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Abstract

This thesis presents a sensitivity study for a simultaneous measurement of two parameters
of the heaviest known elementary particle: the top-quark mass and its decay width. The
analysis is based on the full Run 2 dataset, corresponding to an integrated luminosity of
140fb~" of proton—proton collisions at a centre-of-mass energy of /s = 13TeV, collected
by the ATLAS experiment at the Large Hadron Collider between 2015 and 2018. The
study focuses on the WWbb production process in the dilepton decay channel and exploits
the sensitivity of the invariant mass distribution of a charged lepton and a b-jet to both
the top-quark mass and decay width. This sensitivity can be only reliably described using
next-to-leading-order predictions for the full WWbb final state in the dilepton channel. A
central aspect of this work is the validation of a corresponding Monte-Carlo simulation within
the ATLAS Collaboration, including a comprehensive evaluation of the associated modelling
uncertainties. This simulation constitutes a valuable input not only for the measurement
presented here, but also for future ATLAS analyses targeting the WIWbb final state. In the
context of this measurement, the use of these improved predictions is shown to significantly
enhance the sensitivity to the top-quark decay width, reducing the expected uncertainty by
approximately a factor of two compared to the currently most precise measurement.
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Zusammenfassung

Diese Dissertation stellt eine Sensitivitédtsstudie fiir die simultane Messung zweier Parameter
des schwersten bekannten Elementarteilchens dar: der Masse des Top-Quarks und seiner
Zerfallsbreite. Die Analyse basiert auf dem vollstdndigen Run-2-Datensatz, der einer integrier-
ten Luminositit von 140fb~" Proton-Proton-Kollisionen bei einer Schwerpunktsenergie von
/s = 13 TeV entspricht, aufgezeichnet vom ATLAS-Experiment am Large Hadron Collider
zwischen 2015 und 2018. Die Studie konzentriert sich auf den WWbb-Produktionsprozess im
vollleptonischem Zerfallskanal und nutzt die Sensitivitdat der invarianten Massenverteilung
eines geladenen Leptons und eines b-Jets gegeniiber sowohl der Top-Quark-Masse als auch der
Zerfallsbreite. Diese Sensitivitdt kann nur zuverlédssig durch Vorhersagen fiir den vollstéandigen
W W bb-Endzustand im vollleptonischem Zerfallskanal beschrieben werden. Ein zentraler As-
pekt dieser Arbeit ist die Validierung einer entsprechenden Monte-Carlo-Simulation innerhalb
der ATLAS-Kollaboration, einschlieflich einer umfassenden Ausarbeitung der zugehorigen
Unsicherheiten. Diese Simulation ist nicht nur fiir die hier présentierte Messung wichtig,
sondern auch fiir zukiinftige ATLAS-Analysen, die sich auf den W W bb-Endzustand konzentri-
eren. Im Kontext dieser Messung wird gezeigt, dass die Verwendung dieser verbesserten
Vorhersagen die Sensitivitdt gegeniiber der Zerfallsbreite des Top-Quarks deutlich erhoht und
die erwartete Unsicherheit im Vergleich zur derzeit prézisesten Messung um etwa einen Faktor
zwei reduziert.
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CHAPTER 1

Introduction

The curiosity of generations of scientist trying to understand the fundamental building blocks
of matter and their interactions has resulted in the Standard Model (SM) of particle physics,
a theoretical framework that describes most experimental data with remarkable accuracy.
The experimental program to discover all fundamental particles predicted by the SM, and
to probe both the energy and precision frontiers for deviations from its predictions, has
led to a series of particle physics experiments. The highest-energy particle collider ever
built is thereby the Large Hadron Collider (LHC) at CERN. With proton—proton collision
provided by the LHC, in 2012, the final missing particle of the SM, the Higgs boson, was
discovered by the ATLAS and CMS collaborations. Despite its success, the SM is widely
regarded as incomplete. There is compelling evidence for physics beyond the Standard Model
(BSM), particularly from astroparticle physics observations. For example, the SM does not
provide a viable candidate for dark matter, which constitutes about 25 % of the mass—energy
content of the universe, whereas ordinary matter described by the SM accounts for only
about 5%. This discrepancy strongly motivates continued searches for new physics. The
data collected by the LHC enable searches for BSM physics in two complementary ways: by
searching for the direct production of BSM particles in exploring the highest-energy collisions
ever achieved in laboratory conditions, and by performing high-precision measurements that
can reveal small but significant deviations from SM predictions. Such deviations may arise
from higher-order corrections involving virtual BSM particles. This thesis focuses on the
latter approach. It presents a study of two fundamental parameters of the heaviest known
elementary particle in the SM: the top-quark mass and decay width. The analysis exploits the
large dataset recorded by the ATLAS detector during 2015-2018 (Run 2), corresponding to
approximately 115 million events top-quark pair production events. The combination of this
large dataset, excellent detector performance, and advanced object reconstruction techniques
enables precision measurements of these quantities. To fully benefit from the experimental
precision, high requirements on the accuracy of the theoretical predictions are placed. In
particular, the analysis presented in this thesis relies on predictions at next-to-leading order
(NLO) accuracy in quantum chromodynamics (QCD) for the final state bb¢~ 7,61 v,, which
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is expected for a fully leptonically decaying top-quark pair. A Monte-Carlo implementation
providing such predictions has been developed by the theory community [1, 2|. In order
to use these predictions effectively in an experimental analysis, besides the nominal theory
predictions, the associated modelling uncertainties must be carefully evaluated. This thesis
presents a detailed study of such a Monte-Carlo dataset, with a particular focus on the
assessment of its modelling uncertainties. Using these simulations, which were made available
within the ATLAS Collaboration in the course of this thesis, the achievable sensitivity to the
top-quark mass and decay width is evaluated.

In this thesis, after an introduction to the SM, theoretical methods for obtaining predictions
for high-multiplicity final states are discussed, with particular emphasis on the W' W ™ bb
production process, in Section 2. The study of the ATLAS bb4¢ Monte-Carlo sample describing
the full bbl~ Dgfrl/g final state at NLO accuracy in QCD, in particular the evaluation of the
associated modelling uncertainties, is presented in Section 3. An overview of the experimental
setup — including the LHC, the ATLAS detector, and physics object reconstruction — is
given in Section 4. A summary of previous measurements of the top-quark mass and decay
width is provided in Section 5. The analysis strategy developed in this thesis is then described,
including the dataset and simulated samples used (Section 6), the overall analysis approach
(Section 7), the considered systematic uncertainties (Section 8), and the employed fitting
strategy (Section 9). The results for the sensitivity estimation to the top-quark mass and
decay width are presented in Section 10. Finally, Section 11 summarizes the findings and
provides an outlook.



CHAPTER 2

From fixed-order calculations to the
modelling of high-multiplicity final states

The work presented in this thesis aims at measuring two fundamental parameters of a
theoretical framework that describes the constituents of matter and their interactions. In this
chapter, the conceptual development of this theoretical framework, the Standard Model, is
outlined, along with the methods by which it enables precise predictions that can be directly
compared to experimental data. Mendeleev’s periodic table of chemical elements, whose indeed
periodic structure suggested an underlying substructure can be regarded as a starting point
to understand the building blocks of atoms, the nuclei, protons and neutrons held together by
the strong force, and the electrons, bound to the nuclei through the electromagnetic force.
The radioactive decay of neutrons into protons can be described through weak interactions,
accompanied by an electron and a neutrino, another fundamental particle in the theory. A
multitude of discovered particles, which are bound by the strong force, as the proton and the
neutron, suggested that indeed these particles are not fundamental themselves, but are build
from fundamental particles, the quarks. Experimental evidence suggested that quarks and
leptons exists in three different families. This thesis focuses on a quark of the third generation,
the top quark.

2.1 The Standard Model Lagrangian

The Standard Model (SM) of particle physics is a relativistic quantum field theory that success-
fully describes the electromagnetic, weak, and strong interactions of elementary particles. It is
in remarkable agreement with experimental data, such that — within current experimental
and theoretical uncertainties — no significant deviations from its predictions have been
observed in laboratory experiments. The dynamics and interactions of the SM are encoded in
the SM Lagrangian Lg),, which is built upon the requirement of Lorentz invariance to ensure
consistency with special relativity. Further, the interactions between fundamental particles
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arise from the requirement of local gauge invariance under the symmetry group SU(3)x
SU(2);,x U(1)y. These gauge symmetries are associated with the conservation of colour
charge, weak isospin, and weak hypercharge Y, respectively. A starting point for constructing

the SM Lagrangian is the Dirac Lagrangian for a free spin—% fermion field:

Lbirac = Lj(x)(l’%uau - m)Q($)v (21)
where g(x) denotes a fermion field of mass m, and g = qT'yO. The matrices " are the Dirac ~-
matrices. In the following, a brief overview is provided of how imposing local gauge invariance
on this Lagrangian leads to the structure of the SM Lagrangian, following mainly [3].

Quantum Electrodynamics (QED) The electromagnetic interactions can be described by
requiring invariance of the Lagrangian in Equation 2.1 under a local U(1) symmetry, under
which the fermion fields transform as

q(x) & eia(x)q(x). (2.2)

While the mass term mgq in Equation 2.1 remains invariant under this local transformation,
the kinetic term involving the derivative is not:

q(x)0"q(x) — q(x)0"q(z) +i(0"a)q(z)q(). (2.3)
Gauge invariance can be restored by introducing a gauge field A,(z) and replacing the
derivative 0, by the covariant derivative

D, =0, +ieA,(x), (2.4)
with e the electric charge of the fermion field q. The Lagrangian then becomes
L = q(z) (iv,D" —m) q(z), (2.5)

which is invariant under local U(1) transformations provided that the gauge field transforms
as " )
U1

A () —= Ay (x) — gaua(a:). (2.6)
To identify the vector field A, with the photon mediating the electromagnetic interaction, a
kinetic term for a propagating photon needs to be added. Since the electromagnetic interaction
has infinite range, the photon must be massless. A mass term would explicitly break gauge
invariance, as discussed later in this section. To ensure that this kinetic term for the photon
field also satisfies U(1) gauge invariance, the electromagnetic field tensor F),, is derived from
the commutator of the covariant derivate as

[D,.D,] = D,D, — D,D,, = ieF,, = ie(d,A, — d,A,). (2.7)
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The full QED Lagrangian is thus given by

Lqep = —EFWF“V + () (i7, D" —m)q(z) = q(x)(iv, (0" + ieA”) —m)q(x).  (2.8)

Quantum Chromodynamics (QCD) Following the construction of QED from local U(1)
gauge invariance, QCD is obtained by requiring invariance of the Lagrangian under local SU(3)
transformations. This raises two questions: why the SU(3) group, and what are the degrees
of freedom it acts on? Experimental observations indicate that quarks carry an additional
quantum number, referred to as colour charge, conventionally labelled red, green and blue.
Evidence for this structure is provided, for instance, by measurements of the ratio of the
cross-section for e*e” annihilation into hadrons to that into muon pairs (u* ) [4], which
can be explained by assuming that three distinct colour states of each quark flavour exists:
e.g. there is not the up-quark u, but instead the three states u,,u, and u,. The SU(3) gauge
symmetry is therefore introduced to act on the three-dimensional colour space of quarks. A
local SU(3) acts on the colour degrees of freedom as

SU(3 i ()T
200, U(w)gla) = e O g(a), (2.9)

q(x)
where ¢ = (g, q,,q) and T* are the eight generators of the SU(3) Lie group. In analogy to
QED, gauge invariance of the kinetic term of the quark field in the free Dirac Lagrangian is
ensured by introducing the covariant derivative

D, =9, —ig,GuT", (2.10)

with the coupling strength g, and the eight gauge fields GZ(Q@), identified with the gluons. In
contrast to the Abelian U(1) case, SU(3) is a non-Abelian group, with generators satisfying

[Tava] = ifabcTC’ (211)

where f,;. are the structure constants. Requiring the gauge invariance of the covariant
derivate, the SU(3) transformation of the gauge fields is given by

a SU(3) a 1 a b ¢
G, —— G, + ;8“a + fareGpa (2.12)

The kinetic term of the gluon fields is again obtained from the commutator of covariant
derivatives and the field strength tensor is evaluated to

Go, = 0,Go — 9,G% — g, fareGa G (2.13)

