ 0.95
JES Effective NP Modelling2 001/ 0.0 —0.05/ 007 —0.09/ 006 —0.04/ 012 0.1 /006
JES Effective NP Modelling3 -0.04/ 0.07 —0.03/—0.04 0.01/-0.04 0.14/-0.01 —0.04/ 0.02
JES Effective NP Modelling4 0.03/ —0.07 —0.03/ —0.07 —0.02/ —0.04 0.02/ 0.09 0.01/ 0.05
JES Effective NP Mixed1 0.09/ —0.16 —0.02/ —0.06 —0.04/ —0.02 —0.06/ 0.11 0.03/ 0.06
JES Effective NP Mixed2 -0.34/ 0.09 -0.19/-0.06 —0.25/—-0.04 —0.16/ 0.04 0.46/ 0.01
JES Effective NP Mixed3 0.06 / —0.06 —0.02/ —0.07 —0.02/ —0.07 0.0 / 0.06 0.0 / 0.07
JES Effective NP Statistical2 -0.27/ 0.06 -0.15/-01 —0.23/ 0.06 —0.22/ 0.03 0.43/ —0.02
JES Effective NP Statisticald 0.04/ —0.02 —0.04/ —0.04 —0.04/ 0.01 0.02/ 0.14 0.02/ —0.04
JES Effective NP Statistical6 0.05/ —0.07 —-0.04/ —0.07 —0.01/ —0.04 —0.02/ 0.09 0.02/ 0.05
JES Effective NP Statistical -0.07/ 0.04 -0.06/ —0.05 —0.04/—0.02 0.07/ 0.02 0.05/ 0.01
JES Flavor Response 06 / 001 —058/ 007 —064/ 003 —027/ 03 107/ 007
BJES Response 0.14/ 0.01 -0.05/ 0.07 —0.08/—0.1 0.03/ 0.12 0.01/ —0.03
JES Flavor Composition tq, tq 0.68 / —0.36 0.56 / —0.37 0.15/ —0.59 0.14/ -0.02 —0.73/ 0.72
JES pileup OffsetMu —0.08/ =0.09 —0.05/ —0.42 042/ —-0.53 -0.76/ —0.01  0.12/ 0.59
JES pileup OffsetNPV 0.02/ 0.05 021/ 048 003/ 044 —0.07/ 012 —0.11/ 056
JES pileup RhoTopology —0.17/ —0.73 0.11/ —0.57 0.31/ -0.27 —0.51/ —0.79 0.03/ 1.11
JES pileup PtTerm —0.21/ —0.08 0.07/ -0.3 —0.09/ —0.39 0.14/ —0.32 0.04/ 0.58
JES Etalntercalibration Modelling 1.01/-089 0.19/-1.06 0.72/ -1.03 —-04 / —-047 -0.79/ 1.78
JES Etalntercalibration TotalStat 0.11/-0.18 -0.01/-0.19 0.28/-0.39 —-0.26/-0.36 —0.1 / 0.57
JES Etalntercalibration NonClosure posEta ~ —0.03/ —0.08 —0.03/ —-0.02 0.0 / 0.0 —0.05/-0.08 0.05/ 0.08
JES Etalntercalibration NonClosure 2018data ~ 0.05/ —0.12 ~ 0.02/ —0.08 —0.05/ 0.03  0.01/—-0.08 0.0 / 0.11
MET SoftTrk Scale 036/ 007 —021/ 013 —0.14/ 011 025/ 023 023/ 027
MET SoftTrk ResoPara -1.28/ - —-0.38/ - —-0.46/ - —-0.27/ - 112/ -
MET SoftTrk ResoPerp -16 / - —0.46/ - —0.55/ - —-0.33/ - 138/ -
(VT —0.03/ 002 —006/ 006 00/ 00 003/ 003 003/ 003
b-tag B6 0.05/ —0.05 0.04/ —-0.04 0.03/-0.03 0.01/—-0.01 —0.06/ 0.06
b-tag CO 00 / 00 —001/ 00l —00L/ 00l —01 / 01 005/ 005
b-tag C1 0.0 / 0.0 0.01/ —0.01 0.01/ —0.01 0.06/ —0.06 —0.04/ 0.04
b-tag C2 00/ 00 001/ 00l 00/ 00 004/ 004 —0.02/ 0.02
b-tag C3 0.0 / 0.0 0.01/-0.01 00 / 00 0.08/ —0.08 —0.04/ 0.04
b-tag C5 0.0/ —0.0L —0.01/ 00l 004/ 004 005/ 005 —0.05/ 0.05
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F. Systematic uncertainties

EG RESOLUTION ALL -03 / 011 —0.11 /  0.02 —-02 / —0.04 —0.16 / —0.16 0.37 /  0.04
EG SCALE ALL -0.13 / —0.07 -0.1 / —0.01 —0.18 / —0.02 -0.25 /  0.07 0.33 /  0.02
EL Isol -01 / 01 —0.08 / 0.08 0.0 / 00 0.09 / —0.1 0.04 / —0.04
MU Tsol syst. 0.07 / —007 006/ —006 002/ —002 —003/ 003 —006/ 006
MU CB 006 / 003 003/ 016 007/ —005 02 / 016 009 / —0.11
MU Momentum Scale -0.1 / —0.02 —0.01 / 0.01 —-0.01 / 0.09 0.11 /  0.05 0.0 / —0.08
MUON SAGITTA DATASTAT —0.04 / —0.03 —0.01 / 0.0 0.08 / 0.0 0.04 / 0.03 -0.05 / 0.0

MUON SAGITTA RESBIAS —0.05 / —0.06 0.01 / 0.1 —0.04 / 0.09 0.16 / 0.06 —0.03 / —0.12
pileup 021/ 024 027/ 02 016/ 012 023/ 012 043 / —0.33

Modelling uncertainties

tq pr 0.28 / —0.18 0.41 / —0.15 0.37 / —0.19 0.05 / —0.14 -0.46 / 0.26
tq pir 0190 / —018 029 / —014 017 / —013 —011 / —0.08 —037 / 0.29
tq FSR 002/ —068 02 / —043 012/ 034 —005/ —024 —017/ 04

tq ISR ag —0.05 / 0.06 0.09 / 0.06 0.05 / 0.0 —0.02 / —0.13 —0.05 / —0.01
tq PDF —0.08 / 0.08 0.01 / 0.12 —0.03 / 0.09 -0.18 /  0.05 -0.06 / 0.01
tq Parton shower —0.44 / ( 0.44) 0.45 / (—0.45) 0.32 / (—0.32) 0.83 /(—0.83) —0.64 /( 0.64)
tq NLO matching 0.34 / (—-0.34) —047 /( 047) —0.19 /( 0.19) 0.29 / (—0.29) 0.0 /( 00)
JES Flavor Composition 0.1 / —0.1 0.04 / —0.03 0.03 /  0.05 0.06 / —0.03 —-0.1 / 0.04
mj e shape 0.21 / —0.08 0.17 /  0.07 0.25 / —0.1 -0.13 /  0.24 —0.28 / —0.05
mj fe shape -0.15 / —0.13 —0.17 / —0.14 -0.18 / —0.14 0.02 / —0.06 026 / 024
mj p shape -02 / 02 —-0.08 / 0.08 —022/ 0.22 0.01 / —0.01 0.25 / —0.25
tt FSR -0.07 /047 0.06 / —0.25 0.04 / —0.12 -0.06 / 0.17 0.0 / —0.06
W + oW DS 0.08 / (—0.08) —0.03 /( 0.03) —0.09 /( 0.09) —0.06 /( 0.06) _ 0.06 / (—0.06)
W + W, b/ FSR 0.03 / —0.03 001/ 00 00 / 005 005/ —007 —003/ 001
W+ 0b e 018 / 018 018/ —018 000/ 009 041 / 041 020/ 029
W +bb g 0.07 / —0.07 0.02 / —0.09 02 / —0.16 0.1 / —057 -0.21 /042
W+ () ur 035 / —013 033 /] —013 047 / 044 10 / —031 _—105 / —0.02
W+ (@) pn 027 / 016 023/ 048 009/ —033 031/ 035 042/ —027
W + 1, £/ Parton shower 011 /(—0.11) 004 /(—004) —0.12 /( 0.12) 006 / (—0.06) —0.02 /( 0.02
# Parton shower 0.03 /(—0.03) _ 0.04 /(—004) 0.6 /(-0.16) 023 /(—0.23) —023 /( 0.23
11 NLO matching 0.03 /(=0.03) __0.04 /(=0.04) 01l /(=0.1) 002 /(=0.02) —011 /( 0.1l
#I + W NLO matching 017 /(=0.17) —0.03 /( 0.03) —002 /( 0.02) 004 /(—0.04) —0.05 /( 0.05
- 0.04 /(—0.04) _ 0.07 /(—007) 008 /(-0.08) —00l /( 0.01) —01 /( 01

Background rate uncertainties
tt rate -0.04 /  0.04 -0.03 / 0.03 —-0.02 / 0.02 0.0 / 00 0.04 / —0.04
W + bb rate 0.16 / —0.16 0.09 / —0.1 0.05 / —0.06 0.02 / —0.02 —0.16 / 0.16
W+ c(0) rate 001/ 001 —002/ 003 004/ —004 027/ —027 —013/ 013
V'V, +jets rate 0.13 / —0.13 0.12 / —0.12 0.08 / —0.08 —-0.02 / 0.02 -0.15 / 0.16
mj e rate —0.05 / 0.05 —0.05 / 0.06 —0.08 / 0.08 0.04 / —0.04 0.08 / —0.08
mj fe rate 0.06 / —0.06 0.06 / —0.06 0.05 / —0.05 0.14 / —0.14 -0.14 / 0.5
mj p rate 004 / —004 007/ —007 009/ —0.09 002/ 002 —01 / 01
Statistical uncertainties

Data stat. 172 / —172 144 / —144 164 / —164 192 / —192 189 / —1.89
MC stat. 0.76 / —0.76 0.73 / —0.73 0.74 / —0.74 0.81 / —0.81 0.84 / —0.84
Total uncertainty 28 | —41 3.7 ) —26 2.7 ) =32 33 ) —44 50 / —4.1
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Table F.9.: Contribution of each individual uncertainty on the normalised differential g cross
section binned in |y(¢)|. Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Experimental uncertainties

JER DataVsMC MC16 ~174/ 019 079/ —053 173/ 021 —051/—0.62 —0.69/ 0.47
JER Effective NP 1 1.74/ =3.07 —-0.99/ 0.39 —-0.15/ 1.01 183/ -10 -—1.15/ 1.16
JER Effective NP 2 124/ -222 —-0.75/ 1.67 —-044/ 124 -0.38/ 0.17 0.43/ —1.06
JER Effective NP 3 -1.6 / 141 1.26 / —0.71 036/ 0.01 —025/ 034 —0.17/-045
JER Effective NP 4 -1.83/ 0.34 041/ -0.22 —0.77/ 1.67 0.09/ 0.02 1.23/ —1.34
JER Effective NP 5 —-1.09/ 0.02 -0.31/—-0.21 0.64/ —0.36 —0.45/ —0.98 0.56/ 0.99
JER Effective NP 6 —-1.52/ 048 —0.32/ —0.29 0.86/ 075 —0.2 / 0.34 0.48 / —0.83
JER Effective NP 7 —0.37/ -04 —0.34/ —0.11 099/ -02 —02 / 006 —0.22/ 041
JER Effective NP 8 041/ 126 08 / 061 058/ 055 —039/ 047 —058/ 04
JER Effective NP 9 -0.39/ —0.6 047/ -0.69 —025/ 025 —0.2 /—0.13 0.19/ 0.68
JER Effective NP 10 0.07/ —0.68 —0.17/ 0.17 0.04/ —0.65 0.76 / —0.23 —0.39/ 0.89
JER Effective NP 11 09 /055 —014/ 035 028/ 062 01/ 058 03/ 02
JER Effective NP 12restTerm -0.22/ -0.23 —0.18/ 0.03 0.01/—-1.1 0.46/ —0.52 —0.03/ 1.26
JES Effective NP Detectorl 02/ 015 -0.29/ 0.07 —0.04/ 019 0.14/-0.02 0.04/ —0.27
JES Effective NP Detector2 0.01/ 0.07 0.0 /—0.01 0.01/ —0.03 0.0 /—-0.02 —0.01/ 0.0
JES Effective NP Modellingl 037/ 067 015/ 011 05 /028 021/ 00 —0.82/ 006
JES Effective NP Modelling2 0.19/ 0.07 —0.08/ —0.02 0.1/ 0.0 0.1 / 0.06 —0.18/ —0.05
JES Effective NP Modelling3 003/ 026 —005/ 015 009/ 002 003/ 015 —007/ —0.14
JES Effective NP Modelling4 —0.04/ 0.05 0.02/ 0.02 —0.02/ —-0.04 —0.02/ —0.05 0.03/ 0.02
JES Effective NP Mixedl 0.17/ 0.05 —-0.28/ 0.06 0.05/ 0.14 0.12/ —0.18 0.0 / —0.08
JES Effective NP Mixed2 0.07/ 0.07 0.17/ —0.25 0.13/ 011 -0.06/ 0.17 -0.22/ —0.05
JES Effective NP Mixed3 0.18/ 0.05 —-029/ 0.0 —0.01/ 0.16 0.11/ —0.12 0.06 / —0.08
JES Effective NP Statisticall 0.01/ 0.07 0.0 / 0.01 0.01/ —-0.02 —0.01/ —0.04 —0.01/ —0.01
JES Effective NP Statistical2 0.05/ 0.09 0.14/ —0.26 02/ 01 -0.04/ 015 —0.26/—0.03
JES Effective NP Statisticald 0.14/ 01 —0.23/—0.03 0.03/ 0.0 0.11/ —0.01 0.0 /—0.03
JES Effective NP Statistical6 0.0 / 011 -0.02/-0.01 0.04/-0.02 0.03/ —-0.05 —0.04/ 0.0
JES Effective NP Statisticals 005/ 018 —008/—024 012/ 00 002/ 011 —007/ 001
JES Flavor Response 014/ 027 -06 / 0.09 038/ 055 —0.17/ 1.11 0.15/—-1.28
BJES Response —0.06/ 0.08 —0.15/—0.24 0.18/ 0.06 0.38/ 0.29 —0.22/ —0.09
JES Flavor Composition tq, tq 056/ —-0.26 038/ -036 04 / 025 0.25/-0.06 —1.02/ 025
JES pileup OffsetMu 0.1/ 04 —0.65/—-0.04 0.82/ —0.48 091/ 0.06 —0.76/ 0.15
JES pileup OffsetNPV 0.47 / —0.42 0.15/ 0.07 0.18/ 0.34 0.11/ 0.18 —0.56/ —0.19
JES pileup RhoTopology 073/ 065 061/ 01 056/ 042 05 /024 —154/ 047
JES pileup PtTerm 049/ 026 —0.37/ 001 04 / 008 020/ 004 —048/ —022
JES Etalntercalibration Modelling 065/ 034 033/-094 1.12/-043 051/ 0.88 —-1.75/ 0.31
JES Etalntercalibration TotalStat 01/ 026 -0.14/-0.02 025/ 004 -0.02/ 0.02 —-0.14/-0.16

JES Etalntercalibration NonClosure negEta 0.15/ 004 014/ -0.07 —-03 / 004 0.09/ 0.06 0.0 /—0.04
JES Etalntercalibration NonClosure 2018data 0.2 / 0.04 —0.04/-0.23 0.0 /—-0.03 —-0.15/—0.1 0.01/ 0.22

MET SoftTrk Scale —0.01/ 049 -0.41/-0.14 0.36/ 0.09 —0.26/ 0.66 0.16 / —0.61
MET Soft Ttk ResoPara 046/ - 065/ - 004/ - 060/ -  —021/ -
MET SoftTrk ResoPerp -0.12/ - -0.77/ - -0.07/ - 0.33/ - 047/ -
VT —0.02/ 001 —001/ 001 005/—004 —0.04/ 003 00 / 0.0
fIVT 001/ —002 —014/ 014 —002/ 001 —004/ 004 013/ —0.12
b-tag B4 -0.01/ 0.01 -0.01/ 001 -0.02/ 0.02 -0.03/ 0.03 0.05/ —0.05
b-tag B5 —0.03/ 0.03 —0.03/ 0.03 —0.03/ 0.03 —0.02/ 0.02 0.07/ —0.07
b-tag B6 0.03/ —0.03 0.03/ —0.03 0.02/ —0.02 0.01/ —-0.01 —0.07/ 0.07
b-tag CO 001/ 00l 00/ 00 —004/ 004 —002/ 002 005/ 005
b-tag C3 001/ 001 00 / 00 003/ 003 002/ 002 —004/ 004
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F. Systematic uncertainties
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b-tag C5 0.09 / —0.09 0.02 / —0.02 0.02 / —0.02 —0.010 / 001 —0.08 / 0.08
b-tag C6 -0.01 / 0.01 00 / 00 —-0.03 /  0.03 —0.05 /  0.05 0.05 / —0.05
b-tag Light0 00 / 00 0.01 / —0.01 —0.01 / 0.01 0.04 / —0.04 —0.02 / 0.02
EG RESOLUTION ALL 049 / 006 —0.04 / —0.13 03 / —002 —-048 / —0.09 —0.19 / 0.13
EG SCALE ALL 0.13 /  0.03 0.17 / —0.1 044 / 006 —0.55 / —0.04 —0.21 / 0.03
EL Isol -0.11 / 0.1 —0.06 / 0.06 -0.02 / 0.02 0.09 / —0.09 0.06 / —0.06
MU Isol syst. 0.05 / —0.05 0.04 / —0.04 001 / —0.00 —0.05/ 0.05 —0.04/ 0.04
MU CB -0.29 / 0.1 —0.07 / —0.13 018 / —022 —0.01 / 03 0.07 / 0.03
MU Momentum Scale 0.04 / 0.0 —-032 / 005 —0.04 / 0.02 0.06 / 0.05 0.19 / —0.08
MUON SAGITTA DATASTAT —0.03 / —0.02 —-0.04 /  0.03 0.0 / 00 -0.03 /  0.03 0.06 / —0.03
MUON SAGITTA RESBIAS 0.09 / 004 —008/ —-037 —012/ 0.03 0.14 /  0.09 0.02 / 0.16
pileup 0.04 / —0.09 0.07 / 005 —0.15/ 009 —0.17 / 0.15 0.15 / —0.15
Modelling uncertainties

1q pr —0.19 / —0.32 0.11 / 0.0 —0.04 / —0.07 —0.13 / —0.26 0.06 / 0.42
tq ur 0.05 / —0.56 029 / —0.18 0.07 / —0.19 -0.2 / —0.24 -0.3 / 081
tq FSR -0.17 /  0.08 022/ -023 —036 / —027 —0.79 / —0.33 0.66 / 0.52
tq ISR ag —0.28 / —0.28 0.01/ 006 —01 / —0.08 —0.33 / —0.08 04 / 021
tq PDF —-046 / —0.08 —0.16 / 025 —034 / 022 —048 / 0.07 039 / 017
7q Parton shower Z1.09 /{ 1.09) —003 /( 0.03) 132 /(-1.32) 091 /(—091) —1.06 /( 1.06)
tq NLO matching -1.17 / ( 1.17) 0.19 / (-0.19) 1.9 /(-19) 19 /(-1.9) —2.08 /( 2.08)
JES Flavor Composition ¢ —0.03 / —0.1 0.08 / —0.11 023 / 0.0 008 / 004 —026/ 011
mj e shape —0.61 / —0.18 092 / —0.25 051 / —0.14 —055/ 072 —04 ] —0.03
mj fe shape 0.87 / 0.06 091 / 0.07 1.12 /  0.12 0.8 / 0.06 —243 / —0.21
mj u shape 008 / —0.08 004 / —0.04 042 / —0.42 011 / —0.11 —046 / 046
tt ur 00 / 001 —003/ 002 —0.07/ 006 —0.03/ 0.02 0.09 / —0.08
tt FSR -0.12 / —047 0.0 / —0.03 0.29 / —0.35 0.04 / —0.25 -0.18 /  0.69
# ISR as 001 / —0.01 0.02 / —0.01 0.03 / —0.03 004 / —0.02 —007 / 005
tW +tW DS 0.03 / (—-0.03) —0.03 / ( 0.03) 0.12 / (-=0.12) —0.29 / ( 0.29) 0.08 / (—0.08)
tW + tW,tb/th FSR -0.03 / —0.22  —0.01 / —0.03 0.08 / —0.05 0.04 / —0.09 —0.06 / 0.23
tW + tW,tb/th ISR as 0.01 / 0.0 0.04 / —0.03 —0.01 / —0.02 0.0 / 0.02 -0.02 /  0.02
W +bb pp -184 / 184 0.06 / —0.06 0.17 / —0.17 0.73 / —=0.73 0.39 / —0.39
W +bb jug 0.0 / 0.04 0.04 / —0.05 06 / 0.66 05 / 08 —-078 / —1.0

W +¢(¢) pr —0.46 / —0.46 012/ 004 —0.05/ —0.02 —0.36 / 0.92 04 / —03

W+ c(€) ur 022 / 049 -0.33 / —0.34 -0.63 / —1.05 —0.14 / —0.51 0.68 /  1.09
tt, tW + tW, tb/tb PDF 0.05 / —0.05 0.03 / -0.03 —0.01/ 001 —0.05/ 005 —0.01/ 0.01
tW + tW, tb/tb Parton shower -0.1 /( 01) —0.01 /( 0.01) 00 /( 00) —0.09/( 0.09) 0.11 / (—0.11)
## Darton shower 0.09 /( 0.09) —023 /( 023) 043 /(—0.43) 032 /(—032) —03 /( 03)
{f NLO matching 009 /(—0.09) 003 /(—0.03) 042 /(—0.42) 054 / (—0.54) —0.71 ] ( 0.71)
tW + tW NLO matching —0.08 /( 0.08) —0.08 /( 0.08) 0.06 / (—0.06) —0.04 /( 0.04) 0.08 / (—0.08)
tt haamyp 02 /(-02) 0.11 / (—0.11) 0.07 / (—0.07) 0.23 /(—0.23) —0.36 / ( 0.36)

Background rate uncertainties

tt rate -0.06 / 006 —0.04 / 004 —0.03 / 0.03 0.0 / 00 0.08 / —0.08
W + bb rate 0.03 / —0.04 0.01 / —0.01 —0.05 /  0.05 0.0 / 00 0.01 / —0.01
W + c(c) rate 0.05 / —0.05 0.0 / 00 0.08 / —0.09 —0.02 / 002 —0.08 / 0.09
V'V, +jets rate 024 / —024 022 ] —0.22 007 /] 007 —011 / 012 —027 ] 027
mj e rate -0.09 / 0.09 —0.15 /  0.15 —-01 / 0.1 0.06 / —0.06 02 / —02

mj fe rate 0.02 / —0.02 —0.04 / 0.04 0.02 / —0.02 02 / —02 -0.11 / 0.11
mj 4 rate 0.24 / —-0.25 0.05 / —0.05 01 / —0.1 023 / —023 —038 / 0.38

Statistical uncertainties

Data stat. 231 / —231 1.92 / —1.92 222 ) —2.22 2.57 | —2.57 2,77 ) =277
MC stat. 0.68 / —0.68 0.64 / —0.64 0.65 / —0.65 0.76 / —0.76 0.81 / —0.81
Total uncertainty 49 / —6.6 37 | =35 53 /) —4.1 50 / —4.3 52 / —6.3
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Table F.10.: Contribution of each individual uncertainty on the differential tq/tq cross-section
ratio binned in pr (¢t or t). Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05 % for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in %]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Experimental uncertainties

JER DataVsMC MC16 —229/-012 -166/ 084 097/-037 024/-012 059/ 077 —0.67/-137 005/ 056 —0.75/—1.22
JER Effective NP 1 186/ —4.62 119/ -185 001/ 082 035/ 013 094/ 102 —001/ 151 —0.64/ 039 05 /] 2.31
JER Effective NP 2 —0.22/ —4.19 143/ -1.39 —0.02/ 1.88 —0.21/-0.13 159/ -1.16 08 /—225 —1.0 / 048 091/ 0.71
JER Effective NP 3 —343/ 054 -1.74/ 0.37 149/ -1.33 041/ -027 063/ 126 —143/ 012 3.02/—-041 0.53/  0.66
JER Effective NP 4 -195/-274 —02 /-0.14 021/ 08 035/ 026 056/ 066 0.19/-137 —2.03/ 0.81 2.46 / —1.06
JER Effective NP 5 —2.47/ 0.07 —0.31/-0.84 0.66/ —=0.77 —0.03/ 0.14 1.01/ 0.82 —2.05/ 08 076/ 048 02/ 11
JER Effective NP 6 —0.03/-359 —-1.1 / 067 —-1.0 / 0.04 0.31/-0.23 128/ 031 —247/ 139 097/ -0.21 035/ 0.92
JER Effective NP 7 —241/-1.72 022/-085 083/ 074 —-0.73/ 077 027/-018 0.03/-0.01 —0.04/ 0.12 083/ 0.25
JER Effective NP 8 0.31/ —0.81 01 /—-08 —0.09/ 0.3 0.53/ —0.15 1.02/ 0.07 —0.88/-0.87 0.68/ 022 —0.07/-0.71
JER Effective NP 9 —1.67/ -1.0 023/ 013 021/-003 -015/ 036 —-012/ 07 019/ -217 -017/ 167 021/ 057
JER Effective NP 10 —0.74/-015 032/-055 064/ 043 —0.06/ 021 —054/ 0.75 013/ 022 0.81/-0.03 —0.77/ 1.8
JER Effective NP 11 —0.16/ —045 0.0 / 0.06 —042/ 0.61 058/ —0.38 0.71/ —0.04 —1.02/ —0.8 089/ 0.66 —0.73/ 215
JER Effective NP 12restTerm —1.85/ —0.76 —0.32/ —0.41 034/ 052 —0.07/ 057 0.0 / 0.34 124/ -187 —0.55/ 225 088/ 0.6
JES Effective NP Detectorl —0.01/ 0.08 001/ 0.01 04 /=003 004/ —-003 —012/-006 015/ 017 014/ -028 —0.24/ 0.1
JES Effective NP Detector2 —0.01/ -0.12 —0.01/ —0.01 0.05/ 0.0 0.02/ 0.04 —0.08/-007 013/ 003 —0.04/-006 0.04/ 0.1
JES Effective NP Modellingl 0.79/ —0.01 042/ 014 -032/ 048 -039/-082 039/-045 024/ 1.11 —-043/-0.85 —-0.26/ 0.28
JES Effective NP Modelling2 005/ 024 004/ 001 039/ 008 00/ 006 00 /—013 02/ 023 —029/ 015 032/ 014
JES Effective NP Modelling3 —0.07/ —0.06 —0.03/ 0.01 —0.09/ 043 0.01/-0.02 —0.1 /—0.01 008/ 011 —-01 /—=009 0.0 / 027
JES Effective NP Modelling4 —0.05/ 0.02 -0.04/-0.03 0.02/-0.04 0.08/ 0.08 —0.08/-0.12 0.06/ 012 027/ 004 025/ 0.51
JES Effective NP Mixedl —0.19/ -0.09 —0.09/ —0.1 046/ 0.01 0.07/ 0.02 —-023/-029 013/ 062 0.02/-052 045/ 0.32
JES Effective NP Mixed2 019/ 053 —-01 /—0.15 —0.04/ 03 00 / 002 —-026/-016 053/ 016 —043/ 0.21 0.56 / —0.31
JES Effective NP Mixed3 0.03/ 0.0 0.01/-006 039/-004 0.04/ 002 -011/-002 01 /-005 0.0 /-0.07 —-0.12/ 0.08
JES Effective NP Statisticall 004/ -014 001/ 001 —0.01/ 0.01 0.0 / 0.02 —0.03/-0.11 0.06/ 0.01 0.02/ —0.06 —0.22/ 0.1
JES Effec NP Statistical2 032/ 045 0.04/-0.09 —0.23/ 031 —0.04/ 0.08 0.05/-0.09 0.05/ 024 0.09/—-0.02 —0.05/—0.55

JES Effective NP Statistical3 —0.02/ —0.01 0.03/ 0.01 —0.01/-0.01 0.03/ 0.02 —0.13/ —0.06 02 / 014 —014/-022 —0.05/ 0.15
JES Effective NP Statisticald ~012/ —001 —001/ 00 043/ 001 —0.01/ 005 —0.02/ 023 012/ 018 —023/ 0.7 016/ 023
JES Effective NP Statistical6 0.01/ 0.02 0.0 / 0.01 0.07/ 0.02 0.03/ 0.04 -0.04/-01 —0.04/-0.03 026/ 0.03 —0.2 / 0.07
JES Effective NP Statistical5 —0.03/ -0.2 —0.03/ —0.01 —0.05/ 0.44 0.03/ 0.03 —0.03/—0.11 0.06/ 0.0 0.05/ —0.15 —0.18/ 0.0

JES Flavor Response 027/ 201 017/ 001 —0.74/ —037 —0.05/ 018 —1.0 / 081 —017/ 018 —1.46/ 043 —0.6 / 0.6
BJES Response 023/ 017 033/ 002 041/ 024 —0.16/ 022 —0.49/ —0.18 038/ 053 016/ —0.14 —0.00/ 0.6
JES Flavor Composition tq, tq 0.95/ -1.2 0.82/ —0.97 0.65/ —0.87 0.16/ 0.05 046/ 0.02 043/ -0.16 —0.67/ —1.42 0.34/ —0.01
JES pileup OffsetMu 523/ —-1.03 —0.64/ —0.43 00 / 05 0.05/ —0.86 0.16/ 052 —0.18/ 0.71 0.26 / —0.58 0.03/ —0.71
JES pileup OffsetNPV 1.02/ —0.09 0.05/ 0.03 —0.17/ 0.36 0.0 /—0.66 0.33/ 0.09 022/ 047 —034/-034 —1.26/ 0.02
JES pileup RhoTopology 133/ 051 045/ 029 —041/ —0.13 —011/ —0.06 05 /—021 —0.04/ 037 —111/ 042 —0.7 / 0.86
JES pileup PtTerm —0.12/ 05 0.11/ —0.21 047/ -024 —042/ 0.21 0.26 / —0.29 112/ 0.79 0.37/ —0.61 03 / 092
JES SingleParticle HighPt —0.07/ —-0.07 —0.01/ —0.01 —0.03/ —0.03 0.06/ 0.06 0.12/ 0.12 —0.06/ —0.06 025/ 0.25 032/ 0.32
JES PunchThrough MC16 —0.07/ —0.07 0.03/ 0.02 0.0 / 0.0 0.02/ 0.04 0.04/ 0.05 —0.05/—0.05 029/ 028 —0.1 /—0.03
JES Etalntercalibration Modelling 2.6 /—0.29 1.02/ -0.35 —0.61/—-0.27 —0.76/ 0.26 0.63/ —0.51 057/ 137 -129/-189 —-0.19/-0.35
JES Etalntercalibration TotalStat 0.89/ —0.18 0.01/-0.04 —0.19/ 051 0.11/ —0.66 0.05/ —0.11 011/ 019 -049/ 013 -0.75/ 0.17
JES Etalntercalibration NonClosure highE -0.02/-0.02 0.03/ 0.02 -0.02/-0.01 0.01/ 0.01 0.02/ 0.08 0.01/-011 015/ 0.1 —0.5 /—0.04
JES Etalntercalibration NonClosure negEta —0.19/ -0.02 —0.01/ 006 043/-01 —0.03/-0.05 —0.11/ 0.12 —0.16/-015 05 /—0.1 —045/ 0.27