The last term in this equation arises due to SU(3) being a non-Abelian symmetry group and
has immediate consequence on the properties of QCD: it describes gluon self-interactions with
three- and four-gluon vertices. Gluons carry colour charge and thus interact themselves under
exchange of QCD gauge bosons (the gluons). One important property of QCD is asymptotic
freedom, meaning that the scale-dependent strong coupling constant as(Q) = ¢g2(Q)/(4n)
vanishes at scales () — oo, while for low energy scales, a%(@) becomes large, leading to the
confinement of coloured particles.
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Weak interactions While quantum electrodynamics and quantum chromodynamics suc-
cessfully describe electromagnetic and strong interactions, respectively, several experimental
observations indicated the existence of an additional interaction. One example is the com-
paratively long life-times of the charged pions (7~ — u~ 7,) of around 10°° s, which is much
larger than typical timescales of strong (10723 s) and electromagnetic (10716 s, e.g. ™ — ¥7Y)
decays. This suggests a different interaction mechanism with a weaker coupling strength. An
early theoretical description of weak interactions was proposed by Fermi in the context of
[-decay. Since neutrinos do not couple to photons or gluons, this process cannot be mediated
by electromagnetic or strong interactions. Fermi’s model introduced a four-fermion interac-
tion with a structure analogous to QED, involving vector—vector currents of the form ,4"e.
While this approach successfully described certain features of S-decay, it failed to account
for the experimentally observed violation of parity symmetry in weak interactions, meaning
that the interaction is not invariant under space-inversion. By analysing for example the
preferred emission direction of electrons and consequently of neutrinos emitted in the S-decay
of polarized nuclei, it was concluded that the weak interaction only couples to left-handed
fermions and right-handed anti-fermions. This behaviour is incorporated when replacing
Y= (1 - ~°). This vector-axial (V minus A or V — A) structure of the weak interaction
can be directly probed by measuring angular distributions in electron—neutrino scattering
experiments. At this point, weak interactions couple fermions within the same weak isospin
doublet: leptons and quarks in the same family, e.g. (e,v.), (u,d) and (¢, s) doublets. A
problem arises however when considering e.g. kaon decays, K (su) — p~ + 7, which should
be forbidden. This issue is resolved by introducing weak eigenstates that differ from the mass
eigenstates. At this time, only the u,d and s-quarks were experimentally discovered, but
the existence of the c-quark was pos.tulated,1 and the mixing of the quark-mass eigenstates
with two quark generations can be parameterised with one parameter: the Cabibbo angle
fc. The d and s mass eigenstates now participate in the weak interactions only in linear
superpositions, e.g. d = d cos Oc + ssinfq. Similarly to the postulation of the existence of the
c-quark, after the discovery of the b quark, the existence of the top-quark was predicted, the
weak isospin partner of the b quark. Now, the mixing of mass eigenstates to form the weak
eigenstates is described by a 3 x 3-matrix, the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
The CKM matrix can be parameterised by three real parameters and an imaginary phase,
providing a source for CP-violation in the SM,2 which was indeed discovered in the decay of
neutral kaons.® In addition to the charged weak interactions, neutral weak interactions were
observed in v,e — v,e scattering processes. Measurements of the corresponding angular
differential cross-sections demonstrated that neutral weak interactions cannot be described by
a pure V — A structure, in contrast to charged current interactions, providing a hint about
the structure of the unified electroweak theory.

! The c-quark existence was postulated by Glashow, Iliopoulos and Maiani to explain the small K} — whp”
branching fraction, which can be explained through the GIM suppression mechanism describing the negative
interference of K° — p+p7 box-diagrams with intermediate v and c-quarks.

ZA general weak interaction ab — cd is CP-invariant, if V., Vg, = V.,V with V;; corresponding to the
elements of the CKM-matrix. This is the case for a real CKM matrix, but violated in the SM due to the
complex phase needed in the 3 X 3 matrix.

% Footnote is printed on the next page.
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Electroweak interactions The first attempt to describe the weak interaction in terms of a
symmetry group, was to use the SU(2);, symmetry group. Thereby, left-handed fermions are
arranged into weak isospin doublets, for example

XL = (Z-)L, (2.14)

which transform non-trivially under SU(2);, while the right-handed fermions, such as ep,
remain invariant. Introducing the corresponding gauge fields W; (a = 1,2, 3), the interaction
term in the Lagrangian is given by

—igx v, T WXL, (2.15)

where T" are the generators of SU(2);, and g the coupling strength of the weak interaction.
The charged weak gauge bosons W™ can be derived with the linear combination of we
corresponding to the charge lowering and raising combination of 7",

1 .
W, = \[Z(W,j +iW). (2.16)

However, a theory based solely on SU(2); cannot account for the observed structure of
neutral current interactions. In particular, it would predict purely V — A neutral currents,
in contradiction with experimental results. This issue is resolved by unifying the weak and
electromagnetic interactions within the gauge group SU(2); x U(1),.. The additional U(1),,
symmetry introduces the hypercharge gauge field B,,, with interaction term

Y
—19’1#7#5@&3“ : (2.17)

where ¢’ is the corresponding coupling strength and Y the weak hypercharge. The physical
neutral gauge bosons arise from a mixing of the fields Wi and B,,, given by
A, = Bj,costy + Wj’ sin Oy (2.18)

Z, = —B,sinfy + W, cosly (2.19)

where 6y, denotes the Weinberg angle. The field A, is identified with the photon, while Z,
corresponds to the neutral weak boson. A problem arises when trying to introduce mass terms

? The neutral kaons K°(ds) and K°(sd) — with s and d denoting the mass eigenstates — are transformed
into each other by the CP transformation CP|K°) = |K°), where the CP operation combines the charge
conjugation (particles transformed into antiparticles and vice versa) with the parity operation. The CP
eigenstates K¢ (CP:+13 and K} (CP=-1) can be constructed through linear superposition of the K° and
K. In this case, the K5 would always decay into two pions (CP=+1) and K into three pions (CP=-1).
After a sufficient decay length, a neutral kaon beam includes almost only K 2 due to the larger decay phase
space of the Kg. Thereby it was found, that with a small branching fraction of 1073 also the K decay into
two pions: a CP-violating decay. Where does the weak interaction enter this specific analysis of the K 0
system? It is responsible for the mixing of the K Y and K° states, as the flavour-changing charged current is
only mediated by the weak interaction.
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in the Lagrangian for the weak vector bosons, which are required to account for the short range
of weak interactions, as well as for fermions. Explicit fermion, myy) = m(Yrtr, + ¥rR),
and gauge boson mass terms are not invariant under the SU(2); x U(1)y symmetry group.

Brout—Englert—Higgs mechanism The resolution to the problem of generating gauge-
invariant mass terms is provided by the Brout-Englert—Higgs mechanism [5-7]. Thereby,
a complex scalar field ¢(z) is introduced, transforming as a doublet under SU(2), with
hypercharge Y = 1, such that

¢($) SU(2)L><U(1)Y elal(x)Tl/Qelﬂ(x)Qs(x) (220)

The corresponding Lagrangian is given by

Lrtiges = (D,0) (D) = V(9) (221)
with the Higgs potential
V(6) = 1266+ SM6'0)° (222)
and the covariant derivative
D, =0, +igW,T" + ig'%BH. (2.23)

The scalar field can be written as the SU(2); doublet,
1

_ ¢1 + iy
o T, o

For ,u2 < 0 and A > 0, the Higgs potential develops a continuum of degenerate minima at

2 M2
— =15 2.2
5 5 (2.25)

L oo, 2, 2, 2
Plp = §(¢1 + ¢ + ¢34+ ¢y) =
Choosing a particular vacuum ground state ¢,

b0 = = (O) (2.26)

spontaneously breaks the SU(2), x U(1), symmetry down to U(1),,. Expanding the field

around ¢ gives X .
o(z) = 7 (U . h(x)> (2.27)

where h(x) denotes the physical Higgs field. The three remaining scalar degrees of freedom
are absorbed as longitudinal polarization modes of the massive gauge bosons. The chosen
vacuum is invariant under the electromagnetic charge operator @ = T3 + Y/2 with T3 = :I:%
the third component of the weak isospin, ensuring that U(1),,, remains unbroken, and the
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photon stays massless. Expanding the Higgs potential around the vacuum yields

A A
Vig(x)) = —% 4= (2)\ ) 4 xob® + Th', (2.28)
which contains the Higgs mass term with m%{ =2)\° = —u2, as well as the description of

Higgs-boson self interactions. Gauge boson masses arise from the kinetic term (DMd))T(D“ )
after symmetry breaking,

1 1

(D"¢)'(D"¢) = 5 (0uh) 2 myWiwr 4 2mZZ z" (2.29)
+ ( mWW*W“ +mZZHZ“> h (2.30)

v

m m
+—<yij“+§4zﬂh2 (2.31)

v 2v

2 2

with my, = %4 and my = 4 ;g v. Additionally, the interactions of the massive gauge

bosons with the Higgs boson are encoded in these terms.

The final missing ingredients for the Standard Model Lagrangian are mass terms for the
fermions, which are invariant under SU(2); x U(1)y. This is achieved by generating fermion
masses through Yukawa interactions. For example, the Yukawa term for electrons is given

by
+

‘CYukawa = _ye(Dev é)L <§0

where h.c. stands for Hermitian conjugate. After spontaneous electroweak symmetry breaking,
this term reads

) er+hec., (2.32)

Ye _ _ _ _
Lyukawa = G (v(érer +égrer) + (eer +egep)h), (2.33)

including the electron mass term m, = y,v/v/2 as well as the electron-Higgs boson interaction
with the coupling strength m,/v. Quark masses are generated analogously, with up-type
quarks coupling to the conjugate Higgs doublet.> Neutrinos are massless in the Standard
Model, although experimental evidence from neutrino oscillations indicates that they do
possess non-zero masses. While the Yukawa sector relates fermion masses to their couplings to
the Higgs field, the Yukawa couplings themselves remain free parameters of the theory. One
of the central goals of the measurement strategy presented in this thesis is the determination
of the top-quark mass parameter m,.

% The conjugate Higgs doublet is given by ¢, = i02¢*.
* Details on the definition of the top-quark mass are given in the next section.
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2.2 Fixed-order calculation

As described in the previous section, the interactions of elementary particles in the SM are
encoded in the SM Lagrangian (density) Lqy, from which the corresponding Hamiltonian
(density) Hqy can be derived. Theoretical predictions such as scattering cross-sections are
based on computing transition amplitudes between an initial state in the far past and a final
state in the far future: |, (P1p2 - - |kakB)iy |?, where |k 4, kg) describes the incoming particles,
and the final state may contain several particles. The transition amplitude between these
states can be computed by evolving them to a common reference time using the Hamiltonian,
out(P1pz -+ [kakp)y = lim (pupy | kakp) (prpa-- e D kaky) . (2:34)
SO0 N N~
+T -T

= lim
T—o0

It is intuitive how a perturbative series arises: including more terms from the expansion
of the exponential function, improves the accuracy of the transition amplitude calculation.
The individual contributions can be represented diagrammatically by Feynman diagrams,
which can be translated into mathematical expressions (resulting from the terms above) via
Feynman rules. Physical observables are defined by summing over all final states that are
experimentally indistinguishable — for example, an n-particle final state and an n + 1-particle
final state, in which the additional particle is either collinear w.r.t. another external particle
or has vanishing momentum. The Kinoshita-Lee-Nauenberg (KLN) theorem [8, 9| states that
all contributions at the same order in the coupling constants need to be considered in the
calculation of physical observables to obtain finite results. For the final-state of interest in this
thesis, the WWbb final state in fully leptonic decay (bb¢™ ¢~ vV, ), the leading, non-trivial,
order (LO) in the expansion of Equation 2.34, is given by diagrams of the form shown in
Figure 2.1, referred to as Born contribution. The NLO corrections include virtual corrections,
as shown in Figure 2.2, as well as real corrections, leading to an (n + 1)-particle final state, as
illustrated in Figure 2.3.

g b
t et
g b w+ Ve
w- Uy
=
g b

Figure 2.1: Exemplary LO Feynman diagrams of bl_)e+1/e,u_ﬁﬂ production [10].
The full NLO differential cross-section can be written as
NLO 2 2
o = /d@n‘MBorn‘ + 2Re (MBornMjfirtual) + /dq)n+1‘Mrea1’ ) (235>

where d®,, denotes the n-particle Lorentz-invariant phase space and M the invariant matrix
element, which corresponds to the non-trivial part of the transition amplitude between

10



2.2 Fixed-order calculation

K

b
q g

Figure 2.3: Exemplary Feynman diagrams of NLO real corrections to bBe+ue/f1?“ production [10].