JES Etalntercalibration NonClosure posEta —0.04/-0.12 004/ 011 —0.06/ 002 —0.02/ 002 007/ 011 0.12/-015 —0.22/ 0.28 —0.03/—0.25
JES Etalntercalibration NonClosure 2018data 001/ 049 —01 /—0.09 —0.05/-0.06 —0.01/ 0.06 —0.19/—0.04 017/ 014 -0.11/-014 —-0.73/ 0.06

MET SoftTrk Scale 037/ 00 —014/-019 —0.13/ 04 —026/ 0.08 —0.38/ 047 0.55/ —0.09 1.17/ —0.63 0.08/ 1.86
MET SoftTrk ResoPara 022/ - —-1.06/ - —0.1 / - 033/ - —2.23/ - 017/ - 137/ - 146/ -
MET SoftTrk ResoPerp 011/ - 051/ - 038/ - 002/ - 044/ - 037/ - 035/ - 006/ -
JVT —0.1 / 0.06 -0.04/ 0.02 —0.06/ 0.04 —0.02/ 0.01 -0.05/ 0.03 —0.08/ 0.07 —0.06/ 0.04 —0.08/ 0.06
fIvVT —0.19/ 017 —0.02/ 0.02 —-0.16/ 017 —0.04/ 004 —011/ 0.13 —0.13/ 0.14 —0.04/ 0.04 —0.18/ 0.18
D-tag BO 004/ 0.04 —004/ 004 —003/ 003 —004/ 004 —003/ 003 —0.03/ 003 —004/ 004 01 /—01
b-tag B3 0.01/ —0.01 0.0 / 0.0 0.0 / 0.0 0.01/ —0.01 0.0 / 0.0 —0.01/ 0.01 0.02/ —0.02 0.06 / —0.06
b-tag B4 —0.05/ 0.06 —0.04/ 0.04 —0.01/ 0.01 —0.06/ 0.06 0.0 / 0.0 0.03/ —0.04 —0.12/ 0.12 00 / 00
D-tag B5 0.04/—-004 006/ —0.06 005/ —005 004/ —004 005/ —005 004/ —004 002/ —002 011/ —011
D-tag B6 002/ —002 00 / 00 002/ —002 001/ —001 001/ —001 002/ —002 005/ —0.05 005/ —0.05
b-tag CO —0.14/ 014 -015/ 015 —-0.14/ 014 -0.08/ 0.08 —0.09/ 0.09 —0.15/ 015 —0.26/ 027 —0.14/ 0.14
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F. Systematic uncertainties

b-tag C1 0.09 /  —0.09 0.09 /  —0.09 0.09 / —0.09 005 / —0.05 005 / —0.05 0.04 /  —0.04 00 / 0.0 0.04 / —0.04
b-tag C2 003 /] _—0.03 0.06 / _—0.06 0.06 / _—0.06 003 / 003 003 / 003 002 ] _—0.02 00 /00 001 / _—0.01
b-tag C3 009 / 008 01 / —01 011 / —011 0.06 /006 007 /007 006 / _—0.06 003 /] _—0.03 001 /] —0.04
b-tag C4 005 | 005 005 /| 005 0.06 /006 003 / 003 0.03 / 003 001 /] —0.04 003 / _—0.03 002 /] —0.02
b-tag C5 021 /024 009 / _—0.09 003 /003 001 /001 0.08 /008 001 /] _—0.04 005 ] _—0.05 00 /00
T-tag C6 0.02 / _—0.02 007 /007 001 / 001 004/ _0.04 003 / 003 =003/ 003 —002/ 002 001 /_—0.01
D-tag C7 004 /004 01 /01 —0.06 /__0.06 0.02 /002 001 /0.1 00 /00 00 /00 003 /_—0.03
b-tag Light0 0.0 / 0.0 —0.05 / 0.05 00 / 0.0 —0.12 / 0.12 0 / 0.03 0.01 / —0.01 —0.04 / 0.04 —0.24 / 0.24
b-tag Light2 00 /00 002 /] 002 00 /00 003 / 003 001 / 001 =001/ 001 001 / _—0.01 005 /] _—0.05
EG RESOLUTION ALL 088 / 022 —00L/ —0.04 032/ 004 __—001 /] 02 031 /] 004 008 | —0.22 05 / 011 018/ 05
EG SCALE ALL 082 /01 —0.06 / 004 024 ] —0.02 017 /002 006 / 022 006/ 022 006 / 031 013 /017
EL Tsol 005 / _—0.05 0.08 /008 005 /005 005 /005 0.06 /006 001 /] _—0.04 009 / _—0.08 012 / 0.2
MU Trigger syst 001 / 00l 003/ 003 004/ 004 002/ 002 002 / 002 003/ 003 __ 003/ 003 003/ 003
MU CB 02 / —0.07 —036 / —0.16 —0.23 / 0.32 0.11 / 0.17 026 / —0.1 013 / —015 0.45 / 0.13 0.29 / 0.62
MU Momentum Scale 002/ 01 002 /| _—011 027 /| _—0.05 008 /01 011/ 005 00 / —0.02 016 /031 025 /03
MUON SAGITTA DATASTAT 004 / —003 __ —002 /] —0.05 005/ —0.05 008 /009 011/ 014 =001/ —0.09 028 /0% 019 /030
MUON SAGITTA RESBIAS 017 / 0.1 015/ 004 003 /022 009 /005 001/ 005 006 /0.5 027 /0.4 057 /043
pileup 054 /] 023 004 /00 016 / 021 —0.09 / 0.06 014 / 001 057/ 043 26 / 038 018 / 004
Modelling uncertainties
tq/tq pr 012 / 013 0.22 /| —0.16 031/ 022 —0.19 /  0.03 —0.19 /  0.02 / / =051 -1.97 /
ta/tq pnr 0.37 /031 0.35 /027 054/ 0.05 014 /015 047 /037 / /052 —151/
7q/lq FSR 002 / 094 ___—0.03 ] _—059 035 /07 021/ 218 101/ 206 5/ 2/ —098 029 /
7q/Tq SR as 016 / 006 _—0.06 / 0.7 017 / 034 01 / —014 018 /| 027 7 /046 08 ]
7q/Tq PDF 05 | 054 063 / 063 093 /] 039 074 /] 081 036 / 004 7 50/ 142 067 /
7q/Tq Parton shower 131 /(_124) 122 /(_114) 02 /(019 T.01 / ( —1.01) 03 /(029 7] J( —331) 28 /
7q/tg NLO matching 02 /(_02) 025 /(—021) 042 /(__039) 07 _/(_ 0.5 772 /(61 / 21 /(099 717 ]
JES Flavor Composition 0.8 / __0.04 006/ 003 019/ 012 03 / 03 025 /] 012 7 31/ 08 0.05 /
JES Flavor Composition tW + 1V, tb,/filz 0.04 / —0.1 —0.01 / 0.05 0.01 / 0.04 —0.06 / —0.07 0.13 / —0.08 / / =001 —0.38 /
mj ¢ shape —045 ] —129 047 /] —008 __—0a7 / 11 038 /0.6 038 /| 004 7 5/ 001 0.01 /
mj fe shape 072 /] 021 037 /01l 012/ 023 088 /002 00 / 003 7 3/ 00 00 /
mj i shape 015/ 005 007 /007 002 /002 018 / 0.8 07 /] 07 7 9/ 019 011 /
Tt i 001 / _—0.03 0.08 /_—0.06 005 /001 0.09 /007 0.3 /009 5/ 5 /005 03/
Tt pur 003 / 003 003 /003 0.09 /008 0.09 /008 007 /007 / /015011 /
i FSR —023 /04 016 / 011001/ 004002/ 015 001 /_—0.01 7 13/ 001 09/
—0.04 / 0.04 00 / 0.0 —0.06 / 0.04 00 / 0.0 —0.02 / 0.08 / 5/ 0.12 0.17 /
/10 jin 001 / 001 =001/ 001 00 /00 00 /00 00 /00 7 /003 0.14 /
DS —021 /(021 0.05 / (—0.05) 007 / ( —0.07) 0.06 / ( —0.06) 0.02 /(002 7 /(=093 0.8 / (
W, 10/ i —0.01 /001 00 /00 001 / 001 002/ 002 001/ 00 i /_—001 014 /
ih/Th FSR 0.06 /0.3 00 / 006 00/ 005 014 / 029 006/ 008 / /051015 /
W & (W, b/ ISR as 002 /003 002/ 006 004/ 003 003/ 001 00 / 003 / /008 0.03 /
Wb iir 048 /048 035 /034 001 /_—0.01 004 / _—0.04 031 / 034 7 /051006 /
W +bb g —0.14 / —0.95 0.06 / 0.59 —0.05 / 0.16 —0.12 / 0.14 0.06 / 0.09 / / 0.43 —0.12 /
W + (@) ur —083 ] 207 021 / 041 023 / —0.14 02 / 019 01 / 026 7 5/ 033 0.07 /
W+ c(@) pr 024 /017 025/ 048 —037 ] 0.7 00 /006 012/ 082 7 /o4 —0.05 /
T, 0 + i, 1/t PDF 003 / 003 005 /005 0.09 /009 015/ 015 023 /] 023 i /018 035 /
I + 7V, 1/7 Parton shower 021 /(020 001 / (001 0.08 / (—0.08) 01 /(01) 015 /(_015) J(_109) J(—13) 013/
1 Parton shower —0.07 / (__0.07) 021 / ( —021) 029 /(—029) 026 /(_026) 091 /(_0.94) / (—0.01) 7 (__6.05) 041 /
# NLO matching 01 /(_01)  —024 /(024 0.08 / (—0.08) 0.49 / (049 058 / (—057) /(—21) J( 31)  —0.06 /
W + (1 NLO matching —0.07 / (__0.07) 0.06_/ ( —0.06) 002 /( —0.02) __—0.06 / (__0.06) 0.04 / (—0.04) (018 J(—12)  —0.06/
11 aamp 003 /(—003) _—04 j( _04) 012 /(012 011 /(—011) =011 /(__011) J(—0.39) /(—04) 218 /(
W+ W higamy 009 /0.9 009/ 0.09 009 /009 009 /009 009 /009 7009 /009 0.09 /
Background rate uncertainties
it 01 / —0.1 011 /  —0.11 013 / 0.3 016 / _—0.16 /018 016 / —0.16 028 / 0.8 04/ 039
W+ O, 5/1h 0.09 /_—0.09 0.06 /_—0.06 0.05 /005 0.06 /_—0.06 /01 012 / —0.12 005 /_—0.05 019 /019
W +bb ((7) SR rate —1.15 / 1.15 —0.61 / 0.61 —0.33 / 0.33 —0.17 / 0.17 / 0.18 —022 / 0.22 —0.16 / 0.16 —0.15 / 0.15
T+ 0b (") SR rate —10 /10 —09 /079 043/ 043 0.25 /032 019/ 019 021/ 021 02/ 02
T+ (@) (() SR rate 254/ 253 —L08 / 108 032/ 032 034 /029 026/ 026 020/ 020 02 /] 02
W+ (@) (() SR rate 243 ] 243 120/ 13 050 /059 04 ) 045 /| 045 05 /05 021/ 024
VT, Jjets rate 04 ]/ 039 019 / 0.0 0.08 /008 —0.05 /007 015 ] _—0.15 003 / 003 002/ 002
mj ¢ rate 03 / 029 013 /013 012/ 012 —0.06 /o011 002 /_—0.02 001 /_—0.01 00 /00
mj fe rate 03 / —0.29 015 /0.4 0.4 / 013 —0.05 /012 0.02 /_—0.02 001 /_—0.01 00 /00
mj j rate 029 / —0.29 012 / —0.12 019 / -0.19 —0.18 / —0.38 —0.29 / 0.29 —0.13 / 0.13 0.04 /  —0.03
Statistical uncertainties
Data stat. 312/ —3.12 217 / 217 234 / 234 343 / —343 614 / —6.14 0.04 /904 1237 / —12.37 1593 / —15.93
MC stat 002 /002 005/ 0.05 006 / 006 01 / 01 019 / 019 031 / 031 047 /047 061 /064
Total uncertainty 93 / —114 45 /| —54 19 | 37 18/ —44 10/ 95 107 / 123 158 / —153 189 / —195
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Table F.11.: Contribution of each individual uncertainty on the differential ¢q/tq cross-section
ratio binned in |y(¢ or ¢ )|. Brackets around down systematics indicate that this
systematic is symmetrised. Uncertainties whose impact is below 0.05% for all
bins are not listed for the sake of brevity.

Systematic Systematic uncertainty in %]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5

Experimental uncertainties
JER DataVsMC MC16 142/ 046 —02 / 067 -242/-055 0.16/ 041 —2.0 / 0.6
JER Effective NP 1 —-124/ 1.24 3.07/ —-1.21 1.55/ —2.59 —2.08/ —0.52 2.78 ) =3.73
JER Effective NP 2 —-1.54/ 1.75 1.43/ —2.05 1.06/ —1.35 —0.56/ —0.02 141/ -1.73
JER Effective NP 3 125/ —2.04 -153/ 135 -1.15/-024 —0.15/—-145 —149/ 2.32
JER Effective NP 4 1.31/-0.78 —0.95/ 1.43 —0.48/ —1.79 035/ —-04 —271/ 0.62
JER Effective NP 5 023/ 069 051/ 006 —131/ 019 —065/ 023 —12 /208
JER Effective NP 6 104/ —1.66 —002/ 101 —186/ —114 —1.09/—088 —0.71/ 0.1
JER Effective NP 7 —0.66/ 0.55 0.7 / 012 -1.33/ —0.44 0.08/ —0.73 0.18/ —1.43
JER Effective NP 8 071/ 127 —03 /078 004/ 041 036/ 146 0.3/ —0.31
JER Effective NP 9 -0.01/ 0.18 —-031/ 086 —0.06/—0.54 —0.74/ —0.58 0.18/ —1.36
JER Effective NP 10 0.09/ 0.44 044/ -0.27 —02 / 083 —0.89/ —0.24 1.62/ —1.67
JER Effective NP 11 0.24/ 0.61 0.41/ —0.33 0.17/ 024 -0.74/-096 -1.11/ 0.98
JER Effective NP 12restTerm —0.21/ 0.05 021/-03 —076/ 099 -1.21/ 0.21 0.59/ —2.3
JES Effective NP Detectorl —0.04/ —0.12 0.33/ —0.03 0.09/ —0.17 0.0 / 0.21 0.09/ 0.44
JES Effective NP Detector2 0.06 / —0.1 0.0 /-0.02 —0.01/ 002 0.01/ 0.0 0.0 /—0.03
JES Effective NP Modelling1 0.01/ —0.71 011/ 01 -01 / 0.11 0.13/ —0.01 092/ 1.39
JES Effective NP Modelling2 0.02/ —0.04 0.23/ —0.01 0.02/ 0.09 0.06/ 0.1 0.48/ 0.03
JES Effective NP Modelling3 -0.1 /—=0.05 —0.01/ 025 -0.12/ 0.08 0.08/ —0.02 —0.01/ 0.3
JES Effective NP Modellingd 0.06/ 011 —0.05/ —0.07 —0.01/ 001 003/ 015 —0.03/ 0.04
JES Effective NP Mixed1 —0.03/ —0.19 031/ -0.1 —0.04/-0.14 —0.12/ 0.31 0.09/ 0.16
JES Effective NP Mixed2 -0.18/ 0.15 —-0.14/ 0.32 —0.15/ —0.02 0.12/ 0.01 09 / 0.19
JES Effective NP Mixed3 —0.02/ —0.09 0.38/ —0.05 0.1 /—-021 —-0.01/ 021 0.04/ 0.18
JES Effective NP Statistical2 -0.11/ 0.13 -0.08/ 0.32 —0.22/ 0.11 0.03/ 0.03 091/ 0.16
JES Effective NP Statisticald —0.01/ —0.13 0.29/ —0.02 0.03/ 0.01 -0.01/ 0.15 0.1 / —0.01
JES Effective NP Statistical6 0.08/ —0.14 0.02/ —-0.03 —0.02/ 0.02 —-0.01/ 0.18 0.1 / 0.09
JES Effective NP Statisticald —0.11/ —0.06 0.03/ 0.27 —-0.15/ 0.05 0.07/ —0.01 0.13/ 0.09
JES Flavor Response -0.64/ 029 011/ 053 —-09 / 0.02 -0.01/-0.87 097/ 195
BJES Response 0.39/-0.16 0.28/ 0.22 —0.08/—-0.25 —0.16/—0.25  0.41/ —0.02
JES Flavor Composition tg, {q 06 /—053 0.67/-045 021/-124 037/ -04 0.8 / 0.02
JES pileup OffsetMu 085/ —0.63 166/ 052 062/ 02 —067/ 022 105/ 028
JES pileup OffsetNPV -0.16 / 0.67 0.35/ —0.35 0.13/ —0.59 0.11/ -0.1 0.75/ 0.96
JES pileup RhoTopology -0.1 /=077 03 / 013 056/ —-0.08 —0.21/ 0.05 244/ 2.16
JES pileup PtTerm 044/ -01 069/ 005 —024/-023 01 /—012 078/ 1.04
JES Etalntercalibration Modelling 1.04/-093 053/ 013 026/ -0.34 —026/-1.04 172/ 1.65
JES Etalntercalibration TotalStat 0.14/ —0.21 0.26/ 0.07 0.16/ —=0.2 —0.11/ —0.14 0.17/ 0.97
JES Etalntercalibration NonClosure negEta ~ —0.07/ —0.03 —0.07/ 0.04 0.39/-0.05 0.0 /-0.04 0.1 /—0.03
JES Etalntercalibration NonClosure posEta 0.02/ —-0.05 —0.05/ 0.03 —-0.01/ 0.05 -0.06/-0.01 0.07/ 0.17
JES Etalntercalibration NonClosure 2018data —0.21/ —0.12 0.0 / 0.19 -0.1 / 0.09 0.11/ 0.05 —0.06/ —0.08
MET SoftTrk Scale —0.34/ —0.28 021/ 041 -049/ 0.16 0.52/ —0.29 0.08/ 0.48
MET SoftTrk ResoPara -16 / - 037/ - -0.39/ - —0.84/ - 142/ -
MET SoftTrk ResoPerp -13 / - 045/ - -0.33/ - -0.51/ - 1.02/ -
VT 003/ 00l —005/ 003 —012/ 008 00 /001 —002/ 001
BIVT 01/ 01 003/ 002 —004/ 004 001/ 00l —015/ 0.5
b-tag BO -0.04/ 0.04 -0.04/ 004 —-0.04/ 0.04 —0.04/ 0.04 —0.04/ 0.04
b-tag B4 004/ 004 003/ 003 —005/ 005 —0.02/ 002 —011/ 0.2
b-tag B5 0.06/ —0.06 _0.06/ —0.06 _0.06/ —0.06 _0.06/ —0.06 0.0 / 0.0
b-tag CO 014/ 014 —016/ 016 —012/ 012 —023/ 023 —015/ 0.5
b-tag C1 0.08/ —0.08 0.1 /—01 007/ -007 014/ 014 0.09/ —0.09
b-tag C2 0.06/ —0.06 0.06/ —0.06 _0.03/ —0.03 0.08/ —0.08 _ 0.05/ —0.05
b-tag C3 01 /=01  012/-012 0.08/-008 016/ —016 0.1/ —0.11
b-tag C4 0.05/ —0.05 006/ —0.06 005/ —0.05 008/ —0.08 0.06/ —0.06
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F. Systematic uncertainties e

b-tag C5 0.02 / —0.02 0.08 / —0.08 0.13 / —0.13 0.18 / —0.17 014 / -0.14
b-tag C6 0.03 / —0.03 —0.01 / 0.01 004 / —0.04 0.06 / —0.06 —0.01 / 0.01
b-tag C7 —0.05 / 0.05 —0.03 / 0.03 —0.08 / 0.08 —0.11 / 0.11 —0.03 / 0.03
b-tag Light0 -0.04 / 0.04 -0.04 / 0.04 —0.02 / 0.02 —0.07 / 0.07 0.01 / 0.0

b-tag Light3 —0.02 / 0.02 0.01 / —0.01 0.0 / 0.0 —0.05 / 0.05 0.02 / —0.02
EG RESOLUTION ALL —0.54 / 0.01 0.18 / 0.11 -0.25 /  —0.05 057 / —0.1 082/ -013
EG SCALE ALL 0.0 / -011 0.0 / 0.08 —0.36 /  —0.09 0.57 / 0.1 081 / —0.01
EL Isol 0.07 / —0.07 0.05 / —0.05 0.08 / —0.08 0.07 /  —0.06 0.04 / —0.04
EL Reco 0.02 / —0.02 0.01 / —0.01 0.02 / —0.02 0.01 / —0.01 0.05 / —0.05
MU Isol syst. 0.03 / —0.03 0.04 / —0.04 0.03 / —0.03 0.04 / —0.04 0.0 / 0.0

MU CB 0.01 / —0.13 -0.19 / 0.29 -0.33 / 0.17 -0.02 / —0.14 —0.38 / —0.14
MU Momentum Scale -0.1 / -0.03 0.35 /  —0.05 0.07 / 0.07 0.08 / 0.0 -0.16 / —0.01
MUON SAGITTA DATASTAT -0.03 / —0.01 0.0 / -0.03 0.06 / —0.01 0.05 / 0.0 —0.13 / 0.02
MUON SAGITTA RESBIAS -0.16 / —0.15 0.08 / 0.42 0.07 / 0.01 0.0 / —0.08 -0.07 / -0.32
pileup —0.08 / 0.27 —0.16 / 0.09 0.15 / —0.03 01 / —0.09 043 / —0.24

Modelling uncertainties

tq/tq pr 06 / —0.04 042 / —0.32 054 / —03 03 / —0.06 —042 / —-0.34
tq/tq pr 048 / 0.01 033 / —032 043 / —03 044 / —0.21 025 / —0.85
tq/tq FSR -0.07 / —0.49 -0.29 / 0.03 0.22 / 0.8 05 / 0.31 -1.13 / 0.11
tq/tq ISR ag 0.12 / 0.32 -0.03 / —0.03 0.04 / 0.06 02 / —0.08 —0.55 / —0.24
tq/tq PDF 0.74 / -0.31 053 / —0.6 067 / —0.6 0.66 / —0.49 -01 / —0.63
tq/tq Parton shower 0.46 / ( —0.43) 028 /(-026) —-1.25/( 122) —-031/( 03) 022 /(-02)
1q/q NLO matching 221 J( —1.98) —018 /( 0.16) —17 /( 162 —119 /( Ll4) 287 /] ( —2.52)
JES Flavor Composition ¢ 0.03 / 0.08 —0.14 / 0.16 -03 / 0.14 —0.12 / 0.01 0.06 / 0.02
JES Flavor Composition tW + tW, tb/tb 0.0 / —0.03 0.03 / —0.01 —0.05 / —0.04 0.01 / 0.0 —0.01 / 0.09
mj e shape 0.77 / 0.04 —0.78 / 0.26 -0.31 / —0.02 036 / —0.54 0.07 / —0.08
mj fe shape 004/ 001 —002/ 00 025 / —0.07 027 /] 008 39 / 065
mj 4 shape -0.14 / 0.14 0.01 / —0.01 -0.49 / 0.5 004 / —0.04 0.85 / —0.85
tt g 0.04 / —0.03 0.06 / —0.04 0.09 / -0.07 0.07 / —0.05 0.08 / —0.06
t pp 0.02 / —0.03 0.06 / —0.06 011 / —0.1 0.07 / —0.06 —0.03 / 0.03
tt FSR 01 / 0.88 01 / —029 -02 / 0.17 —0.05 / 0.36 023/ —08

# ISR as 001 / 002 —002/ 00l —005/ 005 —01 / 008 006 / —0.03
(W + W DS 0.07 / ( —0.07) 002 /( —0.02) —0.19 /( 0.19) 025 /( —0.25) —0.01 /( 0.01)
tW +tW,tb/tb FSR 0.08 / 0.08 0.03 / -0.07 -0.05 / 0.0 0.04 / —0.08 0.05 / —0.33
tW + W, th/th ISR ag -0.01 / 0.0 —0.07 / 0.05 00 / 0.04 —0.03 / 0.02 —0.02 / 0.02
W +bb pp 195 / —1.88 0.02 / —0.02 —0.36 / 0.36 —0.42 / 0.43 —0.78 / 0.78
W +bb jip 0.14 / 0.32 0.06 / 0.39 -0.32 / —0.39 -0.33 / —-1.02 0.65 / 1.89
W + c(e) pr 0.36 / 0.95 —0.24 / 0.44 0.07 / 1.07 091 / —0.62 -19 / 0.9

W + c(e) pr -0.26 / —041 0.26 / 0.74 041 / 0.65 0.15 / 0.79 -1.39 / —1.43
tt,tW + tW,tb/tb PDF 0.06 / —0.06 0.08 / —0.08 01 / -0.1 0.13 / —0.13 0.09 / —0.09
tW + tW, tb/th Parton shower 0.15 / ( —0.15) —0.02 / ( 0.02) -0.19 /( 0.19) 0.08 / ( —0.08) -0.19 /( 0.19
tt Parton shower 0.08 / ( —0.08) 024 /(-023) =03 /( 031) =012 /( 0.12) 0.04 / ( —0.04
tt NLO matching 01 /(-01) 0.16 / ( —0.16) —0.16 / ( 0.16) —0.36 / ( 0.36) 0.77 / ( —0.75
tW + W NLO matching 02 /(-02) 0.02 / ( —0.02) -0.12 /( 0.12) 0.05 / ( —0.05) -0.17 /( 017
Ny 017 /( 017) —0.05 /( 005) —001 /( 001) —026 /( 0.26) 024 /( —0.24
W+ tW hagmp —0.09 / 0.09 —0.09 / 0.09 —0.09 / 0.09 —0.09 / 0.09 —0.09 / 0.09

Background rate uncertainties

t 0.14 / —0.14 0.14 / —0.14 014 / —0.13 013 / —0.13 009 / —0.08
tW + W, th/th rate 0.06 / —0.06 0.06 / —0.06 0.08 / —0.08 0.06 / —0.06 0.07 / —0.07
W +bb ({7) SR rate -04 / 0.4 —047 / 0.47 —0.51 / 0.51 —0.55 / 0.55 —0.72 / 0.72
W +bb ((7) SR rate —0.57 / 0.57 —0.59 / 0.59 —0.65 / 0.65 —0.61 / 0.61 —0.59 / 0.59
W + c(e) (€*) SR rate —0.95 / 0.95 —0.96 / 0.96 -09 / 0.9 —0.67 / 0.67 -1.07 / 1.07
W+ c(c) (") SR rate ~108 / 108  —113/ 113  —105/ 105  —115/ 115  —122 ] 122
V'V, +jets rate 01 / -0.1 011 / -0.11 022 / -0.22 03 / -03 033 / —0.32
mj e rate 015 / —0.15 021 / —0.21 013 / -0.13 0.09 / —0.09 0.0 / 0.0

mj fe rate 0.16 / —0.16 023 / —0.22 015 / —0.15 0.06 / —0.06 0.09 / —0.09
mj p rate 0.05 / —0.05 028 / —0.28 025 / —0.24 0.01 / —0.01 054 / —053

Statistical uncertainties

Data stat. 279 ) =279 228 ) —2.28 259 /  —2.59 3.07 / —-3.07 447 ) —447
MC stat. —0.05 / 0.05 —0.06 / 0.06 —0.05 / 0.05 —0.08 / 0.08 -0.12 / 0.12
Total uncertainty 63 / —63 59 / —45 19 / —68 43 / -59 102 / 95
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F.3. Signal modelling breakdown
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Figure F.1: Signal modelling uncertainties in the normalised differential tq and ¢q produc-
tion cross sections measured as a function of (a) pr(t), (b) |y(¢)], (¢) pr(t) and

(d) |y(t)|. The shaded band indicates the combined uncertainty, defined as the
quadratic sum of all individual uncertainties.
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F. Systematic uncertainties
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Figure F.2: Signal modelling uncertainties in the absolute differential tq and ¢g production
cross sections measured as a function of (a) pr(t), (b) |y(¢)], (c) pr(t) and (d)
ly(¢)| and in the ratio of the cross sections measured as a function of (e) py(t or ¢)
and (f) |y(¢ or t)|. The shaded band indicates the combined uncertainty, defined
as the quadratic sum of all individual uncertainties.
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F.4. Experimental uncertainties breakdown plots
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Figure F.3: Experimental uncertainties in the normalised differential tq and #q production
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cross sections measured as a function of (a) pr(t), (b) |y(¢)|, (¢) pr(t) and (d)
ly(t)|. The shaded band indicates the combined uncertainty, defined as the quad-
ratic sum of all individual uncertainties.



F. Systematic uncertainties
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Figure F.4: Experimental uncertainties in the absolute differential tq and tq production cross
sections measured as a function of (a) pp(t), (b) |y(¢)|, (¢) pr(t) and (d) |y(¢)]
and in the ratio of the cross sections measured as a function of (e) pp(t or ¢) and
(f) |y(t or t)|. The shaded band indicates the combined uncertainty, defined as
the quadratic sum of all individual uncertainties.
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F.5. Impact of signal modelling on the number of jets
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Figure F.5: Impact of the parton shower and NLO modelling variations on the number of jets
in simulated tq events. Selected events are required to contain one charged lepton
with pr(¢) > 28 GeV, ETs > 30 GeV, two or more jets with pr(j) > 30 GeV
and |n(7)| < 4.5 and one jet b-tagged at the 60 % working point.

F.6. Statistical uncertainty in systematic variations

As discussed in Section 10.2, the statistical uncertainty in the modelling and jet-related
experimental uncertainties is evaluated. The results are presented in the following
tables.
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F. Systematic uncertainties
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F. Systematic uncertainties

Table F.16.: Central values and statistical uncertainties of the systematic uncertainties in
the absolute tq cross section, binned in |y(t)|, evaluated with the bootstrap
method. The uncertainties are given in % of the measured differential cross
section. Brackets indicate that an uncertainty is symmetrised and entries high-
lighted in orange have a statistical uncertainty of 0.5 % or higher. The entries in
the table read as: central value up variation + statistical uncertainty / central

value down variation + statistical uncertainty.