initial and final states. Details of the derivation are absorbed in these terms, as e.g. the
representation of initial and final state as wave-packets instead of momentum eigenstates
introduces flux factors and energy—momentum conservation leads to § distributions in the
momenta p;, ¢ € {a,b,1,...,n}. The discussion so far has assumed quarks or gluons as
particles in the initial state. However, only colourless hadrons are observed experimentally,
and at the LHC production processes with protons in the initial state are of interest. The
seemingly hopeless situation is resolved by the factorisation theorem, which separates the
short-distance physics described by the partonic cross-section calculation 6(®,;_,x) from
the long-distance kinematics associated with the proton structure. The latter is encoded in
the parton distribution functions (PDFs), which describe the probability of finding a parton
a carrying the longitudinal momentum fraction z, of the proton inside this proton. The
production cross-section for the process p;py — X can thus be written as

A& (Pap X, 17
Opipy—X = Z /d‘ra/d$bf51(xaaﬂ%)ff2(xb7/‘%)/dq)ab%X (dq)bHX F) (236)
abe{q,g} ab—X

The factorisation scale pr is introduced in this procedure to separate long- and short-distance
kinematics. In case the observable o, ,,, _,x could be calculated to all orders, the final result
is independent of this auxiliary scale. In practice, a residual dependence on pp remains at
fixed order and is used to estimate the uncertainty due to missing higher-order corrections.
The PDFs themselves are not calculable from first principles in perturbative QCD, but their
scale dependence is governed by perturbatively calculable evolution equations. Starting from
non-perturbative input extracted from experimental data at a given scale, the PDFs are

evolved to alternative scales using the probabilities for parton branchings, such as g — ¢q.
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

Top-quark mass in matrix-element calculations In Section 2.1, mass terms for fermions
and bosons in the SM Lagrangian were described. The (bare) top-quark propagator depends
on the (bare) top-quark mass my in the Lagrangian as

i(p+mg) i
P> —mg+ie P—mg+ic

with p = ~H pu- Including higher-order QCD corrections leads to the dressed propagator,

P P 7

P —mo — X(p, Mg, i)

with the renormalisation scale pp. These higher-order perturbative corrections, include the
following diagrams (see e.g. [11]):

k

P P » /\
f o= W , (2.37)
t > > t
+ b+ fm%%erLfEEL
— t t
t t > > t
P

P
t— > > >
P

R +f:#t+

The quark self-energy X(p, mg, puz) is known to O(a’§) [12, 13] and the diagrams are ultraviolet
divergent due to loop diagrams with high-energy internal momenta. This behaviour can
already be illustrated with a simpler scalar loop integral,

d*k 11
/ P 72 PR (238)
167k~ (k + p)

which exhibits a logarithmic divergence for & — o0o. To describe these divergences, a
regularisation procedure is required. A commonly used scheme is dimensional regularisation,
where the space-time dimension in the momentum integral is continued to 4 — 2¢. A generic
loop integral then takes the form

d*k im.reg. dt%g C

Thereby, the renormalisation scale pp was introduced to maintain the correct mass dimension
of the imtegral.5 The ultraviolet divergence is now encoded in the limit ¢ — 0. Rewriting

® Since the action J d*"%*zL needs to be dimensionless, the mass dimension of the Lagrangian in dimensional

regularisation needs to be 4 — 2¢. By requiring that the kinematic terms fullfill this condition, the mass
dimensions of the fields are determined and in the interaction terms the coupling constant has to be rescaled
to go — goptr, see also [14].
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2.2 Fixed-order calculation

,u?f = explelog M2R] and expanding the exponential in a Taylor series in € leads to

¢y

€

C_
u?;( 1+C’0+Cle+(’)(62)> = (1+elogu%+(’)(62))<

€

+ Cy + Che + 0(8))
_ C_1 2
= T +Co+C_1 loguR—i—(’)(e). (240)

In the full calculation a term including a logarithm of a typical energy scale of the problem
2
log Q2 is present, leading to a dimensionless logarithm C_; log ‘é—’%. The quark self-energy can

be schematically written as

(oo, ) ~ "2 (Lt e ) 4 Ao ) ) + Oed) (2)

with the finite term A™ as e — 0. In the top-quark mass renormalisation the divergent terms
in 3(p, mg, Lr) are absorbed into the renormalised mass definition.® The mass renormalisation
scheme is defined by which terms of the quark self-energy are included in the renormalised
mass definition. The pole mass scheme is defined such that top-quark propagator has a pole
at p2 = my, meaning p — mgy — Y(p,mg, pug) = 0 for p2 = m,. In contrast, in the MS scheme,
only the 1/e-pole and a conventional logarithmic term are included:

mP = my <1 4 aslin) (1 + In(dre 7F) + Aﬁn(mt/uR))> +0(a?) (2.42)

™

mt(MR) T

mo (1 | aslin) (1 + 1n(47re—”E)>) + O(a%) (2.43)

The conversion between different mass schemes can be performed order-by-order in perturba-
tion theory.7

Testing the Standard Model with top-quark mass measurements Through the electroweak
unification and the Higgs mechanism in the SM, described in Section 2.1, several parameters
in the SM are directly related. These relations can be tested in electroweak precision
measurements. One important example is the prediction of the W-boson mass [16], given
by

_ M

M 2<1+ 1—

W) | (2.4

GpMj

% See e.g. the review [15].

" While in the MS scheme corrections above the scale pr are included in the renormalised mass definition,
perturbative corrections from all scales are included in the pole-mass definition. This leads to the so-called
infrared renormalon ambiguity, originating from low-energy fermion-bubble insertions into the gluon line of
the ¢ — tg — t diagram. These contributions first decrease with the order of the calculation n, but after a
turn-over point, start to grow, leading to divergent patterns. In the full calculation, these contributions
cancel with non-perturbative corrections. But, as these are absorbed into the mass definition in the pole-mass
scheme, this leads to the mentioned ambiguity. See the discussion in [15].
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

where M, denotes the Z-boson mass, « the fine-structure constant, G the Fermi constant
and Ar encodes radiative corrections to the tree-level relations. These corrections are crucial
for the electro-weak precision fits. In particular, loop contributions involving the top quark
are sizeable, introducing a strong dependence on the top-quark mass. By combining multiple
electroweak precision observables, global fits can simultaneously constrain the top-quark mass
and the W-boson mass. The resulting predictions can then be compared to their direct
experimental measurements, as illustrated in Figure 2.4. The inclusion of the measured
Higgs-boson mass significantly improves the sensitivity of this consistency test. It should be
mentioned, however, that the top-quark mass parameter entering the electroweak precision fits
must be defined within a well-specified renormalisation scheme. It is noted in [16], that more
precise measurements of the top-quark mass parameter based purely on kinematic methods,
the so-called MC mass parameter, are of limited use in the context of electroweak precision
fits. The interpretability of the top-quark mass extraction from the decay product kinematics
is further discussed in Section 5.1.

;‘ [ T T T T I T T T T I T T T T I ! : T T T I T T T T I T ,l,_
3 - 68% and 95% CL contours i f:m—bi 7*2127 Gev ]
—  80.5— Fit w/o M,, and m measurements 52046 GeV P —
E; C Fit w/o M,,, m and M, measurements v —o0=046 ®0.50,,,, GV d
C Direct MW and m, measurements i ’ ]
80.45 — i ]

80.4 [— Al T
- ..,,,7‘1 .:.;'4 . /’,’,' ,-:
- M, comb. = 1o e e B
80.35 — Mx =80.379 = 0.013 GeV ,// P . ]
80.3 — 3 —
- N ,r’/ D) 2*/’// 3 3 e*,/',/ 1
025 - O ¥ £ g —
- \\jx,/' - N\\*/ @’\;/‘ - N\,\;f’ o -
A R SRR SR T SRR il N £ AT SRS ST SR ST R RS

140 150 160 170 180 190

m, [GeV]

Figure 2.4: Contours at 68 % and 95 % confidence level obtained from scans of My, versus m; in the
electroweak precision fit either including (blue) or excluding the direct measurement of My (grey).
The predicted My, and m, values are compared to the results from direct measurements, shown
with the horizontal and vertical green areas, as well the corresponding two-dimensional 1o and 20
ellipses [17].

Besides its role in electroweak precision fits, the top-quark mass parameter is also of central
importance for the extrapolation of the SM to very high energy scales, up to the Planck scale of
~ 10" GeV [18-22]. The nature of the electroweak vacuum is determined by the shape of the
Higgs potential introduced in Equation 2.22, which depends on the Higgs self-coupling \. When
higher-order corrections are taken into account, the Higgs self-coupling must be renormalised,
thereby acquiring a scale dependence. This scale-dependence is thereby significantly influenced
by loop corrections involving the top quark. In particular, these contributions can lead to
negative values of A for high scales, such that the Higgs potential may develop either a deeper
minimum at large field values or become unbounded from below. Depending on the values

14



2.2 Fixed-order calculation

of the Higgs-boson mass and the top-quark mass — again, in a well-defined renormalisation
scheme — the electroweak vacuum can be classified as stable, metastable, or instable. A
metastable potential corresponds to the case where the electroweak vacuum is not the global
minimum of the potential, but the probability for quantum tunnelling to the deeper minima
of the potential is sufficiently suppressed such that the vacuum lifetime exceeds the age of the
Universe. This interpretation relies on the assumption that no additional contributions from
physics beyond the Standard Model modify the running of A up to the Planck scale. Current
measurements of the Higgs-boson and top-quark masses indicate that the Standard Model
lies close to the boundary between stability and metastability. Future improvements in the
precision of the m; and myg measurements, for instance at the High-Luminosity LHC, will
help to probe this boundary region further, as illustrated in Figure 2.5.

{ ATLAS+CMS 3 ab™! per experiment
| Projections ESPPU 2026
180.0 -
Instability
1775 my from tt+jet
=] ~--= 8 TeV (20.2 fb1)
&) | Metastability —— 13 TeV (363 b 1)
SR —— 52 with profiling
""""" S2 without profiling
1725 1
17004 Stability

T T T T T T T T T T T T T T T T T T T
124.8 125.0 125.2 125.4 125.6 125.8

Figure 2.5: The lo (m, mg)-ellipses using the current top-quark pole mass measurements from
ATLAS at /s = 8TeV [23] and CMS at /s = 13 TeV [24] and the expected sensitivity at the High
Luminosity LHC are compared to the (m,, my )-parameter regions, which indicate a stable, metastable
or instable electroweak vacuum [25].

Top-quark decay width in matrix element calculations The total decay width of an unstable
particle t is defined as

_ b 2
I, = T zX:/dHXM/l(t — X)I7, (2.45)

where M(t — X) denotes the matrix element for the decay into a final state X, and dIly
represents the corresponding phase-space element.
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

For the top quark, the decay is overwhelmingly dominated by the channel ¢ — Wb, such that
I, ~T(t — Wb). At LO in QCD, the partial width is given by [26]

3 2\ 2 2
rEO( by = SEME 2 (- W (14250 (2.46)
8v/2m my my

where terms of order mj /m; are neglected and |Vjy| ~ 1 denotes the CKM matrix element.
This expression highlights the strong dependence of the decay width on the top-quark mass,
I, « mf How the top-quark decay width enters in cross-section predictions can be seen
with the optical theorem,8 which relates the imaginary part of the M(¢t — t) matrix element
calculation to the top-quark decay width as

SM(t —t) = Z/dHXLM(t — X)) (2.47)
X

or pictorially:

112

_r, _r, 1 _r,
S t :22)(:/dHX t 2 . (248)

k

In fact, in the derivation of the self-energy (Z(p°) = —M(t — t)(p2)) for the definition
of different renormalised top-quark masses, we considered stable top-quarks. Instead, top-
quarks decay — actually very fast — before top-quarks can hadronise in the order of 107 %s.
Compared to the top-quark mass, the top-quark decay width can still be considered small, as
I'y < m; and thus formulae for long-lived particles can be applied. The top-quark mass pole
mass m, is defined through the real part of the quark self-energy diagram. The imaginary
part of the self energy of an unstable particle is reflected in the propagator

R _ (2.49)
2 2 2 2 2 . 2 2 2 .
p-—my—2(p°)  p°—mi —iSE(p7) p°—mi +im Iy

and leads to cross-sections for the production and decay of unstable particles including a

characteristic Breit—-Wigner shape of

T ! (2.50)
(s —my;)” +miT} '

1

2 .
s —mj +1mI,

o(X =>t—=Y)~

in the kinematic region p2 ~ mt2 . An NNLO QCD and NLO EW correction accuracy could

be reached in the theoretical prediction of the total top-quark decay width [29-31].