Systematic Systematic uncertainty in [%)]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
JER DataVsMC MC16 -0.37+0.3/ 0.0340.22 0.5340.21 43+0.17 -0.7940.26/ -0.05+0.23  -0.414+0.29/ 0.0540.31
0.2440.35/ -1.2940.39 1.77+0.26/ -0 B 1.1340.35/ -1.164+0.31 -0.5440.38/ -0.9940.36
0.58+0.27/ -1.5+0.4 1.61+0.24/ -1.35+0.24 1.53+0.26/ -1.13+0.27 -0.05+0.33/ -0.87+0.32  2.8540.47
-0.2840.32/ -0.2940.27  -0.2140.19/ 1.014+0.2 -0.75+0.23/ 0.144+0.3 -0.3540.3/ -0.7440.28 2.27+0.48
-0.4740.17/-0.114£0.34  -0.48+0.19/ 1.51+0.23  -1.1940.22/ 0.14+0.23  0.47+0.33/ -0.1£0.26 -1.4340.44
JER Effective \P 5 -0.49+0.38/ -0.240.15 0.56£0.2/ 0.3340.16 -0.4140.28/ -0.07£0.22  -0.7940.26/ -0.28+0.27 -0.61£0.48
JER Effective NP 6 -0.23£0.28/ -0.56+0.36  -0.07+0.2/ 1.3440.22 -0.7940.31/ 0.19£0.22  -1.0640.3/ 0.06+0.27 0.05+0.32/
JER Effective NP 7 -0.85+0.21/ 0.36+£0.27  0.53+0.18/ 0.22+0.17 -0.1840.13/ -0.44£0.17  0.0540.2/ -0.47+0.27 0.240.47/ -0.78+0.39
JER Effective NP 8 -0.024+0.17/ 0.3140.12 0.1940.15/ 0.134+0.12 0.3140.12/ -0.6640.24 -0.37£0.18/ -0.68+0.19  -0.140.46/ 0.440.22
JER Effective \P 9 -0.03+0.23/ -0.15+0.24  0.5140.14/ 0.45%0.18 0.0540.12/ -0.0440.15 -0.57+0.21/ -0.46+0.2 -0.4£0.38
JER Effe 0.084+0.21/ -0.0140.17 0.2+0.15/ 0.13+0.11 -0.26+0.13/ 0.4240.11 -0.22£0.13/ -0.24£0.16  1.2£0.41/ -0.57£0.34
JER Effe -0.55+0.18/ 0.18+£0.17 0.37+0.17/ 0.14+0.1 0.5540.12/ -0.2640.12 -0.54£0.15/ -0.29+0.16  -0.71%0.35/ 1.35+0.42
JER Effe \ -0.03+0.22/ 0.0+0.16 0.4440.12/ -0.1+0.14 -0.36+0.12/ 0.0540.12 -0.36+0.14/ -0.14+0.15  0.9940.37/ -0.8940.35
JES Effective NP Detectorl -0.05+£0.39/ 0.014£0.39  -0.04£0.42/ -0.0£0.42 0.05+0.48/ 0.17+0.48
JES Effective NP Detector2 -0.0+0.39/ -0.0£0.39 -0.0+0.42/ 0.0£0.42 0.040.48/ -0.01£0.48
JES Effective NP Modellingl 0.37£0.49  -0.26£0.39/ 0.45+0.38  -0.1440.43/ 0.31+£0.41  -0.1840.48/ 0.44+0.46
JES Effective NP Modelling2 -0.03+£0.39/ -0.01+£0.39  -0.07+£0.42/ 0.11+0.43  -0.02+0.48/ 0.1840.48
JES Effective NP Modelling3 0.03+0.39/ -0.08+0.39  0.07+0.42/ -0.084+0.42  0.240.48/ -0.05+0.48
JES Effective NP Modelling4 0.02+0.49 -0.02+0.39/ -0.01+0.39  -0.02+0.42/ 0.0£0.42 0.02+0.48/ 0.14+0.48
JES Effective NP Mixed] -0.04+0.39/ 0.01+£0.39  -0.06+0.42/ 0.05+0.42  -0.08+0.48/ 0.1840.48
JES Effective NP Mixed2 0.0840.39/ -0.0940.39 0.0240.42/ -0.0740.42 0.1140.47/ 0.01+£0.48
JES Effective -0.0240.39/ -0.0£0.39 -0.0240.42/ -0.01+£0.42  -0.014+0.48/ 0.1340.48
JES Effective NP Stz 0.0£0.39/ -0.0£0.39 0.014+0.42/ 0.03£0.42 -0.0£0.48/ 0.0£0.48
JES Effective NP S 0.07+ -0.06+0.39 -0.0240.42/ 0.0940.43 -0.01+0.47/ 0.064+0.48
JES Effective NP § -0.00.39/ -0.0£0.39 0.02+0.42/ -0.040.42 -0.0+0.48/ -0.0£0.48
JES Effective NP Statisticald 0.04£0.49 -0.02£0.39/ -0.0240.39  -0.02+0.42/ 0.03+£0.42  0.03+0.48/ 0.17+0.48
JES Effective NP Statisticald 0.02£0.39/ -0.05+£0.39  0.04:£0.42/ -0.03+£0.42  0.15+0.48/ 0.01+0.48
JES Effective NP Statistical6 -0.02+£0.39/ -0.01+£0.39  0.040.42/ 0.0240.42 -0.0140.48/ 0.15+0.48
JES Flavor Response 0.54+0.48 0.59+0.38/ -0.22+0.39  0.55+0.41/ -0.2840.43  0.940.46/ -0.6+0.48
BJES Response -0.1540.39/ 0.1740.39 -0.19+0.43/ -0.040.42 -0.08+0.49/ 0.22+0.48
JES Flavor Composition tq, tq -0.684+0.2/ 1.28+0.2 -0.794+0.15/ 1.2840.14 -1.2240.17/ 1.064+0.17 -1.24+0.21/ 1.62+0.21 -2.12+0.3/ 2.33+£0.3
JES Flavor Composition ¢ 0.2140.05/ -0.2640.05 0.1530.04/ -0.2+0.04 0.1440.04/ -0.1£0.05 0.1740.05/ -0.1940.05 0.01£0.06,/ -0.1240.06
JES Flavor Composition tW + tW, tb/th 0.0440.02/ -0.0140.02 0.02+0.02/ -0.01+0.02 -0.0240.02/ -0.03£0.02  -0.040.02/ 0.0£0.02 0.03£0.03/ 0.02+0.03
JES pileup OffsetMu 0.940.48 -0.47+0.39/ 0.6240.39 0.0+0.41/ 0.5140.39 1.03+0.46
JES pileup OffsetNPV 0.26+£0.48 0.31£0.39/ -0.23+£0.39  0.12+0.42/ -0.1940.41  0.02+0.49/ 0.16+0.48
JES pileup RhoTopology 0.114£0.48  0.2340.39/ 0.31£0.38 0.440.43/ 0.6440.39 -0.440.48/ 0.11+0.48
JES pileup PtTerm 0.2840.48  0.01£0.39/ 0.1+0.39 -0.1540.43/ 0.01+0.42  0.09+0.48/ 0.08+0.47
JES SingleParticle HighPt 0.01£0.39/ 0.01+0.39 0.01£0.42/ 0.01+0.42 0.03+0.48/ 0.03+0.48
JES PunchThrough MC16 0.040.39/ 0.0£0.39 0.01£0.42/ 0.01+0.42 0.040.48/ -0.01£0.48
JES Etalntercalibration Modelling -0.56+0.49/ 1.340.48 -1.36+£0.42/ 1.1840.38  -0.85+0.43/ 1.2+0.4 1.74%0.45
JES Etalntercalibration TotalStat 0.19+0.49 -0.13£0.39/ 0.22+0.39  0.16+0.42/ 0.01+0.42 -0.38+0.49,/ 0.05+0.47
JES Etalntercalibration NonClosure highEl 0.0140.39/ 0.01+0.39 0.0140.42/ 0.02+0.42 -0.01£0.48/ -0.0£0.48
JES Etalntercalibration NonClosure negEta -0.0£0.39/ -0.03£0.39 0.0240.42/ -0.0240.42 0.0340.48/ 0.040.48
JES Etalntercalibration NonClosure posEta 0.0140.39/ 0.040.39 0.0240.42/ 0.01£0.42 -0.03£0.48/ -0.07£0.48
JES Etalntercalibration NonClosure 2018data 0.1440.39/ -0.07£0.39 0.0740.42/ 0.03£0.43 0.1340.48/ -0.09+0.48
JVT -0.00.39/ 0.0540.39 -0.01£0.42/ 0.04+0.42  0.01£0.48/ 0.02+0.48
fIVT 0.85+0.49 -0.91+0.4/ 0.9140.38 -0.85+0.43/ 0.84+0.42  -0.83+0.49/ 0.824+0.48
lq jig -0.79£0.21/0.74£0.2 -0.65£0.15/0.78+0.14 -0.6940.18/0.73£0.17 -1.0440.21/0.77£0.21 -1.5640.31/1.16£0.29
lq pip -0.96+£0.2/0.54+0.2 -0.85+0.15/0.59+0.14 -0.9840.18/0.6+£0.17 -1.2740.21/0.63£0.21 -1.5540.31/1.040.29
tqg FSR -2.22+0.23/2.62+0.31 -2.01+0.16,/2.88+0.24 -2.1140.2/3.62+0.26 -2.3140.24/3.04+0.33 -2.4440.34/3.68+0.44
tq ISR ag 0.334+0.21/-0.3+0.2 0.4840.14/-0.340.15 0.4340.18/-0.36+0.18 0.3440.21/-0.51+0.21 0.3140.3/-0.3940.3

tq Parton shower -3.23+0.2/ ( +0.2) -2.36+£0.16/ (2.36+0.16) -2.48+0.18/ (2.48+0.18) -1.9+0.23/ (1.9+0.23) -3.46+0.32/ (3.46+0.32)
tq NLO matching -3.37+0.44/ (3.37£0.44) -4.25+0.35/ (4.25+0.35) -3.93+0.39/ (3.93+0.39) -3.45+0.45/ (3.45+0.45)

tt g -0.07£0.05/ 0.05£0.05 -0.0640.04/ 0.0440.04 -0.0240.05/ 0.0240.04 -0.02£0.05/ 0.02+0.05 0.0240.06,/ 0.040.06

tt -0.06+0.05/ 0.05£0.05 -0.040.04/ 0.03£0.04 -0.03£0.05/ 0.03£0.05 -0.0420.05/ 0.04+£0.05 -0.01=£0.06/ 0.03£0.06
tt FSR -0.0940.06/ 0.34£0.12 0.0440.05/ -0.39+0.12 0.0340.05/ -0.25+0.11 -0.07£0.06,/ 0.0640.11 -0.01£0.07/ -0.1940.15
tt ISR ag 0.07£0.05/ -0.07£0.05 0.0740.04/ -0.08+0.04 0.0640.05/ -0.05£0.05 0.0240.05/ -0.01£0.05 0.0740.06/ -0.040.06

W + tW, 1T jin

0.0£0.02/ 0.0£0.02

0.0£0.02/ -0.0£0.02

-0.0£0.02/ -0.0£0.02

0.0£0.02/ -0.0£0.02

-0.04:0.03/ 0.0140.03

0.0£0.02/ 0.0£0.02

0.0£0.02/ -0.0£0.02

-0.04:0.02/ 0.0£0.02

-0.04:0.02/ -0.0£0.02

0.0£0.03/ 0.01£0.03

v+ W, /1

0.0740.02/ (-0.07+0.02)

-0.04:£0.02/ (0.04£0.02)

-0.1140.02/ (0.1140.02)

-0.07+0.02/ (0.07£0.02)

0.0540.03/ (-0.05+0.03)

0.01£0.03/ -0.04:0.04 -0.02+0.02/ 0.03£0.03  -0.02%+0.02/ 0.0840.02 0.0340.03/ -0.03£0.04  -0.04=£0.04/ 0.04£0.05
tU + tW, 1b/th ISR ag 0.03+0.02/ -0.0340.03 0.0140.02/ -0.0140.02 0.0240.02/ -0.0240.02 0.0+0.02/ -0.0£0.02 -0.01+0.03/ 0.01+0.03
W+ bbur 0.09+0.29/ -0.0940.29 0.1140.24/ -0.1140.24 -0.1540.26/ 0.1540.26 0.3540.29/ -0.3540.29
IV + bh/lR 0.0140.36/ -0.2240.36 0.0£0.26/ -0.21+0.26 0.2+0.27/ -0.25+0.29 0.0840.34/ -0.6740.38

-0.0540.36/ -0.0940.37  -0.0840.27/ -0.11+0.32  0.0440.29/ 0.4540.34 0.6+0.31/ -0.2840.31

0.35+0.33/ -0.33£0.38 0.3140.24/ -0.03£0.28 0.1440.24/ -0.87+0.32 0.3840.25/ -0.16+£0.31
tW + tl’[ _tb/tb Parton shower 0.1240.02/ (-0.1240.02)  0.05£0.02/ (-0.05+0.02) -0.120.02/ (0.1£0.02) 0.07£0.02/ (-0.07£0.02) -0.040.03/ (0.0£0.03)

( ) ( )
tt Parton shower 0.0840.09/ (-0.0840.09) 0.09+0.06/ (-0.09+0.06) 0.22+0.07/ (-0.2240.07) 0.284+0.07/ (-0.28+0.07) -0.17+0.09/ (0.17+0.09)
tt NLO matching 0.0840.05/ (-0.0840.05) 0.140.04/ (-0.1£0.04) 0.1740.04/ (-0.1740.04)  0.07+£0.05/ (-0.074+0.05) -0.0540.06/ (0.05+0.06)
tW + tW NLO matching 0.174+0.02/ (-0.17+0.02) -0.02+0.02/ (0.02+0.02) -0.02+0.02/ (0.0240.02) 0.054+0.02/ (-0.05£0.02) -0.05£0.03,/ (0.05+0.03)
tt Pgamp 0.12+0.04/ (-0.12+0.04)  0.16£0.03/ (-0.16+0.03)  0.16+0.03/ (-0.1640.03) 0.07+0.04/ (-0.07+0.04) -0.01£0.05,/ (0.01+0.05)
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Table F.17.: Central values and statistical uncertainties of the systematic uncertainties in
the absolute ¢q cross section, binned in |y(t)|, evaluated with the bootstrap
method. The uncertainties are given in % of the measured differential cross
section. Brackets indicate that an uncertainty is symmetrised and entries high-
lighted in orange have a statistical uncertainty of 0.5 % or higher. The entries in
the table read as: central value up variation + statistical uncertainty / central
value down variation + statistical uncertainty.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
JER DataVs 0.5£0.46 0.7240.35/ -0.24+0.31 0.48+0.4
0.89+0.42 -0.43£0.48

JER Effective NP 2 0.240.42/ 0.66+0.42 0.2340.47
JER Effective NP 3 1.314+0.37/ -0.32+0.37 0.4140.43/ 0.3940.39 -0.21+0.47/ 0.71+0.48 -0.11+0.46,
JER Effective NP 4 0.6840.48 0.444-0.39/ 0.0540.31 -0.7240.35/ 1.95+0.47 0.3140.45 1.2740.47
JER Effective NP 5 -0.7440.46/ 0.514+0.45 0.040.33/ 0.2940.41 0.9840.41 -0.11+0.36
JER Effective NP 6 -1.2340.46 -0.08+0.3/ 0.32+0.32 1.140.48/ 1.33+0.49 0.0940.48/ 0.91+0.34 0.7340.48
JER Effective NP 7 -0.2240.49/ -0.17+0.34  -0.174+0.25/ 0.0740.28 1.16+0.38/ -0.040.2 -0.0£0.45/ 0.31+0.46 -0.01+0.49/ 0.64+0.41
JER Effective NP 8 -0.714+0.36/ -0.934+0.33  0.540.24/ 0.9+0.29 0.2740.26/ -0.24+0.2 -0.71+0.41/ 0.7740.21 -0.8440.45/ 0.740.36
JER Effective NP 9 -0.0+0.33/ -0.33%0.35 0.84+0.22/ -0.42+0.27 0.11£0.2/ 0.52£0.35 0.15£0.21/ 0.15%0.4 0.57£0.28/ 0.9940.47
JER Eff > NP 10 0.040.27/ -0.46+0.47 -0.24+0.2/ 0.41+0.19 -0.06£0.15/ -0.41+0.19  0.6840.21/ -0.0240.38 -0.42+0.4/ 1.114+0.29

ve NP 11 -0.7840.27/ -0.4440.39  -0.0340.17/ 0.48+0.22 0.3740.3/ -0.49+0.17 0.2140.37/ 0.67+0.24 0.42+0.31/ 0.35%0.39

ve NP 12restTerm 0.2240.3/ -0.07£0.46

0.2140.19/ 0.23£0.18

0.3940.18/ -0.92+0.18

0.8640.17/ -0.33+0.38

0.3740.18/ 1.4440

ve NP Detectorl

JES Effective NP Detector2

JES Effective NP Modelling1

JES Effective NP Modelling2

JES Effective NP Modelling3

JES Effective NP Modelling4

JES Effective NP Mixed1

JES Effective NP Mixed2

JES Effective NP Mixe

JES Effective NP Stal

JES Effective NP Statisti

JES Effective NP Statistical3

JES Effective NP Statistical4

JES Effective NP Statisticald

JES Effective NP Statistical6

JES Flavor Response

BJES Response

JES Flavor Composition tq, tq -1.2740.2/ 1.84+0.2

-1.45+£0.17/ 1.74£0.17

-1.4£0.19/ 2.35£0.19

-1.6+£0.23/ 2.03+£0.23

-2.88+0.34/ 2.32+0.34

JES Flavor Composition 0.1740.1/ -0.35+0.1

0.3+0.08/ -0.3540.08

0.4540.08/ -0.2440.09

0.2940.09/ -0.21+0.1

-0.05+0.13/ -0.14£0.13

JES Flavor Composition tW + tW, tb/th 0.03+0.04/ 0.01+0.04

-0.0140.03/ -0.0£0.03

0.0340.04/ 0.01£0.04

-0.02+0.04/ 0.01£0.04

0.0440.06/ -0.07+0.07

JES pileup OffsetMu

JES pileup OffsetNPV

JES pileup RhoTopology

JES pileup PtTerm

JES SingleParticle HighPt

JES PunchThrough MC16

JES Etalntercalibration Modelling

JES Etalntercalibration TotalStat

JES Etalntercalibration NonClosure highE

JES Etalntercalibration NonClosure negEta

JES Etalntercalibration NonClosure posEta

JES Etalntercalibration NonClosure 2018data

-1.06£0.18/1.1140.16

-1.21£0.19/1.0540.18

-1.32£0.25/0.8540.24

-1.13£0.35/1.5140.33

-1.18£0.17/0.91%0.16

-1.38£0.19/0.9240.18

-1.69£0.24/0.8540.23

-1.79:£0.35/1.88+0.33

-1.74£0.19/2.8440.27

-2.340.22/2.824+0.3

-2.78+0.27/2.77£0.37

-1.340.38

VT

VT

1q pin -1.3740.21/0.79£0.2
lq pur 1.4340.2/0.5440.2
g FSR -2.1440.23/3.15+0.32
tq ISR ag 0.21£0.2/-0.6240.21

0.5140.17/-0.2740.17

0.4140.19/-0.440.19

0.1540.24/-0.42+0.24

0.8840.34/-0.13+0.35

tq Parton shower

3.740.23/ (3.740.23)

-2.6140.17/ (2.61+0.17)

-1.2140.19/ (1.2140.19)

-1.67+0.23/ (1.67+0.23)

-3.740.36/ (3.7+0.36)

tq NLO matching

-0.1240.11/ 0.07£0.1

-0.1140.08/ 0.0940.08

-0.11£0.09/ 0.1£0.09

-0.1£0.1/ 0.06£0.09

-0.07£0.13/ 0.06+0.12

-0.084+0.1/ 0.0740.1 -0.1£0.08/ 0.0940.08 -0.14£0.09/ 0.1440.09  -0.11£0.1/ 0.09+£0.09 0.0240.13/ -0.0£0.13

-0.240.13/ -0.5240.27 -0.064+0.1/ -0.1140.16 0.2440.1/ -0.3940.21 -0.03£0.11/ -0.314£0.23  -0.2440.16/ 0.624+0.2

0.0840.1/ -0.0940.11 0.1£0.08/ -0.0840.08 0.1240.09/ -0.09£0.09  0.11£0.09/ -0.1£0.1 0.0140.13/ -0.02+0.13
tW + tW, tb/th pup -0.0£0.04/ -0.0£0.04 0.0£0.03/ -0.01£0.03 0.0140.04/ -0.01£0.04  0.01+£0.04/ -0.04:0.04 -0.04:0.06/ 0.0140.06
LW + (W, tb/th pup -0.0£0.04/ -0.0£0.04 -0.01£0.03/ -0.0£0.03 0.0£0.04/ -0.0£0.04 -0.02:£0.04/ 0.01£0.04  -0.040.06,/ 0.01:£0.06
tW +tW DS 0.040.04/ (-0.0£0.04) -0.06+0.03/ (0.0640.03) 0.0840.04/ (-0.08+0.04) -0.320.05/ (0.32+0.05) 0.05+0.06/ (-0.0540.06)
tW + tW, tb/tb FSR -0.07+£0.05/ -0.08%0.09  -0.06%0.04/ 0.120.05 0.044:0.04/ 0.08+£0.05 -0.040.05/ 0.0440.08 -0.14:0.07/ 0.3740.06
tW + tW, tb/th ISR as 0.0440.04/ -0.044+0.04 ~ 0.0740.03/ -0.07+0.04  0.0240.04/ -0.05+0.05  0.0340.04/ -0.02+0.04 ~ 0.0140.06/ -0.0140.07
W+ bbup 0.1+0.38/ -0.1£0.38 0.2240.39/ -0.2240.39 0.440.48/ -0.4+0.48
W+ bbug -0.0340.43 0.5140.41/ 0.13£0.45 0.43£0.48

W+ c(e)pr

0.1740.35/ -0.56£0.44

W+ c(e)pur

0.6140.45

0.0540.39/ -0.76+£0.48

tW + tW, tb/tb Parton shower

~0.02:£0.04/ (0.02£0.04)

0.07£0.03/ (-0.07£0.03

0.08%0.04/ (-0.08£0.04)

-0.01£0.04/ (0.01£0.04)

0.1940.05/ (-0.19+0.05)

tt Parton shower

0.0:£0.16/ (-0.0£0.16)

0.53+0.13/ (-0.530.13)

2021402/ (0.21%0.2)

tt NLO matching

0.01£0.1/ (0.01%0.1)

-0.0740.08/ (0.0740.08

0.31£0.09/ (-0.31£0.09)

0.4120.15/ (-0.41£0.15)
)

-0.8140.13/ (0.81£0.13)

tW + tW NLO matching

-0.04£0.04/ (0.04£0.04)

)
“0.14£0.12/ (0.14£0.12)
)
)

-0.0440.03/ (0.0440.03

0.1£0.04/ (-0.1£0.04)

-0.0£0.04/ (0.0+0.04)

0.13+0.06/ (-0.13+0.06)

tt haamp

0.310.08/ (-0.3%0.08)

0.240.06/ (-0.240.06)

0.1840.07/ (-0.18+0.07)

(-
0.440.09/ (-0.44£0.09

0.3340.08/ (-0.33+0.08)

20.27£0.1/ (0.27%0.1)
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F. Systematic uncertainties

Table F.18.: Central values and statistical uncertainties of the systematic uncertainties in
the normalised tq cross section, binned in |y(t)|, evaluated with the bootstrap
method. The uncertainties are given in % of the measured differential cross
section. Brackets indicate that an uncertainty is symmetrised and entries high-
lighted in orange have a statistical uncertainty of 0.5 % or higher. The entries in
the table read as: central value up variation + statistical uncertainty / central
value down variation + statistical uncertainty.

Systematic Systematic uncertainty in [%)]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
JER DataVsMC MC16 0.7120.33/ -0.56+0.29 1.640.24/ -0.1640.26 0.340.3/ -0.64£0.33 0.67+0.37/ -0.544+0.4 -1.61+0.4/ 0.9540.48
-0.74+0.4/ 0.04+0.41 0.840.32/ 0.99+0.31 0.1440.41/ 0.17+0.34 -1.544-0.45/ 0.33+0.41 -0.78+0.42
-1.06+0.3/ 0.54+0.4 -0.024+0.27/ 0.6940.27 -0.1+0.29/ 0.91+0.32 -1.7+0.36/ 1.15+0.38 1.2540.35/ -1.65+0.41
0.5240.33/ -1.13+0.31 0.59+0.23/ 0.1940.25 0.0640.28/ -0.6940.32 0.4640.38/ -1.594+0.33 -0.76+0.39/ 1.48+0.36
0.334+0.21/ -0.2640.38 0.324+0.22/ 1.3640.29 -0.3840.24/ -0.02+0.31  1.264-0.35/ -0.2640.4 -0.61+0.31/ -0.540.49
JER Effective \P -0.234+0.39/ 0.0340.22 0.8240.26/ 0.5640.2 -0.15+0.33/ 0.15+0.26 -0.53+0.36/ -0.05+£0.32  -0.02+0.43/ -0.38+0.34
JER Effective NP 6 0.1140.3/ -0.75+0.37 0.2740.21/ 1.1440.27 -0.44+0.29/ -0.0£0.3 -0.72+£0.29/ -0.14+£0.36  0.4+0.24/ -0.25+0.42
JER Effective NP 7 -0.8640.25/ 0.6940.27 0.5140.21/ 0.5540.19 -0.240.21/ -0.114+0.21 0.0440.28/ -0.1440.29 0.1740.34/ -0.4440.27
JER Effective NP 8 -0.034+0.21/ 0.35+0.14 0.1940.19/ 0.17+0.14 0.340.2/ -0.62+0.22 -0.38+0.27/ -0.64+0.2 -0.11+0.32/ 0.4440.17
JER Effective \P 9 -0.3140.27/ 0.040.26 0.23£0.21/ 0.6£0.2 -0.234+0.22/ 0.11£0.19 -0.85+0.31/ -0.31+0.25  0.5140.38/ -0.2540.27
JER Effe -0.284+0.24/ 0.140.18 -0.1640.19/ 0.24+0.14 -0.6240.18/ 0.53+0.16 -0.59+0.22/ -0.13+0.21  0.8440.29/ -0.4540.24
JER Effe -0.3440.21/ -0.2240.2 0.58+0.18/ -0.26+0.15 0.76+0.16/ -0.67+0.19 -0.33£0.2/ -0.69+0.24 -0.5£0.24/ 0.954+0.3
JER Effe -0.31+0.22/ 0.3240.18 0.16+0.16/ 0.224+0.16 -0.6440.17/ 0.374+0.16 -0.6440.21/ 0.184+0.21 0.7240.26,/ -0.564+0.25

JES Effective NP Detectorl

-0.04+0.44/ -0.03£0.43

JES Effective NP Detector2

0.024+0.43/ 0.03£0.43

JES Effective NP Modelling1

0.0440.44/ -0.39+0.43

-0.54£0.48

JES Effective NP Modelling2

-0.02+0.43/ -0.04£0.44

JES Effective NP Modelling3

0.0£0.43/ -0.0140.43

JES Effective NP Modellingd

0.0£0.43/ -0.0440.43

JES Effective NP Mixed]

0.0£0.43/ -0.0340.43

JES Effe tne NP Mixed2

-0.1740.43/ -0.03+0.43

-0.2240.49

,TES Eﬂ'e

0.0140.43/ -0.0440.43

0.0340.44/ 0.03£0.44

JES Effective NP

-0.1240.43/ -0.07£0.43

-0.2140.49

JES Effective NP §

0.024+0.44/ 0.03£0.44

JES Effective NP Statisticald

-0.01+£0.43/ -0.01£0.43

JES Effective NP Statisticald

-0.03£0.43/ -0.02£0.43

JES Effective NP Statistical6

-0.01£0.44/ -0.04£0.43

JES Flavor Response

-0.56+£0.43/ 0.11£0.43

-0.61£0.48/ 0.0440.49

BJES Response

-0.0240.43/ 0.1+0.44

JES Flavor Composition tq, tq 0.69+0.21/ -0.3640.22 0.584+0.15/ -0.3640.15 0.1540.18/ -0.5840.19 0.1340.22/ -0.014+0.23 -0.74£0.21/ 0.71£0.22
JES Flavor Composition ¢ 0.1£0.05/ -0.1£0.05 0.0440.04/ -0.0440.04 0.0340.04/ 0.05%0.05 0.0640.05/ -0.0340.05 -0.1£0.04/ 0.04£0.05

JES Flavor Composition tW + tW,tb/tb

0.0240.02/ -0.0140.02

0.0140.02/ -0.0140.02

-0.0340.02/ -0.0340.02

-0.02+0.02/ 0.0£0.02

0.0240.02/ 0.02£0.02

JES pileup OffsetMu -0.0240.43/ -0.39+0.43  0.4440.47/ -0.514+0.47
JES pileup OffsetNPV 0.2440.43/ -0.46+0.44 -0.42+0.48
JES pileup RhoTopology 0.15+0.43/ -0.55+0.43 -0.2340.46
JES pileup PtTerm 0.1+0.43/ -0.2640.43 -0.36£0.48
JES SingleParticle HighPt 0.04+ 0.04+0.44

JES PunchThrough MC16 0.0340.44/ 0.0340.44

JES Etalntercalibration Modelling 0.234+0.45/ -1.0340.43 -1.0£0.47
JES Etalntercalibration TotalStat 0. OSiU 44/-0.16+0.43 -0.37+0.49
JES Etalntercalibration NonClosure highEl 3/ 0.04+0.43

JES Etalntercalibration NonClosure negEta 0.03£0.43 0.04£0.49
JES Etalntercalibration NonClosure posEta () 040.43/ 0.02£0.43

JES Etalntercalibration NonClosure 2018data

0.05+0.44/ -0.05£0.44

JVT 0.0140.44/ 0.05£0.43

fIVT -0.03+0.44/ 0.09+0.43

tq pr 0.28+0.22/-0.17£0.21 0.4240.16/-0.13£0.15 0.3840.19/-0.18+£0.19 0.0440.23/-0.15£0.22 -0.47£0.22/0.2540.22
tq pr 0.19£0.22/-0.18£0.21 0.3£0.16/-0.1240.15 0.1840.19/-0.12£0.19 -0.11£0.23/-0.0940.22  -0.3940.22/0.2840.22
tqg FSR 0.03+0.24/-0.69£0.33 0.2320.17/-0.42+0.26 0.1340.21/0.34£0.28 -0.06£0.25/-0.2540.37  -0.1940.24/0.4140.33
tq ISR ag -0.0440.22/0.0740.22 0.1140.16/0.07+0.16 0.06+0.19/0.01+0.19 -0.03+£0.23/-0.14+0.23  -0.06+0.22/-0.02+0.22
tq Parton shower -0.42+£0.21/ (0.4240.21)  0.42+0.16/ (-0.42+0.16) 0.31+£0.19/ (-0.31£0.19) 0.87+0 (-0.87+0.24)  -0.65+0.22/ (0.65+0.22)
tq NLO matching 0.35+0.44/ (-0.35+0.44) -0.49+0.37/ (0.49+0.37) -0.19+0.43/ (0.19£0.43) 0.27+0.46/ (-0.27+0.46) 0.02+0.48/ (-0.02+0.48)

tt g -0.0520.05/ 0.0340.05 -0.0440.04/ 0.0240.04 -0.0£0.05/ 0.0£0.05 0.040.05/ -0.0£0.05 0.0440.05/ -0.0240.04

tt -0.03£0.05/ 0.02+0.05 -0.0140.04/ -0.040.04 -0.0£0.05/ -0.0£0.05 -0.01£0.05/ 0.0£0.05 0.0240.05/ -0.01+0.04

tt FSR -0.08+0.06/ 0.47£0.12 0.050.05/ -0.26£0.11 0.0440.06/ -0.12+0.11 -0.060.06,/ 0.1940.12 0.0£0.05/ -0.0640.11

1t ISR ag 0.0120.05/ -0.02+0.06 0.014£0.04/ -0.03£0.04  -0.0£0.05/ -0.0£0.05 -0.04£0.05/ 0.0440.05 0.0140.04/ 0.01£0.05

LW + (W, tb/th pp 0.0£0.02/ 0.0£0.02 0.0£0.02/ -0.0140.02 -0.0£0.02/ -0.0£0.02 0.0£0.02/ -0.0£0.02 -0.04:0.02/ 0.0140.02

LW + W, tb/th iy 0.0£0.02/ 0.0£0.02 0.0£0.02/ -0.0£0.02 -0.04:0.02/ -0.0£0.02 -0.040.02/ -0.0£0.02 0.0£0.02/ 0.040.02

tW +tW DS 0.0840.02/ (-0.08+0.02) -0.03+£0.02/ (0.03+0.02) -0.09+0.02/ (0.0940.02) -0.0640.02/ (0.060.02) 0.0640.02/ (-0.06+0.02)

tW + tW, tb/th FSR 0.03£0.03/ -0.03£0.04 -0.01£0.02/ -0.040.03 -0.020.03/ 0.05£0.03 0.0540.03/ -0.06£0.04  -0.03£0.03/ 0.01£0.04

tW + W, tb/th ISR as 0.0340.02/ -0.0240.03 -0.0£0.02/ -0.0£0.02 0.014+0.02/ -0.014+0.02  -0.040.02/ 0.0£0.02 -0.02+0.02/ 0.02+0.02