® The discussion follows [27] and Chapter 7.3 of [28].

16



2.2 Fixed-order calculation

Top-quark decay width sensitivity to Beyond the Standard Model theories The top-quark
decay width parameter is sensitive to BSM contributions, in case they either enter loop
corrections to the top-quark decay width calculation or describe new top-quark decay channels
into BSM particles. While this constitutes a broad class of BSM theories, several examples
for BSM top-quark decays are discussed below, following [32, 33].

e Top-quark decay to charged Higgs: Several BSM scenarios include Two Higgs Doublet
Models (2HDM), which extend the SM Higgs sector by introducing a second Higgs
doublet. After electroweak symmetry breaking, this results in two neutral scalars
(ho, H 0)7 one neutral pseudoscalar (AO), and a pair of charged Higgs bosons (H jE).
The impact of this extended Higgs sector on the top-quark decay width is twofold: it
modifies loop corrections to the SM top-quark decay width and opens a new decay
channel ¢t — H™b, provided that m+ < m;. Both effects depend on the parameter
tan 3, defined as the ratio of the vacuum expectation values of the two Higgs doublets.
Electroweak supersymmetric (SUSY) loop corrections can modify the decay width by
up to O(10%) [34]. The leading-order partial width for the decay into a charged Higgs
boson is given by

Gpm3 m2 + ? my 2 ) 9
L(t—bHT) = Ll - - () t + cot” B, 2.51
( ) 8v/2m ( m? ) [ my ot ( )

which is minimal at tan 8 ~ 6-8. However, for small or large values of tan /3, the
corrections to I'; can be substantial, reaching even 100 % when including higher-order
SUSY corrections [35].

e Top-quark decay to stop: Supersymmetric extensions of the SM predict a supersymmetric
partner for each SM particle. In the Minimal Supersymmetric Standard Model (MSSM),
the scalar partner of the top quark (stop) can be sufficiently light to allow the decay
t— ff(o, where )ZO denotes a neutralino. This channel is kinematically allowed only if
the stop mass is smaller than the top-quark mass. In such scenarios, the total top-quark
decay width can be modified by up to ~ 20%. However, current experimental searches
impose strong constraints on the relevant stop mass parameter space [36-39|.

e Flavour Changing Neutral Currents top-quark decay: In the SM, flavour-changing
neutral current (FCNC) top-quark decays, such as t — ¢, are absent at tree level and
highly suppressed at loop level. The corresponding branching fractions, BR(t — Xc¢)
with X € {g¢,Z,v,H}, are predicted to lie in the range 1072 to 10717 [40]. In
contrast, many BSM scenarios allow FCNC processes at tree level, leading to substantial
enhancements. Branching fractions as large as 0(1074—1075) are predicted in some
models, several orders of magnitude above the SM expectations [41].
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

2.3 Parton shower

While fixed order calculations describe a production process for all kinematic configurations
of the initial and final states exactly at a given order in perturbation theory, the calculable
final-state multiplicity is limited due to the rapidly increasing complexity of the calculations
with the number of final state particles.9 To simulate realistic events that can be compared
to data, which typically exhibit high final-state multiplicities of O(100) — O(1000) [42], the
process-independent factorisation of soft-collinear emissions is iteratively applied. Specifically,
the cross-section for producing n + 1 final-state particles can be approximated in terms of the
cross-section for producing n final-state particles and a universal branching probability:

d0'n+1 ~ dO'n . Z KZ—)zjd(I)+1 (252)
J

Here, the radiation functions Kj;_,;; describe the emission of a parton j in the branching 7 — 5.
This factorisation is exact in the soft and collinear limit and is the basis of parton-shower
algorithms. Graphically, this is represented in Figure 2.6.

Figure 2.6: Graphic representation of collinear factorisation of the matrix-element squared [43].

The collinear limit In the limit, in which two massless final-state particles ¢ and j become
. : 2 .
collinear, the squared matrix element |M,, | factorises as

STa
s' i—)ij|Mn|27 (2'53)

2
M, 1" —

where P;_,;; are the Altarelli-Parisi splitting functions, which only depend on the type of
parton splitting and the momentum sharing fraction.

The soft limit  The soft limit refers to the emission of a gluon j with vanishing four-momentum.
In this limit, the squared matrix element factorises as [44]

2p; - Dg; 2
M| = 8may Y ¢ i M, |, 2.54

® The number of Feynman diagrams required to compute a matrix-element squared grows factorially with the
number of final-state particles [42].
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2.3 Parton shower

where C;;, depends on the colour charges of the emitting partons ¢ and k in interfering matrix
elements. When terms suppressed by 1 /Nc2 are neglected, interference contributions between
emissions from different colour lines vanish. In this leading-colour approximation (N, — o0),
a soft gluon emission can be treated as an independent emission from a single colour dipole,
i.e., a colour-connected pair of partons. An important consequence of including interference
effects beyond the leading-colour approximation is colour coherence, which gives rise to the
angular ordering of soft gluon emissions. To illustrate this, consider soft gluon emission from a
qq pair produced by a virtual photon. The differential cross-section for the resulting ggg final
state can be decomposed into contributions associated with the quark and anti-quark, W,
and W;. After integrating over the azimuthal angle ¢ of the soft gluon, these terms lead to:

1y _ _
/dﬁqu/q _ ) Tocosby,/0) if Og(q/q) < Oaq (2.55)
27 0 otherwise,
where 0, /) is the angle between the soft gluon and the quark ¢ or anti-quark ¢ and 6,4 is

the angle between the quark and anti-quark. Colour coherence in this example thus leads
to a suppression of soft gluons outside a cone with opening angle 6,; around the quark
and anti-quark direction, while the soft gluon emission inside the cone can be treated as
independent. Intuitively, a soft gluon at large angles cannot resolve the individual colour
charges of the quark and the anti-quark. Instead, it couples to their combined colour charge,
which vanishes for a colour-singlet system such as a virtual photon. More generally, soft
emissions probe the total colour charge of partons that are unresolved at the emission angle,
leading to angular ordering in parton showers. In addition to the factorisation of the squared
matrix element, the phase space also factorises in the soft and collinear limits. The term
d®_; in Equation 2.52 therefore represents the phase space associated with the additional
emission.

Iterating the factorisation described above yields an all-orders description of additional QCD
radiation. This description is exact only in the limit where these emissions are either soft,
i.e. have infinitesimal energy, or collinear to their emitters, i.e. their three-momentum is aligned
with that of the emitter. The differential cross-section in Equation 2.52 describes the inclusive
production of one additional parton in the soft or collinear limit at fixed order. To obtain an
exclusive description of high multiplicity final states — i.e. events with a well-defined number
of resolved partons above a certain resolution scale — it is necessary to include the probability
that no emission occurs above a given scale. This is achieved through the Sudakov form factor,
and the procedure is applied iteratively. An intuitive understanding for the Sudakov form
factor can be obtained from the analogy in [45], which considers the decay of a radioactive
isotope with a time-dependent decay width I'(¢), and consequently a time-dependent half-life
7(t), where I'(t) = 1/7(t). The probability that the isotope has not decayed between the time
0 and t is given by

PP 0) = exp (- /0 tl“(t')dt') . (2.56)
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

The probability density for the decay to occur at time ¢ is then obtained by differentiating
the decay probability Pdec(t, 0)=1- PnOdeC(t, 0) with respect to t:

AP (t,0)

= T(t) P (¢, 0). (2.57)

In the context of parton showers, the decay rate I'(¢) is replaced by the splitting probability
density. The Sudakov form factor A(T,t) can thus be interpreted as the probability for no
branching to occur between scales ¢ and T'. The cross-section after one step of the parton
shower evolution from an n-particle state can then be written as

dt ag(t)
doy, 4y = doy, A(tmin) + / 7 ; / dzKG;5(2, 1) A(t) ;
~—— >t i ~—
no emission above t,,;, no emission above ¢

emission at scale ¢

(2.58)
where the Sudakov form factor is defined as

A(t) = exp [— /t d’f/ / dza;g)Ki_)ij] (2.59)

>t t

The evolution is terminated at a cutoff scale t,;,, below which non-perturbative effects become
important.

From the previous discussion, it might appear that the parton shower approach is simply a
convenient tool for describing high-multiplicity final states. However, a reliable description
of the soft-collinear phase-space region is not possible by using fixed-order matrix-element
calculations alone due to infrared divergences. These divergences are encoded in Equation 2.53

and in Equation 2.54 in the respective limits of p;p; = E;E;(1 — cos ) 920 (for massless
particles) and pj — 0. Through the all-order resummation of the leading logarithmic terms
associated with these divergences10 in the soft-collinear region through the Sudakov factor,
this divergence is appropriately regulated. This is illustrated in Figure 2.7, which shows a
generic observable that is sensitive to soft and collinear radiation. An example is the transverse
momentum (py) of a gluon in a ggg final state. When computed at fixed-order NLO, the
prediction exhibits a divergence in the soft-collinear region. Also, the fixed-order description
of the soft-collinear region (LO+PSyr,0 7o) — corresponding to Equation 2.52 — shows this
divergence. In contrast, in both the LO+PS and the NLO+PS predictions the divergence is
regulated through the parton shower approach, leading to finite and similar predictions in
the soft-collinear region. Differences between the two approaches arise in the hard-emission
region, in which the improved fixed-order accuracy of the NLO+PS prediction leads to a more
reliable description, resulting in visible deviations from the LO+PS result.

While important components of the Monte-Carlo event generators PYTHIA and HERWIG,
including the underlying event modelling and hadronisation, have not been discussed here,
they will be addressed in Section 3.4, along with the associated modelling uncertainties in the
ATLAS bb4¢ Monte Carlo sample.

10 Logarithmic divergences appear in the phase-space integral of the real radiation through terms like d¢/t [42].
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\ NLO_FO

\ LO+PSyi0 fo

NLO+PS

LO+PS

Soft-collinear Hard

Figure 2.7: Comparison of exact fixed-order NLO QCD (NLO _FO) predictions, as well as the fixed
order result in the soft-collinear approximation (LO+PSy1,0 po) corresponding to Equation 2.52
to the NLO+PS and LO-+PS results for a generic distribution, which is sensitive to soft-collinear
radiation [15].

2.4 The Powheg method

When combining fixed-order NLO QCD calculations with parton showers, care must be taken
to avoid double counting of real emission contributions. While the parton shower provides
an approximate description of QCD radiations that is formally accurate only in the soft and
collinear limits, the real-emission contribution in a NLO calculation describes the production
of one additional parton at tree level across the full phase space. As a result, emissions in
the soft-collinear region are described by both approaches, leading to an overlap and thus
double counting if they are naively combined. Moreover, an important difference between
fixed-order calculations and parton showers is that fixed-order results are inclusive with respect
to additional radiation, whereas parton showers are exclusive above a certain emission scale.
As described in the previous Section, parton showers explicitly veto emissions above a specific
resolution scale, while fixed-order calculations treat such emissions as possible but unobserved
contributions.

A consistent matching procedure must therefore both remove the double counting of real
emissions and combine the inclusive description of fixed-order calculations with the exclusive
formulation of the parton shower. One such method is for instance provided by the POWHEG
approach.