W+ bbur 0.16+0.37/ -0.16+0.37  0.1840.3/ -0.18+0.3 -0.0840.34/ 0.0840.34 0.4140.41/ -0.4140.41

IV + bl)/lR 0.0420.38/ -0.1£0.38 0.0340.29/ -0.0940.29 0.2240.32/ -0.1340.33 0.1140.38/ -0.5540.41 -0.21£0.39/ 0.41+0.4

-0.1140.39 0.3520.46/ -0.1340.33 0.43+0.37 3+0.38 -0.0340.43

0.2940.39/ 0.19£0.44 0.25+0.31/ 0.540.35 0.0840.35/ -0.34+0.41 0.3240.41/ 0.36£0.45

tW + tl’[ _tb/tb Parton shower 0.11£0.02/ (-0.11£0.02)  0.04£0.02/ (-0.04£0.02) -0.1240.02/ (0.124£0.02) 0.06+0.02/ (-0.06+£0.02) -0.02+0.02/ (0.02+0.02)

tt Parton shower 0.03£0.09/ (-0.03£0.09)  0.03+0.06/ (-0.03+0.06) 0.16+0.07/ (-0.16£0.07) 0.22+0.08/ (-0.22+0.08) -0.22+0.07/ (0.22+0.07)

tt NLO matching 0.03+0.05/ (-0.03+0.05)  0.04£0.04/ (-0.04+0.04) 0.1140.04/ (-0.114£0.04) 0.01+0.05/ (-0.01£0.05) -0.11£0.04/ (0.110.04)

tW + tW NLO matching 0.16+0.02/ (-0.16+£0.02) -0.03£0.02/ (0.03+0.02) -0.02+0.02/ (0.0240.02) 0.04+0.02/ (-0.04£0.02) -0.05£0.02/ (0.05+0.02)

tt Pgamp 0.03+0.04/ (-0.03+0.04)  0.07+0.03/ (-0.07+0.03) 0.07+0.04/ (-0.0740.04) -0.01+0.04/ (0.01£0.04) -0.09+0.03,/ (0.09+0.03)
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Table F.19.: Central values and statistical uncertainties of the systematic uncertainties in
the normalised fq cross section, binned in |y(¢)|, evaluated with the bootstrap
method. The uncertainties are given in % of the measured differential cross
section. Brackets indicate that an uncertainty is symmetrised and entries high-
lighted in orange have a statistical uncertainty of 0.5 % or higher. The entries in
the table read as: central value up variation + statistical uncertainty / central
value down variation + statistical uncertainty.

Systematic Systematic uncertainty in [%]
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
JER DataVsMC MC16 0.22+£0.47 0.78+0.37/ -0.54=+0.34 0.18+0.44 -0.53%+0.49 -0.66+0.46
-0.9640.49 3940.43
JER Effective NP 2 -0.73+0.43/ 1.644+0.41 1.2140.47 -1.04+0.43
JER Effective NP 3 1.2540.36/ -0.7+0.36 0.3540.43/ 0.0+0.41 -0.26+0.45/ 0.32+0.48 -0.17+0.38/ -0.43+0.47
JER Effective NP 4 0.3740.47 0.440.37/ -0.274+0.34 -0.77+0.38/ 1.65+0.46 -0.0140.46 1.22+0.39/ -1.29+0.49

JER Effective NP 5

-1.07+0.44/ 0.03£0.46

-0.33£0.34/ -0.1840.4

0.654:0.4/ -0.3540.48

-0.45£0.36

0.5640.41/ 0.97£0.43

JER Effective NP 6

-1.540.44/ 0.4840.49

-0.35£0.32/ -0.2940.35

0.8540.47/ 0.73£0.47

-0.16£0.45/ 0.29£0.36

0.4740.39/ -0.78+0.45

JER Effective NP 7

-0.440.46/ -0.3940.34

-0.35£0.28/ -0.1440.27

0.9840.39/ -0.22+0.24

-0.19£0.42/ 0.1+0.43

-0.19+£0.39/ 0.42+0.32

JER Effective NP 8

-0.4240.36/ -1.23+0.32

0.7940.25/ 0.640.26

0.5640.28/ -0.5540.22

-0.41+0.39/ 0.47+0.24

-0.540.34/ 0.39£0.29

-0.3740.31/ -0.62+0.35

0.4740.21/ -0.7140.28

-0.26+0.2/ 0.24+0.34

-0.22+0.22/ -0.12+0.39

0.240.22/ 0.71+0.37

JER Effective NP 9
JER Eff > NP 10

0.0840.27/ -0.6940.43

-0.17£0.2/ 0.18%0.2

0.01£0.2/ -0.64+0.22

0.7540.24/ -0.2440.35

-0.36+0.31/ 0.89+0.23

-0.8940.28/ -0.56+0.37

-0.1440.19/ 0.3540.21

0.2640.29/ -0.6240.2

0.1140.34/ 0.54£0.26

0.31£0.25/ 0.22£0.3

JER Effective NP 12restTerm

-0.1840.27/ -0.2540.43

-0.1940.18/ 0.0440.2

-0.01£0.18/ -1.1+£0.22

0.4740.17/ -0.51+0.36

-0.03£0.15/ 1.2640.26

ve NP Detectorl

JES Effective NP Detector2

JES Effective NP Modelling1

JES Effective NP Modelling2

JES Effective NP Modelling3

JES Effective NP Modelling4

JES Effective NP Mixed1

JES Effective NP Mixed2

JES Effective NP Mixe

JES Effective NP Stal

JES Effective NP Statisti

JES Effective NP Statistical3

JES Effective NP Statistical4

JES Effective NP Statisticald

JES Effective NP Statistical6

JES Flavor Response

BJES Response

JES Flavor Composition tg, tq

0.5640.21/ -0.2640.21

0.3840.17/ -0.37£0.18

0.4240.19/ 0.26+0.2

0.2340.24/ -0.06+0.24

-1.03+0.25/ 0.234+0.26

JES Flavor Composition

-0.0440.1/ -0.11£0.1

0.0840.08/ -0.1140.08

0.2340.09/ 0.040.09

0.07£0.09/ 0.04£0.09

-0.26+0.1/ 0.11£0.1

JES Flavor Composition tW + tW, tb/th

0.0140.04/ 0.02+0.04

-0.0340.03/ 0.0140.03

0.0240.04/ 0.03£0.04

-0.0420.04/ 0.02+0.05

0.02£0.05,/ -0.05%0.05

JES pileup OffsetMu

JES pileup OffsetNPV

JES pileup RhoTopology

JES pileup PtTerm

JES SingleParticle HighPt

JES PunchThrough MC16

JES Etalntercalibration Modelling

JES Etalntercalibration TotalStat

JES Etalntercalibration NonClosure highE

JES Etalntercalibration NonClosure negEta

JES Etalntercalibration NonClosure posEta

JES Etalntercalibration NonClosure 2018data

JVT

fIVT

lq HR

-0.1940.21/-0.32£0.21

0.1240.18/0.0£0.17

-0.02£0.2/-0.0640.19

-0.14£0.25/-0.26£0.25

0.064:0.26,/0.4140.26

lq pp

0.050.21/-0.56£0.21

0.2940.17/-0.18+£0.17

0.0940.2/-0.17£0.19

-0.21£0.25/-0.24£0.24

-0.31£0.26/0.840.26

Tq FSR

-0.17+£0.23/0.08+0.33

0.2240.19/-0.24:£0.29

-0.33£0.22/-0.26£0.31

-0.84:0.28/-0.3140.39

0.6540.29/0.540.41

tq ISR ag

-0.2840.21/-0.2840.21

0.0140.17/0.06+0.17

-0.08+0.2/-0.06+0.2

-0.34+0.25/-0.09+0.25

0.440.26,/0.24+0.26

tq Parton shower

-1.09+0.22/ (1.0940.22)

-0.0240.17/ (0.02+0.17)

1.3440.2/ (-1.34£0.2)

0.9%0.23/ (-0.9%0.23)

~1.08+0.27/ (1.080.27)

tq NLO matching

tt jip

-0.0240.1/ -0.0£0.1

-0.0240.08/ 0.0140.08

-0.01£0.09/ 0.02+0.09

-0.0£0.1/-0.01£0.09

0.03£0.1/ -0.0240.1

-0.0140.1/ -0.01£0.1

-0.0340.08/ 0.02+0.08

-0.06£0.09/ 0.07£0.09

-0.04£0.09/ 0.02£0.09

0.0940.1/ -0.07£0.1

-0.1440.12/ -0.46+0.25

0.0£0.09/ -0.0540.16

0.3£0.11/ -0.3340.2

0.0340.11/ -0.25+0.21

-0.18+0.12/ 0.68+0.17

-0.0£0.1/ -0.02£0.1

0.0240.08/ -0.01£0.08

0.0440.09/ -0.02+0.09

0.0340.09/ -0.03£0.1

-0.06£0.1/ 0.05+0.1

W + O, 8] i

-0.01£0.04/ -0.04:0.04

-0.04:0.03/ -0.01£0.03

0.0140.04/ -0.0£0.04

0.0£0.04/ -0.0£0.04

-0.04:0.05/ 0.0140.05

W + O, 1b]1h ir

0.0£0.04/ -0.0140.04

-0.04:0.03/ -0.01+£0.03

0.014:0.04/ -0.01+£0.04

-0.01:£0.04/ 0.01£0.04

0.0£0.05/ 0.01£0.05

tW +tW DS

0.0340.04/ (-0.03+0.04)

-0.03+0.03/ (0.0340.03)

0.1140.04/ (-0.11+0.04)

20.29£0.05/ (0.290.05)

0.0840.05/ (-0.08+0.05)

tW + tW, tb/tb FSR

-0.03+£0.05/ -0.22£0.08

-0.01£0.04/ -0.03%0.05

0.084:0.04/ -0.05£0.06

0.0440.05/ -0.1£0.07

-0.06£0.06,/ 0.23£0.05

tW + tW, tb/th ISR as

0.01£0.04/ -0.040.05

0.0440.03/ -0.03+0.04

-0.01+0.04/ -0.02+0.05

-0.0£0.04/ 0.02+0.05

-0.02+£0.05/ 0.03£0.05

W+ bbpup

0.0840.38/ -0.08+0.38

0.24+0.43/ -0.2+0.43

0.7540.48/ -0.7540.48

0.38+0.41/ -0.38+0.41

W+ bbup

0.07+0.44

0.61£0.45

W+ c(e)pr

0.1340.4/ 0.0240.45

W+ c(e)pur

0.2340.48

-0.3240.4/ -0.3340.48

-0.62+0.49

0.7240.48

tW + tW, tb/tb Parton shower

-0.1+0.04/ (0.1£0.04)

-0.01£0.03/ (0.01£0.03

0.0£0.04/ (-0.00.04)

-0.0940.04/ (0.09£0.04)

0.1140.04/ (-0.11£0.04)

tt Parton shower

-0.09+0.16/ (0.09+0.16)

0.43%0.13/ (-0.43£0.13)

0.32+0.15/ (-0.32+0.15)

-0.3140.16/ (0.3140.16)

tt NLO matching

0.0920.1/ (-0.09%0.1)

0.03£0.07/ (-0.03£0.07

0.54%0.1/ (-0.54£0.1)

-0.740.11/ (0.7+0.11)

tW + tW NLO matching

-0.08+0.04/ (0.08+0.04)

)
~0.24£0.12/ (0.24£0.12)
)
)

-0.0940.03/ (0.0940.03

~0.05£0.04/ (0.05+0.04)

0.09+0.05/ (-0.09+£0.05)

tt haamp

0.2:£0.08/ (-0.2£0.08)

0.140.06/ (-0.1£0.06)

0.42+0.09/ (-0.42+0.09)
0.06£0.04/ (-0.06+0.04)
0.0840.07/ (-0.08+0.07)

0.2440.08/ (-0.24+0.08)

-0.3740.08,/ (0.37+0.08)
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IW

F. Systematic uncertainties

F.7. Covariance matrices

Covariance of (do/dp_(f) [pb/GeV]) Covariance of (¢ 3 :(zﬂ [pb/GeV])

T

6
{s=13 Tev, 140 b* _ X10

(s=13 TeV, 140 fb™

%‘ 275 - 500 27605 2.1e:05 1.1e:05 1.26:05 4.26:06 1.9e:06 9.1e-07 % FZEREELY 2 2e-09-1.06-10 1.36:09 606-10 10009 336:10 13610 12010 (R WS
o 2 .
P a1 0c-04 1.50-04 7.5€-05 41605 3.9¢-05 1.6e-05 1.5¢-05 1 PP ST T 1] 5 200 11010 83610 7.4e-11 1.7€:09 7.30-10 15609 13¢-10
~ =
- =
-
o 175 - 215 [ 1.3e-04 € -05 5.6e-05 1.6e-05 (SR PAT-] 1 6c-081.9¢-09 2.86-09 2.66-09 5.76-09 5.4e-09 7.3¢-10 3.3¢-10
135-175 3.8e-04 2.5e-04 2.9e-04 9.3e-05 3.9e-05 PRI /] -4.5¢-08 -1.1e-08 1.0e-08 1.1e-08 2.4e-08 5.7e-09 1.7e-09 1.0e-09
95-135 .6e-0 e-05 4.1e-05 [CIPKI] - 1.8¢-07 1.3¢-08 1.4e-07 8.3e-08 1.1e-08 2.6e-09 7.4e-11 6.0e-10 0
[T eL] 6.5¢-05 1.60-03 -04 3.8e-04 - [SRRe1Y -4 4e-07 1.1e-07 3.9e-07 1.4e-07 1.0e-08 2.8¢-09 8.3e-10 1.3e-09
LSRN 4.6e-03 4.4e-03 1.6e-03 2 4 1.5e-04 2.7e-0! PLRNEEY -1.50-07 1.86-07 1.1e-07 1.3e-08 -1.1e-08 -1.9e-09 -1.1e-10-1.0e-10
0-45 46e-03 6.5¢-05 4.1e-04 6.8¢-04 3.0e-04 1.6e-04 1.4e-05 0-45 -1.5€-07 -4.4e-07 -1.8¢-07 -4.5€-08 -1.6-08 -5.3¢-09 -3.2¢
B _ .69 _ .00 430 41D 74D 915 00 A9 0D . .95 420 A5 94D 19 00
0735768 " 2g5 - *ap - Mi10 - 6 - L1 - 005" ge - a6 - Ty5 - L6 -
p,(®) [GeV] p,® [GeV]
(a) (b)
Covariance of (do/d|y(®)| [pb]) Covariance of (51% [pb])
. g -3
_ (s=13 TeV, 140 fb™ _ (s=13 TeV, 140 fb™ Xlo
e e 15
RERWIRPEG] 79::00  58e:00 360100  3.3e+00  4.6e+00 2 5 2 1.45-2.50 B8 - -2.8e-04 1.5e-04 .
1.00 - 1.45 AL 4.9e+00 7.7e+00 3.3e+00 20 1.00-1.45
0.60 - 1.00 [EekEiy 5.9e+00 1.6e+01 3.6e+00 15 0.60 - 1.00 4 E 05
0.25 - 0.60 IS 1.1e+01 5.9e+00 4.9e+00 5.8e+00 10 0.25-0.60
0.00 - 0.25 1.3e+01 7.7e+00 7.9+00 0.00-0.25 -8.2e-04 E K _O . 5

0»%0060 ] \,»0“&00 '“”AB\’AB"L’SO o+ ,x-‘f’ﬂ%,i-"ﬂ“

N 022 o0
090" o2® 07T 0227 o 1,00

ly®! ly®!
(c) (d)