The Powheg formula The POWHEG method [46, 47| achieves NLO accuracy while preserving
the leading-logarithmic accuracy of the parton shower by generating the hardest emission
first, using the full NLO QCD matrix elements, and subsequently letting the parton shower
account for softer emissions. In this way, double counting is avoided while retaining the
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

strengths of both descriptions. Unlike pure fixed-order calculations, which yield inclusive
predictions, POWHEG generates events which are exclusive with respect to radiation above the
transverse-momentum scale of the real emission. This is achieved through the introduction
of a Sudakov form factor, which resums leading logarithmic contributions and ensures a
no-emission probability above the scale of the hardest emission. When a parton shower is
subsequently applied, it is restricted to generate only emissions which are softer than the one
already generated by POWHEG. The POWHEG method is realized through the generation of
hard-process events according to the POWHEG formula:

> min dq)l?éa Ra (I)n A (I)nvk q)n
Ao = B(w, )%, (APWHG@n,pT I (e

(2.60)
The term B(®,,) represents the NLO-accurate differential cross-section evaluated at Born-level
kinematics:

B(@®,) = B(®,)+V(®,)+ 3 / 4%, [R*(@,41) — C*(By )] (2.61)

Here, B(®,,) denotes the Born contribution, including parton distribution functions, flux
factors, and sums over spin and colour degrees of freedom. The real-emission contribution
R =", R" contains soft and collinear divergences when integrated over the full phase space.
These divergences are cancelled by corresponding singularities in the virtual NLO corrections,
yielding finite physical predictions at NLO. For a Monte-Carlo implementation of the NLO
calculation, this cancellation is achieved by introducing subtraction terms [ d®;,qC*(®,,41),
which reproduce the functional form of the soft-collinear singularities. These terms are
added to the virtual contribution, yielding the finite term V' (®,,) and subtracted from the
real contribution. The integral over the subtracted real contribution R*(®,, ;) — C*(®,,41)
is thus finite. The subscript « refers to the different phase space regions used to isolate
the singularities, reflecting the partitioning of the real emission amplitude into soft and
collinear regions. A similar concept was already introduced in the previous section, where the
n + 1 final-state differential cross-section was constructed from the n final-state differential
cross-section with an additional soft or collinear radiation. The POWHEG Sudakov factor,

APWHG.((I)’mpT) = &Xp <_ Z/I; dq)rac‘lBliq)(q))n—i_l)) ) (262)

+(Pr1)>pPr

describes the probability of no radiation occurring above a given transverse momentum
scale pp. Comparing this expression to the Sudakov form factor used in parton showers in
Equation 2.59, the ratio R(®,,,1)/B(®,,) replaces the splitting kernel %%Kg_”j used in the
shower approximation. Indeed, this is exactly how the splitting kernel K; _,ij are derived,
i.e. reproducing the ratio of do,;/do, in the soft and collinear limit. Finally, the full
POWHEG formula in Equation 2.60 closely resembles that of the parton-shower expression
for a single emission (Equation 2.58): both include a no-emission probability for emissions
above a certain cut-off scale pp and generate exactly one additional emission at a scale prp,

while vetoing harder emissions. It has been shown [46, 47|, that the POWHEG formula leads
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2.5 Predicting WWbb with NLO-+PS accuracy

to NLO accurate observable description. Thereby, the fixed order NLO result is reproduced
and the additionally included terms are of higher order in the strong coupling 048.11

Interface to the parton shower If a POWHEG event is generated according to the first
term on the right-hand side of Equation 2.60, no resolved real emission is produced and the
final-state particle content corresponds to the Born configuration. In this case, these final
state particles have been evolved until pp' with the POWHEG Sudakov. When interfaced with
a parton shower, only emissions with transverse momentum below the minimum POWHEG
scale pp'" are allowed. If instead the POWHEG event is generated according to the second
term on the right-hand side of Equation 2.60, a real emission is included, and the event
corresponds to an (n + 1)-particle final state. Thereby, the POWHEG formula includes the
no-emission probability for emissions harder than the generated real-emission scale k?WHG. To
avoid double counting, the subsequent parton shower must therefore only generate emissions
with pp < knV1e

For parton showers ordered in transverse momentum, such as PYTHIA 8, this matching is
implemented using a vetoed shower. Since the definition of transverse momentum in the shower
typically differs from that used in POWHEG, the shower is started at the maximal phase-space
scale. Emissions are then generated according to the shower algorithm, but any emission with
a transverse momentum — recomputed using the POWHEG definition — exceeding k?WHG is
vetoed. For angular-ordered parton showers, such as HERWIG, a modified matching procedure
is required. In these angular-ordered parton showers, emissions are generated starting from
wide-angle radiation, generally not those emissions with the highest transverse momentum. If
the parton shower were started directly from the (n + 1)-particle configuration provided by
POWHEG, the large-angle soft emissions, which HERWIG would have generated first, when
starting from the Born configurations, would be missed. Therefore, a truncated shower is
introduced. This modified evolution begins from a reconstructed Born-level configuration
and evolves the system from the maximum allowed angular scale § down to the scale ¢pywucas
which corresponds to the angular scale associated with the POWHEG real emission. After this
step, the real-emission final-state kinematics generated by POWHEG are restored, and the
standard parton-shower evolution continues. During this evolution, a transverse momentum

veto is imposed to ensure that all parton-shower-generated emissions satisfy pp < kTPWHG

2.5 Predicting WWbb with NLO+PS accuracy

In this section, the available NLO+PS implementations for the description of the WWbb
production process with varying theoretical accuracy are presented. Starting from the
production of on-shell ¢f pairs, which, together with the separately simulated tWWb production
process, describes the WWbb final state, the full NLO QCD calculation of the WWbb
production process with dileptonic decay, as implemented in the bb4¢/ POWHEG generator and
used in this thesis, is discussed.

" These higher-order terms arise from the expansion of the PowHEG Sudakov form factor in Equation 2.62,
but do not spoil the NLO accuracy of the method.
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

The tt production process Predictions for the production of a tt final state at hadron
colliders, which can be matched to a parton shower'? are well established at NLO QCD
accuracy [58-62], and more recently also available at NNLO QCD accuracy [63, 64] via the
MINNLO method [65, 66]. Since a t¢ final state is simulated, the top quarks in the ME
calculations are on-shell, meaning that their invariant mass is fixed to the nominal input
top-quark mass used in the calculation. For a precise experimental measurement, the accurate
modelling of the kinematics of the top-quark decay products is crucial. The most precise
description is achieved when simulating the full 2 — 6 process, such as pp — bgﬁ_ﬂg€/+yel,
which will be discussed in more detail later. But, due to the much larger top-quark mass
compared to the top-quark width, m; > I';, the narrow-width approximation (NWA) can
be and is used in the calculations described above. In the NWA | i.e. I'y — 0, the top-quark
production and decay subprocess can be factorised, in the sense that there is no interference
between the two subprocesses. The NWA is improved in the common ¢ NLO+PS generators,
by including spin correlations and a Breit—Wigner smearing of the top-quark mass through
the FLMW approach [67]. This is implemented, for example, in the POWHEG heavy-flavour
hadroproduction process (hvq) [59] or in an automated way in MADSPIN [68]. Differences
in implementation of the FLMW method — particularly in how final-state momenta are
reshuffled to reflect off-shell top quarks — lead to differences in the predicted distributions.
These two implementations are used to define the ATLAS top-quark line-shape uncertainty in
tt MC samples. Although, the top-quark decay is formally described at LO QCD accuracy,
matrix element corrections in the PYTHIA 8 parton shower provide a reasonable approximation
to the NLO QCD decay description [2]. A NLO+PS generator, that includes both top-quark
prodl%ction and top-quark decay at NLO QCD accuracy within the NWA is available in
[69].

The tW production process Generators predicting tW production at NLO QCD, matched
to a parton shower, are available in the five-flavour number scheme (5FNS) [75-77], i.e. treating
the b quark as massless. The LO contributions and exemplary real NLO correction to the tW
production process are illustrated in Figure 2.8. At NLO, diagrams corresponding to processes

9 t g t 9 t

(a) (b) ()

Figure 2.8: Exemplary Feynman-diagrams of: (a) LO tW production; (b) single-resonant NLO real
correction; (c¢) double-resonant NLO real correction.

with two resonant top quarks (Figure 2.8(c)) must also be considered. These lead to the same

'? Fixed-order ¢f on-shell predictions are available at NNLO QCD [48-51], NLO EW [52-56] and NNLO QCD
+ NLO EW [57] accuracy.

'3 Fixed order tf predictions are available in the NWA with NNLO QCD accuracy both in top-quark production
and decay [70-74].
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2.5 Predicting WWbb with NLO-+PS accuracy

tWb final state as tW production with an additional real b-quark emission (Figure 2.8(b)).
However, since the LO tW production cross-section is approximately 15 times smaller than
the LO cross-section for double-resonant top-quark production [76|, defining tW production
at NLO as a standalone single-top process becomes ambiguous, since the tf contributions
dominate the total NLO cross-section. At matrix-element squared level, two terms involving
double-resonant production contribute: the squared amplitude of double-resonant diagrams,
and the interference terms between single-resonant and double-resonant diagrams. To isolate
the associated single-top tW production process at NLO, two methods can be applied to
subtract the double-resonant contributions [76]:

e Diagram Removal (DR): All diagrams involving double-resonant contributions are
excluded from the calculation. This also removes the interference terms between the tt
and tW production processes. Pictorially:

Ze =] - 2o

e Diagram Subtraction (DS): All diagrams are included in the NLO calculation, and a
subtraction term is introduced at cross-section level to locally remove the double-resonant
contribution. This local subtraction term is based on the matrix-element squared of the
double-resonant diagrams, with reshuffling of the final-state four-momenta to ensure
that these are consistent with on-shell ¢f production. This is in fact not guaranteed,
since off-shell effects in the intermediate anti-top quark resonance are taken into account
through the inclusion of the full top-quark propagator. Further, a phase space dependent
factor C'(®) is introduced, approaching unity as myy;, — m,. Pictorially:

TS [ w5
@t el e
()1, %&Z + 2Re %M
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Both methods have limitations: the DR scheme is not gauge invariant, while the DS differential
cross-sections are not guaranteed to be positive definite across the whole phase space. Regions
in phase space, in which large differences are observed between the DR and DS differential cross-
sections, are particularly sensitive to interference effects between tt and tW production.14

* One example of an ATLAS measurement, which targets a phase space region particularly sensitive to the
tt/tW interference modelling is performed in [78], where the mj; ™™ distribution of the WWbb production
process (simulated as stack of ¢t + tW) was unfolded.
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

The WWbb production process The issues discussed in the theoretical accuracy in the
modelling of the top-quark decay products in on-shell ¢¢ production, as well as the ambiguities
associated with defining NLO QCD corrections to tW production, can be resolved by including
all Feynman diagrams for the full 2 — 6 process in the ME calculation. In the dileptonic decay
channel, this corresponds for example to pp — bbl~ l7££/+l/e/. While these calculations will be
referred to as WWbb production cross-sections in the following, they consistently account
for off-shell effects of the intermediate W bosons and for production processes without an
intermediate W W bb state, since the complete process is computed explicitly. Fixed-order NLO
QCD predictions for WIWWbb production are available in both the 4FNS [79, 80] and 5FNS |10,
81-83| for the dileptonic channel. Predictions for the single-lepton channel are available in the
5FNS [84]. The 4FNS, in which b quarks are treated as massive and excluded from the initial
state, enables a consistent treatment of both, the ¢£ and tWW topologies. In the 5FNS, initial-
state collinear singularities from ¢ — bb splitting need to be suppressed by using adequate
kinematic cuts, to yield finite results. This is not an issue in the previously discussed NLO
QCD tW calculations in the 5FENS, since the corresponding infrared singularities in the virtual
corrections, leading to a tW, i.e. WWb final state, cancel the divergence in the real corrections,
i.e. WIWbb with g — bb splitting. In the 4FNS WWbb calculation, Feynman diagrams with a
single top-quark propagator are described via topologies involving a g — bb splitting in the
initial state, ensuring a more accurate modelling of the spectator b-quark kinematics through
the fixed-order matrix-element calculation. Fixed-order NLO QCD predictions of WWbb
production in both the dileptonic and single-lepton decay channel in the 4FNS, matched to
a parton shower, are available via the bb4/¢ process [1, 2]|. Implemented with the POWHEG
method, these predictions thus include top-quark off-shell effects, as interference of double,
single and non-resonant contributions, and NLO QCD corrections to the top-quark decay.

The bb4f process in Powheg After having discussed general aspects of the NLO QCD
calculation of the WWbb final state and the basic concepts of the POWHEG method in
Section 2.4, additional details about the implementation of the bb4¢ process |1, 2| are presented
in the following. The bb4¢ predictions used in this thesis are obtained for the dilepton channel.
Here, only matrix elements leading to different flavour leptons in the final state are included:
pp —> b65_17££,+vz/ with ¢ % ¢. This choice avoids the need to include additional matrix
elements in the fixed-order calculation that would be required for same-flavour final states,
such as pp — ZZbb — {70 v,7,bb. Since the contribution of these additional topologies and
their interference with the included topologies is expected to be small, the bb4¢ MC sample
used in this thesis is produced by also allowing same-flavour lepton final states, but still using
the original ME calculation. This significantly increases the applicability of the MC sample
in experimental data analyses. While the WWbb ME calculation is performed in the 4FNS,
the bb4¢ implementation uses an interface to 5FNS PDFs. The different treatment of quark
masses in the ME and PDFs is accounted for by applying a correction factor and, consistent
with a 4FNS ME calculation, initial state b quarks from the PDFs are not considered. The ME
calculation yields differential cross-sections in terms of the two initial-state and the final-state
particles of the Born or real-emission configuration (e.g. gg — WWbb + X), obtained by
consistently including all double-, single- and non-resonant Feynman diagrams. Two main
issues arise when applying the original POWHEG method, as implemented in POWHEG Box
[85], to processes involving intermediate resonances:
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2.5 Predicting WWbb with NLO-+PS accuracy

e Mapping of the real to the underlying Born configuration The mapping of real-emission
kinematics to the corresponding underlying Born kinematics in a given singular region
(soft or collinear) is crucial for both the construction of the NLO QCD subtraction terms
and the computation of the R/B ratio in the POWHEG Sudakov factor. In the original
POwHEG BoX implementation [85], these real-to-Born mappings are not designed to
preserve the virtuality of intermediate resonances. This can lead to convergence issues
in the calculation. Further, the same real-to-Born mapping is also used in the R"/B
ratios in the POWHEG Sudakov factor. Consider the example discussed in [1]|, where
the real-emission configuration involves final state particles W W ™ bbg, with the two
b-partons produced close together and the gluon originating from a b — bg splitting. In
this case, the real contributions in the collinear regions corresponding to the b — bg
(R™) and b — bg (R®?) splittings dominate the total real-emission cross-section and are
of comparable size, provided the emitted gluon is similarly close to both the b and the b
parton. Now, the situation is considered in which the invariant masses of the W+bg
and the Wb systems are both close to the top-quark mass. The real-to-Born mapping
in region oy, will lead to a Wb invariant mass near the top-quark mass, preserving
the resonance virtuality. In contrast, the aj mapping will result in a W~ b invariant
mass far from the top-quark mass, corresponding to a highly off-shell resonance. This
leads to a large R*®/B ratio in the POWHEG Sudakov due to the suppressed (off-shell)
B contribution. Such a mismatch violates the collinear approximation on which the
Sudakov factor’s construction relies.

e Preserving the invariant mass of intermediate resonances in the parton shower Parton
shower programs must implement recoil strategies to ensure energy-momentum conser-
vation. These recoil strategies preserve the invariant mass of intermediate resonances —
provided that the information about existing resonances is passed to the parton shower.
This information is shared via the Les Houches Event (LHE) [86, 87]' format. However,
in the case of general POWHEG-generated events, the resonance structure is not explicitly
communicated through the LHE format. Only the properties of the initial-state particles
(e.g. gg) and final-state particles (e.g. WWbbg), are included. As a result, parton-shower
programs are unaware of intermediate resonances such as top quarks or W bosons during
their evolution, which can lead to distortions of resonance virtualities.

To address these issues, the POWHEG BOX RES framework [89] introduces a new real-to-Born-
mapping, and as such, a partitioning of the real cross-section into singular regions. The new
mapping restricts collinear singularities to occur only between two partons originating from
the same intermediate resonance or between two partons that are directly associated with the
production process. Moreover, it preserves the invariant mass of the intermediate resonance
when mapping from the real to the underlying Born configuration. To implement this, a
method is required to assign the most probable intermediate resonance structure to a given

'> The LHE format is a standardized file structure used in high-energy physics Monte-Carlo generators to store
event-level information, including the momenta, the PDG IDs [88], colour charges, and other properties of all
initial- and final-state particles in an event. It also includes global event-level metadata such as the partonic
centre-of-mass energy. Events stored in this format are typically generated from fixed-order calculations,
potentially modified by terms of higher order in ag, and are then passed to a parton-shower program for
further evolution.
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Chapter 2 From fixed-order calculations to the modelling of high-multiplicity final states

WWbb final state. This assignment will in the following be referred to as resonance history.
Once determined, the resonance history can also be written out in the LHE format, enabling
parton-shower programs to apply resonance-aware recoil strategies that avoid distorting the
resonance’s invariant mass. In the bb4¢ process [2|, the resonance history assigned to a
given WWbb final state corresponds to one out of three possibilities: tf, tW b or Wty 16
Graphically, this corresponds to

or or . (2.63)

The assignment is performed using resonance projectors based on LO QCD squared matrix
element, constructed with the Feynman diagrams involving only double-resonant, |A£,'go|2, or
only single-resonant topologies, |AtW 5 ].AtW+ | . Thus, all interference effects between
the tt and tWb contributions, as well as processes not involving top quarks (e.g. Z* — WW),
are neglected in the construction of the resonance history projectors. It should be emphasized,
however, that this affects only the projection of the full WWbb final-state onto a given
resonance history, while the underlying WWbb ME calculation itself includes all off-shell and
interference effects exactly at NLO QCD. Consequently, the partitioning of the real amplitude
R is no longer performed only w.r.t. the singular regions «, but also w.r.t. the resonance
histories h. Moreover, the possible singular regions A(h) now depend on the resonance history.
The partitioning of the real-emission amplitude is thus modified as:

R=Y"R"-R=> > R (2.64)
aEN h aeA(h)

The POWHEG formula from Equation 2.60, now modified to account for intermediate resonances,
takes the form
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Pictorially, focussing on the ¢t resonance history, this corresponds to
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b b <
b 9 w
9 w+ 9 wt
g w+
or or or . (2.66)

, .
9 W g w- Lt
o )~ . - N
\7) , \7 g ) T b

; =

6 In the first publicly available version of the bb4¢ process [1], only the resonance histories corresponding to tt
and (Z* — WW)bb were implemented. Events with tWb-like final-state kinematics were projected onto a t£
topology.
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2.5 Predicting WWbb with NLO-+PS accuracy

In the bb4l process, three categories of singular regions can be identified: emissions from
the production process, from the top-quark decay, and from the anti-top quark decay. In
general, real emissions from the production process in POWHEG are expected to have a larger
transverse momentum w.r.t. emissions from the decay subprocesses, where the b-quark mass
regulates the soft-collinear divergence. As a result, using the standard POWHEG highest-bid
algorithm, which generates emissions in each singular region and selects the one with the
highest transverse momentum, would predominately lead to generated emissions associated
with the production process. To preserve the NLO accuracy in the description of the top-quark
decay, the allrad scheme [69] is employed. This allows for the generation of up to three
emissions per event, one from each of the three singular region categories. This is implemented
through the modified POWHEG Box RES formula,

d(I)(ryadRhﬂ(q)nJrl)As(q)m kT(q)n+1))
B"(2,)

do =3 By(@,)de, [ [Ad@n o™+ 3 )
h s€S(h) a€A(s)
(2.67)

where S(h) denotes the set of singular region categories applicable to the resonance history h.
Graphically, again focussing on the tf resonance history, this corresponds to
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Expanding Equation 2.67 yields the same terms as in Equation 2.65, along with additional
contributions at higher orders in the strong coupling constant. The main difference to
Equation 2.65 is that emissions from the production processes, the top-quark decay and the
anti-top quark decay are now generated independently. Which of these subprocesses can
actually generate emissions depends on the resonance history, i.e. s € S(h). For instance, in a
tW ™ b topology, emissions can only occur from the production process and the top-quark decay,
as there is no anti-top quark present in this projection. The emissions from the independent
subprocesses are then merged into a single hard-scattering event, allowing for up to three
emissions per event. Importantly, each POWHEG Sudakov factor A only evolves the partons
associated with its specific subprocess s. For example, in the case of a tf resonance history

with emissions generated at scales kf}md, k5% and £59°° in the production process, top-quark

and anti-top-quark decay, respectively, all emissions above kl}md are vetoed by Equation 2.67
for partons associated with the production process. Correspondingly, for partons associated
with the top and anti-top-quark decay all emissions are vetoed above k%dec and k%dec. This
modified procedure for generating POWHEG real emissions also has implications for the
matching of POWHEG events with the parton shower, modifying the standard procedure

described in Section 2.4, as detailed in Section 3.3.
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CHAPTER 3

Modelling uncertainties in the ATLAS bb4/¢
Monte-Carlo sample

The abundance of top-quark pairs produced at the LHC makes precision measurements of
top-quark properties possible. Exploiting the large available data set, not only the most
populated regions in phase space, but also the tails of kinematic distributions can be studied.
With improved experimental precision, the requirements on the accuracy of the theoretical
predictions are increased. Important progress in the modelling of top-quark processes has been
achieved with the matrix-element (ME) calculation of the full off-shell ¢t + tW production
in different lepton flavour dileptonic decays, which can be consistently matched to a parton
shower for a realistic modelling of high-multiplicity final states and is implemented in the bb4¢
generator described in Section 2.5.

Another important improvement in top-quark pair modelling was achieved by matching next-
to-next-to-leading order (NNLO) QCD predictions of on-shell ¢t production with a parton
shower [63, 64]. While this is an essential correction in many considered phase spaces of tt
analyses, in which often a NNLO per-event-reweighting based on e.g. the top-quark pt is
applied to improve the agreement of NLO-+PS predictions with data [57, 90, 91], analyses
which are sensitive to the correct off-shell treatment of the top-quark and the exact inclusion
of the tt/tW interference at NLO will profit from the improved signal modelling provided by
the bb4l simulation. The employment of both samples, the NNLO QCD on-shell ¢t production
and the NLO QCD off-shell ¢t + tW production interfaced with a parton shower is thus of
utmost importance. Which of the two Monte-Carlo (MC) samples will be used in a particular
measurement, will thereby depend on the targeted phase-space region.

However, in order to use a Monte-Carlo sample in an experimental analysis as a nominal
prediction, an estimation of all relevant modelling uncertainties needs to be possible. These
uncertainties are estimated by variations of the Monte-Carlo generator settings, which can
not be determined by first principles. Since often the modelling uncertainties are among the
most dominant systematic uncertainties in top-quark measurements, they need to be well
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

understood and studied. In this chapter, modelling systematics, which should be considered
by ATLAS data analyses, when using the bb4¢ sample as their nominal signal MC sample, are
studied. The strategy for defining these systematic uncertainties builds on the prescription
used for the tt POWHEG+PYTHIA 8 sample, which was scrutinized in several ATLAS top-quark
measurements. The impacts of these uncertainties on the bb4¢ and in the tf predictions are
carefully compared and in case of differences further analysed.

This chapter is structured as follows: First, the nominal bb4¢ MC sample modelling the
off-shell WWbb production process is compared to on-shell ¢t + tW generators in Section 3.1.
After discussing systematic uncertainties related to the hard-process generation in Section 3.2,
systematic uncertainties concerning the matching of bb4¢ hard-process events and the parton
shower will be discussed in Section 3.3. Systematic uncertainties related to the parton-shower
modelling are studied in Section 3.4. Finally, in Section 3.5 the conclusions are presented.

3.1 The nominal ATLAS bb4¢ Monte-Carlo sample

As described in Section 2.5, the modelling of the bb¢™ ¢~ 7,1, final state is improved when
using bb4l instead of tt + tW predictions by including off-shell effects, the top-quark decay
and the tt/tW interference description at NLO QCD. While it was already noted in [2], that
the NLO top-quark decay description is well approximated by the PYTHIA 8 matrix-element
corrections,1 in this section, the nominal ATLAS bb4¢ and tt + tW predictions are compared
with a focus on their respective top-quark lineshape and t¢/tW interference modelling.

The generation of the hard-scatter events of the nominal ATLAS bb4/, tt and tW MC samples,
which are later interfaced to a parton shower, is performed with the POWHEG method at a
centre-of-mass energy of /s = 13 TeV. While the bb4¢ process [1, 2| is implemented in the
POWHEG BOxX RES framework? [89], the ¢ (hvq [59]) and the W (ST_wtch_DR [75]) processes
are available in the POWHEG BoOX v2 framework [85].3 In the POWHEG generation of these
MC samples, the NNPDF3.0NLO (93] (ag(My) = 0.118) PDF set was used, the top-quark
mass was set to My, = 172.5GeV and the POWHEG hguy,, parameter to 1.5my,,. The tt
and W predictions are obtained with a five-flavour number scheme (5FNS) calculation, and
the bb4/l calculation is performed within the 4FNS. Thereby, matching factors are applied to
match the 4FNS bb4¢ matrix element calculation to the 5FNS PDF set [2].

! The effect of matrix-element corrections in PYTHIA 8 was also studied using the nominal ATLAS bb4/¢
and tf MC samples. When these corrections are disabled in the PyTHIA 8 parton shower, the resulting
tt distributions exhibit worse agreement with the bb4¢ MC sample compared to the default ¢t simulation,
which includes matrix element corrections. Further, their impact is smaller in the bb4¢ simulation, since the
hardest emission in the top-quark decay is already generated by POWHEG and is therefore unaffected by the
PyTHIA 8 matrix-element corrections. In this case, the corrections only influence subsequent emissions from
the b-quark from the top-quark decay.