Figure F.6: Covariance matrices of the (a), (c) absolute and (b), (d) normalised differential
tq cross sections.
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(s=13 TeV, 140 fb™

= : _ " =
L 275 -1.4-02 1.3e-02 7.2¢-03 2.7e-02 1.0e-01 4.4e-04 -2.4e-02(46e-01 S s
S 145-
) 0.4 5
= 215 8e-03-2.4€-03 3.9 E
-
© 175 - 5.9¢-03 1.1e-03 -3.4e-03 e-03 5.5e-02 -1.2e-02 4.4e-04 O 3 1.00-
= .
R
-
o 135 -1.1e-02 5.2¢-03 4.6e-03 1.7e-02 6.8¢-02 -4.5¢-03 -8.8¢-03 1.0e-01
0.60 -
95 - 7.4e-04 2.8¢-03 1.3e-02 1.7e-02 -8.0e-03 2.5¢: 02
[1e1] -6.9¢-03-2.7¢-04 5.60-03 2.8¢-03 4.6e-03 -3.4e-03 3.9-03 7.2e-03 0.25 -
45 - 65 [EXERERETRE] 04 7.4e-04 5.2-03 1.1e-03 -2.4
0.00 -
[ORW1] 2.8-02 3.6e-03 1.1e-02 5.9¢-0
L99_ 435 415 A0 919 00
o5 a0 - 18 - Tys - te -

pT(t or t) [GeV]
(a)

Covariance of ((du,q/d|y(t)|)/(dciq/d|y(b|))
s=13 TeV, 140 fb™

2.50
1.45
0.05
1.00

0.60

0.25

0% o8 400 ©- 480 NG 20

ly(t or )

0P .
oM 02° 3

(b)

Figure F.7: Covariance matrices of the ratios of the differential cross sections as a function

of (a) pr(t or t) and (b) |y(t or ¢)].
F.8. Correlation matrices

Correlation of ((domldpT(t))l(dciq/de(t)))
(s=13 TeV, 140 fb™*

= 1 =
(IRIRACRE: Y] -1 3¢-01 2.46-01 1.4¢-01 3.4e-01 5.7e-01 2.8¢-03 -1.2¢-01 106400 H:
10 S 145
P} -
P M LR {] -5.60-02 -1.1e-01 1.7e-01 7.4e-02 -1.1e-01 -1.8e-01/1.06+00 -1.2e-01 \;
=
-
© hY{RPA L] 1.5e-01 6.0e-02 -2.0e-01 -3.0e-01-7.3¢-02 {1.0e+00 -1.8e-01 2.8¢-03 0 5 1.00
= .
N~—
Q.._
PRI /Y 2 60-01 2.6e-01 2.4e-01 5.7€-01 1.0e+00 -7.3¢-02 -1.1e-01 5.7€-01
0.60 -
IRk -2 6e-01 8.4e-02 3.3e-01 1.0e+00 5.7e-01 -3.0e-01 7.4e-02 3.4e-01
[ ReLY -5.5¢-01-4.8¢-02[1.0e+00 3.3¢-01 2.4e-01 -2.0e-01 1.7e-01 1.4e-01 0.25-
IR 2.86-01 1.0e+00 -4.8¢-02 8.4e-02 2.6-01 6.0e-02 -1.1e-01 2.4e-01
0.00 -

[V RR:LY 106400 2.8¢-01 -5.5¢-01 -2.6e-01 1.5e-01 -5.6e-02 -1.3¢

-0.5

)

o 3

9P 43D

% s Bie- s -5

157 TS 1o

pT(t or t) [GeV]
(a)

2560

-250

-1.45

Correlation of ((dcm/d|y(t)|)/(doiq/d|y(D|))
(s=13 TeV, 140 fb™

1

-4.1e-01

0.5

1.00 -4.1e-01

0.60

-6.4e-01

0.25 -4.6e-01

000_0.’?—5015_0ﬁ9060_x9°\’00_x,f\5XAB_7_,60
ly(t or B)|

(b)

Figure F.8: Correlation matrices of the ratios of the differential cross sections as a function

of (a) pr(t or t) and (b) |y(t or ¢)].

178



lm

F. Systematic uncertainties

Correlation of (do/de(t) [pb/GeV]) Correlation of (1 3 ;’ft) [pb/GeV])
T

(s=13 TeV, 140 fb*

= (s=13 Tev, 140 b __ 1
[ORRAEREIY 2 66-01 4.8¢-01 5.4e-01 5.4e-01 4.4e-01 5.8-01 6.8¢-01 HOSHO0 %‘ PALRE0[0] -4.2¢-01-2.1e-02 1.0e-01 1.9e-01 1.3e-01 3.5e-01 5.1e-01 1.0e+00
9 9
= 215 - 275 01 5.1e-01 7.2e-01 6.6e-01 6.4e-01 5.8¢-01 [LL0E+00 6.8¢-01 PR SLRPAE] < - 01 22001 33601 26001 3701 26001 406400 5101
- 0.8 >
o . . . o~ 0.5
175 - 215 [gE 5.2¢-01 7.2e-01 4.3e-01 [1I0€+#00) 5.8¢-01 5.8e-01 hVERWAEY -4 66-01 -1.3e-01 2.8¢-02 | 5.2e-01 3.6e-02 [1.0e+00 2.8¢-01 3.5e-01
135 - 175 [EECRGNER: e-01 OSH00 4.3¢-01 6.4e-01 4.4e-01 135 - 175 [§ -01/4.26-01 1.4e-011.0e400| 3.6e-02 3.7e-01 1.3e-01
LR KT] 42001 5.5¢-01 7.3e-01[1108%00 5.9¢-01 7.2e-01 6.6e-01 5.4e-01 o 6 LKLY -6.7¢-01-3.1e-01 2.9¢-01 106400 1.4e-01 5.26:01 2.8¢-01 1.9e-01 O
SRRl 5.5¢-01 7.3e-01 106400 7.3e-01 7.7e-01 5.2e-01 7.2e-01 5.4e-01 [l -7.7¢-01-1.0e-011.06400 2.9e-01 4.2e-01 2.8¢-02 3.3e-01 1.0e-01
PN 7.7¢-01 1.0e+00 7.3e-01 )1 4.7e-01 5.1e-01 4.8¢-01 0.4 PR 3.4e-02 [1106400|-1.0e-01 -3.1e-01 -6.3¢-01 -1.3e-01 -2.3e-01-2.1e-02 o 5
[JBR:15] 106400 7.7e-01 5.5e-01 4. (VW15 L08%00 3.4e-02 -7.7e-01 -6.7e-01 -3.9e-01 -4.6e-01 -5.6e-01 -4.2e-01
85 @D 95 435 415 915 919 00 85 .60 95 43D 415 15 915 0
07156 %50 - Y - Yige - Bie - Uyo - 0- a5 %760 Pg5 - Yae - H6 - Toxe - Hqs -
p.(t) [GeV] p,(t) [GeV]
(a) (b)
Correlation of (do/d]y(t)| [pb]) Correlation of (4 7d|r)j/((’l)| [pb])
{s=13 TeV, 140 fb™ {s=13 TeV, 140 fb”
= 1 = 1
R =
2 1.45- 2,50 [T 5.4e-01 [II08%00 2 1.45- 2,50 [EEE
1.00-1.45 0. 1.0e+00 5.4e-01 1.00 - 1.45 05
0.60 - 1.00 1.0e+00 o-( 0.60 - 1.00 0
0.25 - 0.60 1.0e+00 0.25 - 0.60 [IZEI -5.1e-01
0.00-0.25| & 0. 6.1e-01 0.00-0.25

000‘015015‘0'60060‘&QQXQQ'X'ASXAS"LE’D

ly(®)l y(®)l

(c) (d)

Figure F.9: Correlation matrices of the absolute and normalised differential tq cross sections
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Figure F.10: Correlation matrices of the (a), (c¢) absolute and (b), (d) normalised differential

tq cross sections.

180



iy I&:ﬂll:

G. Results

G. Results

Comparisons between the measured differential cross sections and the various theory
predictions, which are not shown in the discussion of the analysis results in Chapter 11,
are presented in Appendix G.1. The numerical values of the measured cross sec-
tions are listed in Appendix G.2. The predicted distributions of signal events in the
plane of both observables are shown in Appendix G.3. For the EFT interpretation
presented in Section 11.2, a least-squares is performed whose results are listed in Ap-
pendix G.4.
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G.1. Distributions of the differential cross sections
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Figure G.1: Absolute differential (a) (c) tqg and (b) (d) #g cross sections as a function of (a)
(b) pr(t) or pr(t) and (c) (d) |y(¢)| or |y(t)| compared to the predictions from
POwWHEG +PyYTHIA 8 with different PDF sets. The shaded band indicates the
total measurement uncertainty. The uncertainty in the theoretical predictions
comprises the MC statistical uncertainty and the PDF uncertainty.
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Figure G.2: Absolute differential (a) (c¢) tg and (b) (d) #q cross sections as a function of
(a) (b) pr(t) or pr(t) and (c) (d) |y(t)| or |y(t)|. The shaded band indicates
the total measurement uncertainty. The cross sections are compared with the
predictions from different MC event generators and parton-shower programs. All
predictions are generated with the NNPDF3.0 PDF set. The uncertainty in the
theoretical predictions comprises the MC statistical uncertainty, the uncertainty
in the renormalisation and factorisation scale choice and the PDF uncertainty.
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the total measurement uncertainty. The cross sections are compared with the
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in the renormalisation and factorisation scale choice and the uncertainty in the
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Figure G.4: Normalised differential (a) (c) tq and (b) (d) g cross sections as a function of
(a) (b) pr(t) or pr(t) and (c) (d) |y(t)| or |y(t)|. The shaded band indicates
the total measurement uncertainty. The cross sections are compared with the
predictions from POWHEG +PyYTHIA 8 with different PDF sets. The uncertainty
in the theoretical predictions comprises the MC statistical uncertainty and the
PDF uncertainty.
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Figure G.5: Ratio of the differential cross sections as a function of (a) (¢) pr(t or t) and (b)
(d) |y(t or t)]. The shaded band indicates the total measurement uncertainty.
The cross sections are compared with theoretical predictions obtained from (a)
(b) FO calculations done with MCFM at LO, NLO and NNLO and (c) (d)
different MC event generators and parton-shower programs with the NNPDF3.0
PDF set. The uncertainty in the FO calculations comprises the uncertainty in
the renormalisation and factorisation scale choice and the uncertainty in the
value of ag. The uncertainty in the predictions from different event generators
comprises the MC statistical uncertainty, the uncertainty in the renormalisation
and factorisation scale choice and the PDF uncertainty.
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G. Results

G.2. Numerical values of the differential cross sections

Table G.1.: Absolute and normalised differential t¢ production cross sections as a function of
pr(t).

datq 1 dO'tq

a0 POV

pr(t) [GeV | [1072 GeV !

syst. &+ stat. syst. =+ stat.

0— 45 966 39 +18 744 03T 4015
45 — 65 1274 9 +£16  9.81 5B 4+ 0.13
65 — 95 914 T +12  7.04 020 +0.09
95 — 135 456 3T 4+ 9 351 I8 4 007
135 — 175 191 18 £ 7 1470 f39% 4+ 0.052
175 — 215 93.6 7934+ 49 0.721 T332 + 0.038
215 — 275 40.4 gg 2.7 0311 1903 4+ 0.021

+1.1
—1.1

+
275 — 500 6.1 714+ 0.6 0.0470 T390 £+ 0.0043

Table G.2.: Absolute and normalised differential tq production cross sections as a function of

ly(8)]-
dUt 1 dO'tq
v (2)] ~—7 [pb] —
dly(?)| otq dly(?)]
syst. -stat. syst. + stat.

0.0 —0.25 69.77%8 +£1.2  0.534 3912 +0.009
0.25—0.6 67.7752 £09 0.519 018 40.007
06 —1.0 620715 £1.0 0475 019 40.007
1.0 —1.45 541738 +£1.0 0414 15015 £0.008
1.45-25 31673 4£0.8  0.2420 75592 +0.0064
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Table G.3.: Absolute and normalised differential tq production cross sections as a function of
pr(t).

datq 1 dgtq

pr(t) |GeV fb GeV ! 1073 GeV !
OV G| D ()| |
syst. =+ stat. syst. £ stat.

0— 45 649 TI% 416 8.05 T2 £0.20

45 — 65 815 '8 414 1011 T3 £0.18
65— 95 526 19 +10 6.52 Tl £0.13

95 — 135 269 20 +8 3.33 T £0.10

135 — 175 112 15 + 6 .38 *011 £0.07

175 — 215 50.1 *99 +£ 38  0.621 198 £ 0.047
215 — 275 20.6 T34 4+ 23 0256 0031 +£0.028
275 — 500 3.42 TO8T 4+ 0.47  0.0425 739992 + 0.0058

Table G.4.: Absolute and normalised differential g production cross sections as a function of

y (@)l
_ doy, 1 doy
|y ()] —— [pbl p T
dly(?)] oq dly(?)]
syst. £stat. syst. &£ stat.

0.0 —0.25 484748 +£1.1 0592 002 +0.014
025—0.6 439734 +0.8  0.538 F20T 4+0.010
06 —1.0 413731 +09 0506 293 +0.011
1.0 —1.45 335%25 £09 0410 998 +0.011
145-25 18572 +£0.7  0.2268 75:5%2 +0.0084
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G. Results

Table G.5.: Ratio of the absolute differential tq and tq production cross sections as a function
of pp(t or t).

pr(t or T) [GeV | (i) (i)

syst. + stat.

0— 45 1.573 70137 £ 0.048
45 — 65 1.634 10055 &+ 0.035
65 — 95 1.683 10012+ 0.039
95 — 135 1.766 0050 + 0.060
135 — 175 1.86 111 £ 0.11
175 — 215 1.96 *01g £ 0.18
215 — 275 2.06 7079 + 0.26
275 — 500 2.26 7032 + 0.36

Table G.6.: Ratio of the absolute differential tq and g production cross sections as a function
of |y(t or t)].

e () G

syst. + stat.

0.0 —0.25 1.507 3%+ 0.043
0.25 — 0.6  1.525139% 4+ 0.034
0.6 — 1.0 1.562700% + 0.040
1.0 — 145 1.642759594+ 0.052
145 —25  1.90 %17 + 0.08
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G.3. Parton-level predictions for |y| vs. pr
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Figure G.6: Predictions for the parton-level distribution of (a) tq and (b) tq production in
the pr(t)-ly(t)| and pr(t)-|y(t)| plane respectively.
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G. Results

G.4. EFT interpretation

Table G.7.: Best fit values for the expected relative change in the differential
cross sections obtained from least-squares fits. According to Equa-
tion 11.1, the expected relative change is parameterised per bin as

O'EFT/USM = (1 + po - Cg’;/!\z + p1- (C%;/A2)2>'

do do

_ 0371 A2 - 03,1 A2
pr(t) or pr(l) range dpr(t) (Cau/) dpr(t) (Ca/Y)

Po b1 Po P1
0GeV < pr(t) or pr 45GeV  —0.175 0.0 —0.260 0.142
45 GeV < pr(t) or pr 65GeV  —0.145 0.0 —0.205 0.187
65 GeV < pr(t) or pr 95GeV  —0.263 0.050 —0.216 0.014

35GeV. —0.389 0.0 —-0.429 0.063
75GeV  —0.735  0.143 —-0.593 0.231

1
135GeV < pr(t) or pr 1
215GeV  —0.813 0.099 —1.107 0.695
2
5

175 GeV < pr(t) or pr
215 GeV < pr(t) or pr
275 GeV < pr(t) or pr

75GeV  —0.897 0.043 —1.184  0.640

(0) or pe(f)
(t) (t)
(t) (t)
95 GeV < pr(t) or pr(t)
(t) (t)
(1) or pr(f)
(#) or pr(F)
( ) (t) 00 GeV —2.452 1.694 —2.576  3.426
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