% The bb4¢ ATLAS MC sample studied in this thesis was produced using the bb4¢ process version described in
[2] and available in [92].

® The differences between the PowHEG Box v2 and the PowHEG Box REs frameworks are described in
Section 2.5.
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In the following, alternative tt + tW predictions are additionally studied, which are used in
ATLAS measurements to estimate the uncertainty due to the approximations made in the
MC generation of the tt + tWW MC sample regarding the top-quark lineshape and the t¢/tW
interference treatment. These modelling uncertainties do not need to be considered when
using the bb4¢ MC sample. These predictions are build with the following MC samples:

e Top-quark lineshape uncertainty: An additional ¢/ hvg MC sample is studied, in
which the top-quark decay and the off-shell smearing is not done internally within the
POwHEG BoX v2 framework, but instead the undecayed, on-shell top-quark pair events
produced with the hvq process, are decayed with MADSPIN [67, 68] and then interfaced
to PYTHIA 8. In the generation of this sample, a special MADSPIN configuration was used
to correct for the different treatment of the b quark in MADSPIN and in PYTHIA (the
former considers it as massless, the latter as massive), which was described in [90]. This
configuration provided by the authors of MADSPIN, allows MADSPIN to use massless
b quarks for the production, as a b5FNS PDF is used for the calculation of the LO
spin-correlated tt production amplitudes, but massive b quarks in the decay of the
top-quark, thereby aligning the b quark treatment in the top-quark decay of MADSPIN
and PYTHIA.

e tt/tW interference uncertainty: In the nominal ATLAS ¢tW sample, the interference
with t¢ production is handled according to the diagram removal (DR) scheme |76, 94].
An alternative tW Monte Carlo sample was produced, in which the diagram subtraction
(DS) scheme is used instead, applying the same simulation parameter settings as in the
nominal tW DR Monte Carlo samples.

For a direct comparison of the bb4¢ and tt + tW predictions, an additional t¢ MC sample is
studied in this section, in which the PYTHIA 8 recoil scheme is set to recoil-to-top, as in the
nominal ATLAS bb4¢ sample. In contrast, the nominal ¢¢ MC sample uses the recoil-to-colour
scheme. Further details are given in Section 3.4.

All POWHEG-generated Les Houches events (LHESs) are interfaced with PYTHIA 8 for modelling
of the parton shower and hadronisation, using the A14 tune [95]. The PYTHIA 8 versions of
the considered samples differ between the bb4/¢ (8.312),4 the nominal hvq t¢ ATLAS sample
(8.230), the hvq +MADSPIN +PYTHIA 8 ¢t sample (8.309) and the t7 DR (8.309) and DS
(8.307) samples.” For all processes the EVTGEN program [96] was used to simulate the decay
of the bottom and charm hadrons.

* In the context of this study, it was found that the recoil-to-top setting was not correctly applied when
showering bb4¢ LHES, due to the special ¢ — Whbg vertices present in these LHEs. A patch provided by the
PyTHIA 8 authors was used for the PyTHIA 8.312 version in ATLAS to enable the recoil-to-top option also
for bb4¢ events. This patch is included in the official PYTHIA 8 releases starting from PYTHIA version 8.313.

® It was verified that for the considered distributions in this study, the change in PYTHIA 8 versions has a
small impact by comparing ¢f hvq +PyTHIA 8 distributions generated with the PYTHIA versions 8.312, 8.230
and 8.307.
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

All distributions are normalised to their NLO-+PS cross-section, which is calculated during
event generation.6 The presented study is performed at NLO+PS level and includes both,
pure simulation based comparisons between different MC distributions, allowing for flexible
observable definitions and binning choices only limited by MC statistics, as well as comparisons
to unfolded ATLAS and CMS data. Given the numerous results of unfolded pp-collision
data for the tf production process by the ATLAS and CMS collaborations, comparisons to
these results are presented in the following. The validity of comparing bb4¢ and tt + tW
MC predictions to tt unfolded data is verified by explicitly comparing the tt and tt + tW
predictions. Since the single-resonant contribution from the tW process is found to have
a negligible impact on the considered distributions, the comparison of bb4¢ predictions to
unfolded ¢t data is concluded to be valid. This verification will not be stated again explicitly
in the following discussions. However, comparisons between the ¢t and tt + ¢tV distributions
are always shown in the corresponding figures. The creation of histograms was performed
using the RIVET software [98].

Pure Monte Carlo comparisons: Description of event selection and observable definition
For the purpose of this study, a RIVET 3 routine targeting typical top-quark observables was
prepared. For all distributions shown in this chapter, this RIVET routine was used, if not
specified otherwise. The lepton objects at particle level are defined as the dressed leptons,
which are built from a prompt bare lepton (lepton in the event record) and surrounding prompt
photons in a cone of AR = 0.1. The resulting dressed leptons need to satisfy pp > 20 GeV
and |n| < 2.5. Electron and muons from the decay of a prompt 7-lepton are not considered as
prompt leptons in this RIVET routine implementation. Jets are defined by means of the anti-k;
clustering algorithm [99] with the radius parameter R = 0.4 using the FastJet implementation
[100]. The particle-level jets need to satisfy selection criteria on their transverse momenta
and pseudorapidities: pp > 25GeV and |n| < 2.5. In the jet-clustering algorithm, all stable
particles with a mean lifetime greater than 0.3 x 10795 are considered, except for dressed
prompt leptons and prompt neutrinos. Non-prompt muons and non-prompt neutrinos are
also included in the jet clustering, which can originate for example from a semi-leptonic
B-hadron decay. A jet is identified as a b-jet, if a B-hadron with pp > 5 GeV is associated
to the jet through the ghost-matching technique7 [101]. A light jet is defined as not being
ghost-associated neither to a B-hadron nor a D-hadron. The event selection requires exactly
two dressed leptons with opposite electric charge, at least two neutrinos and at least two

% A correction factor was applied to the tt and tWW NLO QCD ME+PS total cross-sections in the comparison
presented in this section due to inconsistent settings of the leptonic top-quark decay branching ratio
tdec/elbranching 0.1802 (BR(W — {¢v)) in the hvq and ST_wtch_DR processes and the W-boson decay
width (Flv\IVLO) setting GammaW 2.085 in the bb4¢ simulation. The top-quark decay branching ratio and the
W-boson decay width are related through the formula

BR(W — fv) = D(W — fv)/ TN = [(GFm%V) /(Gm/i)] JTNEO — 0.2272/TN°,

with the mass of the W-boson myy, the Fermi constant G and the LO partial decay width T'(W — (v).
This would imply a decay branching ratio tdec/elbranching 0.108968. Therefore, the tW NLO-+PS
predictions are scaled by a factor (0.108968,/0.1082) = 1.0071 and the ¢ NLO+PS predictions by a factor of
(0.108968,/0.1082)° = 1.01425 [97].

" In the RIVET routine implementation, the Rivet: :Jet class method bTagged () is utilized for this purpose.
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3.1 The nominal ATLAS bb4¢ Monte-Carlo sample

b-tagged jets. For normalised distributions, the normalisation is performed with respect to
the fiducial cross-section, defined by these selection criteria. The particle-level top-quark
reconstruction is done by first reconstructing the decay products of the particle-level W-bosons
by using the two leading neutrinos from the event record. The pairing of the neutrino and
the charged lepton that originate from the same W-boson decay is found by minimizing
|myg, — 80.4GeV| + |m,,, — 80.4GeV|. Then, the particle level top-quark is constructed, by
identifying those Wb-pairs which minimize the difference between myy, and my,, = 172.5 GeV,

using the two leading b-jets in the event. Since also the single resonant and non-resonant®
contributions are included, the reconstructed top-quark refers to a particular combination of
W-boson and b-jet, but does not imply that these particles originate from a top-quark decay.
For brevity, in this chapter, still the expressions “reconstructed top quark” and “reconstructed
top-quark pair” are used.

Comparison of predictions for on-shell and off-shell WWbb production In the following,
the nominal ATLAS bb4¢ and tt + tW MC samples are compared. The figures used for this
comparison follow the same structure as in Figure 3.1: The first ratio panel shows the ratio
of the nominal ¢t + tW DR prediction to the nominal bb4¢ ATLAS prediction. Since bb4/
uses the recoil-to-top PYTHIA 8 scheme, an alternative tt + tW prediction with the same
recoil setting applied in the ¢t MC generation (¢t (rT)+tW DR) is also displayed. Modelling
uncertainties, relevant only for ¢t + tW, are shown as a grey band. They are derived from
the deviations of the t¢ MADSPIN + tW DR and tt + tW DS variations with respect to the
nominal ¢t + tW DR prediction, as listed in Table 3.1, added in quadrature and symmetrised
(as detailed in the second ratio panel).

tt + tW uncertainty estimation of | Comparison of nominal ¢¢ + ¢tWW DR prediction to
tt/tW interference tt + tW DS
top-quark lineshape tt MADSPIN + tW DR

Table 3.1: Summary of modelling uncertainties in the ¢t 4+ tW prediction, which are removed when
using instead the bb4/¢ prediction.

In the first panel, this uncertainty band is applied to the ¢t (rT)-+¢WW DR prediction to assess
whether it covers the observed differences to bb4¢, while avoiding effects solely due to different
PyTHIA 8 recoil settings. Additionally, bb4¢ predictions including inverse-width corrections are
shown. These corrections are expected to improve the agreement in the fiducial cross-sections
[2] of bb4¢ and tt + tW, and are discussed in Section 3.2. The third ratio panel compares
the tW DR contribution to the full ¢t + tWW DR prediction and, analogously, the fraction
of bb4l events assigned to a tW resonance history to the full bb4¢ prediction. For absolute
distributions this corresponds to the respective fractions, while for normalised distributions
it probes shape differences. This highlights phase-space regions particularly sensitive to
single-resonant contributions and ¢t /¢tW interference modelling. Finally, the fourth ratio panel

® The latter only in the case of the bb4¢ simulation.
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compares LHE-level — i.e. final-state kinematics generated by POWHEG before applying the
parton shower — and showered NLO+PS predictions for both, bb4¢ and ¢t + tW, identifying
phase-space regions most sensitive to parton-shower effects and highlights differences in the
impact of the parton shower on bb4¢ and tt + tW predictions.

In Figure 3.1, this comparison is shown for the

oy A — min (max(mblgl,mbz%), max(mblgz,meEI)) (3.1)
distribution, including a comparison to unfolded ¢t + tW ATLAS data in the dilepton channel
using (a) 36.1fb " [78] and (b) 140fb~" [102] of pp collision data at /s = 13 TeV.? While (a)
considers tt 4+ tW decays into all dilepton final states (ee, upu, ept), the analysis presented in
(b) is restricted to the eu-decay channel. For the my, " distribution, both measurements
require at particle-level exactly two b-jets in the event with pp > 25GeV and |n| < 2.5. In
addition, the measurement in (a) vetoes additional soft b-jets with transverse momenta of
pr > 5GeV. The unfolded data from these analyses provide an excellent opportunity to study
bb4¢ MC predictions, as they consider the full ¢£ + tW final state. In contrast, most unfolded

measurements concentrate on the double-resonant t¢ production process. The i nimax
distribution is studied, as the high-mp "™ tail is sensitive to the tt + tW interference

modelling. This is clearly visible in Figure 3.1, where the tW contribution grows significantly
and the DR/DS uncertainty in the t¢ + tWW prediction becomes large. This uncertainty is
found to cover the difference between the nominal ¢t + ¢tW DR and the bb4¢ prediction, while
a general trend towards better agreement between the bb4¢ and tt 4+ tW DS predictions is
observed. In both simulations, the inclusion the parton shower shifts the my, —  distribution
towards smaller values in the bulk of the distribution compared to the corresponding LHE-level
prediction, as shown in the lowest ratio panel. Interestingly, while parton-shower effects have
only a limited impact on the high-mg " tail in (a), a more pronounced effect is observed
in (b). One possible explanation for this difference is the additional veto on soft b-jets applied
in the particle-level event selection of (a), since the tail of the my, " distribution has been

found to be populated by events with additional heavy-flavour jets.

In Figure 3.2(a), the invariant mass of the reconstructed top-quark pair is shown. Sizeable
differences between the bb4l and tt + tW predictions are observed in the threshold region,
Myp S 2Myep, highlighting the challenges associated with modelling this phase space region
accurately. The lineshape uncertainty in the ¢t sample is sizeable in this low my-region
and partly covers the discrepancies observed between the on-shell and off-shell generators.
However, the comparison of the nominal ¢¢ prediction and the corresponding ¢ sample in
which the top-quark decays are simulated with MADSPIN must be interpreted with care. The
description of the threshold region modelled with the £ POWHEG + MADSPIN MC sample is
currently under scrutiny in ATLAS." For both the bb4¢ and tf + tW predictions, the relative

% Both measurements also include comparisons of the unfolded data to a bb4¢ MC prediction. In those studies,
an older version of the bb4/ generator software was used, in which e.g. only ¢t and Z-resonance history
projectors were implemented.

19 As described in Section 3 of [68], for events with unstable particles produced in the threshold region,
the reshuffling of final-state particle momenta, required to ensure energy-momentum conservation when
introducing off-shell effects, can be ill-defined. In such cases, the current decay kinematics are rejected, and
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Figure 3.1: Comparison of the nominal bb4¢ and ¢f + tW predictions for the mpp ™™ distribution
with unfolded ¢ + tW data from the ATLAS measurements (a) [78] and (b) [102]. In addition to the
nominal predictions, bb4¢ predictions with inverse width corrections applied (bb4¢ inv. width corr.) are
shown, together with £ + tW predictions employing different modelling choices: alternative top-quark
line-shape modelling (¢ MADSPIN + tW DR), different treatments of ¢¢/tW interference (t¢+tW DS),
and a modified t¢ PYTHIA 8 recoil setting using recoil-to-top (¢t (rT) + tW DR). The grey uncertainty
band is constructed by adding the ¢t + ¢tW line-shape and interference-modelling uncertainties in
quadrature and applying the resulting variation symmetrically in the upward and downward directions.
In the first ratio panel, this uncertainty is applied to the ¢ (rT) + ¢W DR prediction, since the
nominal bb4¢ MC sample is also produced using the PYTHIA 8 recoil-to-top setting. This uncertainty
band corresponds to modelling uncertainties that do not apply to the bb4¢ MC prediction and therefore
can lead to a significant reduction of the total modelling uncertainty. The third ratio panel compares
the tW DR prediction to the ¢ +tW DR prediction, as well as the bb4¢ prediction obtained only from
events, which are assigned a tWW resonance history, to the full bb4¢ prediction. The fourth ratio panel
illustrates the impact of the parton shower by comparing distributions obtained at LHE level for bb4¢
and tt + tW to the corresponding NLO-+PS predictions.
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tW contribution is enhanced in this threshold region, since my yp, < 2my,, is kinematically
allowed for the single-resonant diagrams already at LO, even when only on-shell top-quarks
are included in the matrix-element calculation. The shape of the tWW contributions relative to
the full ¢t + tW or bb4l prediction is found to be very similar in the two simulations. The
impact of the parton showering in the threshold region is significantly smaller in the bb4¢
prediction compared to the ¢t + tW MC simulation. This difference can be attributed to the
inclusion of NLO top-quark decays in the bb4¢ simulation, where the hardest emission in the
top-quark decay is already generated at the LHE level using the POWHEG method.!

In Figure 3.2(b), a closely related distribution is studied: the invariant mass of the two
charged leptons and the leading and subleading b-jets. This distribution was unfolded in the
ATLAS ¢t + tW analysis presented in [102], which was previously discussed in the context of
Figure 3.1(b). In contrast to the particle-level event selection used for Figure 3.1(b), where
exactly two b-jets are required, the selection for Figure 3.2(b) requires at least two b-jets.
Qualitatively similar features to those observed in Figure 3.2(a) are present, but in this case
the region my, > 500 GeV is also studied, providing additional sensitivity to the treatment
of tt/tW interference effects. In this region, the unfolded data agree better with the bb4¢
and tt + tW DS predictions than with the corresponding ¢t + tW DR prediction. A mild
tension between the MC predictions and the unfolded data is observed in the threshold region.
However, this is covered by the total uncertainties in the unfolded data points. This phase-
space region has been the subject of several recent measurements investigating ¢t bound-state
effects or incorporating such effects for a more accurate description of the my; spectrum by
ATLAS [104] and CMS [105, 106].

The transverse momentum distribution of the leading lepton is shown in Figure 3.3(a). A
sizeable normalisation difference is observed between the nominal bb4¢ and tt + tW DR
samples. This difference is largely resolved once inverse width corrections are applied to
the bb4l prediction, which results to an approximately flat rescaling of the distribution of
about 6 %. A similar impact of the inverse width correction on the total cross-section has
been reported in [2]. While small shape differences remain between the nominal ¢t + tWW DR
prediction and the inverse width corrected bb4¢ prediction, the overall agreement is reasonable
within the ¢ + tWW modelling uncertainties. In particular, the high-pr region is sensitive to
the modelling of ¢t/tW interference, as reflected by the increasing importance of DR/DS
uncertainty as well as the increasing tW contribution in this phase-space region. When
comparing the LHE-level to the showered distributions in the last ratio panel, a normalisation
difference is observed in the case of the tt + tWW predictions, but not for the bb4/ predictions.
A possible explanation is, that in the bb4¢ simulation, the hardest emission from the top-quark
decay is already present at LHE level, which can reduce the transverse momenta of the
resulting b-jets. As a consequence, some events may fail the pp > 25GeV b-jet selection

new decay kinematics are generated for the on-shell ¢f hard process event. For this reason, in a recent ATLAS
tt data analysis [103], which used a reconstructed m,; distribution as sensitive observable, this uncertainty
was instead evaluated by reweighting the parton-level invariant mass distribution of the top quark m, and
anti-top quark mg, separately, in the nominal £ MC sample to the corresponding distribution obtained with
the t¢ MADSPIN MC sample, instead of directly comparing the m,; spectra of the two generators.

1 Using the modified allrad POWHEG method within the POwHEG Box REs framework.
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Figure 3.2: Same comparison as in Figure 3.1, but for (a) the invariant mass of the reconstructed
top-quark pair and for (b) the invariant mass distribution of the bbl¢-system including the comparison
of the latter to unfolded ATLAS t¢ + tW data [102].

requirement imposed already at the LHE level, while this effect is seen in the ¢t + tW only in
the showered predictions.

In Figure 3.3(b), the unfolded distribution of the difference in azimuthal angle, A¢, between
the two charged leptons from the ¢t decay is shown, as measured by the CMS Collaboration
using 39.5 fb~ ' of pp collision data at /s = 13TeV [107]. The truth-level event selection
requires exactly two leptons with pp > 20 GeV and |n| < 2.4, as well as at least two b-jets
with pp > 30GeV and |n| < 2.4.'% This observable is sensitive to the modelling of spin
correlations, which are described at NLO QCD in the bb4¢ MC sample. In contrast, the
production spin correlations™ in the ¢ and ## MADSPIN ATLAS MC samples are modelled
using LO spin-correlated matrix elements following the FMLW [67] method, but with different

2 Additional requirements include overlap removal, at least two truth neutrinos and an invariant mass of the
charged lepton pair my, > 20 GeV. For more details, refer to [107, 108].

'3 While spin correlation observables in the top-quark decay subprocess can be described also when considering
the production and the decay process in the event generation separately, this is not the case for production
angular correlations.
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implementations. These implementation differences result in a noticeable variation in the
tt + tW prediction. When compared to the unfolded CMS data, the bb4f prediction is in
slightly better agreement than the nominal ¢£ + tW DR distribution. As shown in the lower
ratio panel, parton-shower effects are important in this distribution and are found to be
similar for the bb4¢ and tt + tW simulations. This is in contrast to the observations made with
distributions that focus on b-jet kinematics, in which the presence of the first emission from
the top-quark decay at LHE level in the bb4¢ simulation leads to more pronounced differences
in the impact of the parton shower between the bb4¢ and tt + tW predictions.
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Figure 3.3: Same comparison as in Figure 3.1, but for (a) the transverse momentum of the leading
lepton and for (b) the A¢ distribution of the two charged leptons — including the comparison of the
latter to unfolded CMS ¢t data [107]. To validate the comparison of the bb4¢ and ¢t + ¢W predictions
to unfolded ¢t data in (b), additionally the # prediction is compared to the ¢t + tW distribution in
the second ratio panel, showing a negligible influence of the tW contribution in this distribution.

Finally, Figure 3.4 shows the transverse momentum distribution of the leading jet in (a),
including a comparison to unfolded ¢t + tW ATLAS data [102]| from the same analysis as
shown in Figure 3.1(b), as well as the transverse momentum distribution of the leading b-jet
in (b). These two observables show similar features, since the leading jet distribution includes
contributions from both, light jets and b-jets. While normalisation differences between the
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3.1 The nominal ATLAS bb4¢ Monte-Carlo sample

bb4l and tt + tW predictions observed in (b) are again resolved by applying inverse width
corrections to the bb4¢ predictions, the remaining shape differences between the two nominal
predictions are largely covered by the tt + tW specific uncertainties, represented by the grey
uncertainty band. Both nominal predictions are found to agree well with the unfolded data
in (a) within the measurement uncertainties. From the distributions in Figure 3.4, it is
evident that the tW contribution is enhanced at low transverse momenta. As anticipated
from the previous discussions, the impact of the parton shower differs between the bb4¢ and
tt + tW predictions. In the ¢t + tW MC simulations, parton-shower emissions from the b-jet
originating from the top-quark decay reduce the transverse momentum of these jets in the
NLO+PS prediction relative to the corresponding LHE-level distribution. In contrast, in the
bb4¢ simulation the first emission from the top-quark decay is already included at the LHE
distribution.
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Figure 3.4: Same comparison as in Figure 3.1, but for (a) the transverse momentum of the hardest
jet, including also the comparison to unfolded tt + tW ATLAS data [102], and (b) the transverse
momentum of the hardest b-jet.
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In the following, two MC generation parameters are briefly discussed: the minimal transverse
momentum generated in POWHEG (pr i) and the PYTHIA 8 pdTef matching parameter. For the
ATLAS bb4¢ MC sample, these parameters are set to values that differ from their respective
defaults in POWHEG and PYTHIA 8. The motivation for these choices is outlined in the
following.

Minimal generated Powheg pt In the generation of the ATLAS bb4¢ MC samples, the min-
imum allowed transverse momentum of a POWHEG emission is set to 1.2 GeV, rather than to the
default POWHEG value of /0.8 GeV, which is also used in the ATLAS tt POWHEG+PYTHIA 8
sample. Further, the pr ,;, parameter determines the starting scale of the parton shower in
events in which no POWHEG emission is generated.

The authors of [109], where the bb4¢ interface to the HERWIG parton shower was studied,
recommended to set pp i, = 1.2GeV, as this value is larger than the shower cut-off scale

of 0.958 GeV in the HERWIG 7.2 parton shower [110]."* Otherwise, POWHEG could generate
emissions with transverse momenta below the cut-off scale of the parton shower. Since the
bb4¢ sample interfaced with HERWIG is used as part of the modelling uncertainty estimation,
the parameter prp ;, is set to 1.2 GeV also in the nominal POWHEG+PYTHIA 8 MC sample
to stay consistent in the POWHEG settings of these two samples.

Overall, the impact of varying the pr ,,;, POWHEG parameter on the differential distributions
considered in this analysis is found to be negligible. One of the largest variations was observed
in the invariant mass distribution of the leading b-jet, as shown in Figure 3.5(a). Given
that soft radiation off the b-quarks is expected, it is plausible that changes in the treatment
of the lowest-pp emissions affect b-jet-related observables. However, as demonstrated in
Figure 3.5(b), this small variation in the b-jet invariant mass has no impact within statistical
uncertainties on the reconstructed top-quark invariant mass. For this reason, variations of the
P min Parameter are not included as an additional systematic uncertainty.

Pythia 8 p#—ef matching parameter The matching of the POWHEG hard-process LHE to the
PyTHIA 8 parton shower is influenced by the pdTGf matching parameter. This parameter controls
how the scale of the parton-shower emission is defined, which is subsequently compared to
the POWHEG matching scale in the production process.15 The available settings of the pgfef
parameter and their influence on the transverse momentum definition of initial-state (ISR)
and final-state (FSR) parton shower radiation are:

" In HerwiG 7.3, this shower cut-off scale is reduced to 0.655 GeV [110], which would also be compatible with
the default POWHEG pr min value. The choice pr i, = 1.2 GeV is nevertheless retained in the bb4¢ MC
samples, which allows for a consistent interface with both the HErwiG 7.2 and HERWIG 7.3 versions.

!5 For parton-shower emissions originating from top- or anti-top-quark decays, a dedicated matching procedure
is used, which is independent of the p%ef parameter, as described in Section 2.5 and Section 3.3.
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Figure 3.5: The invariant mass distribution of the hardest b-jet (a) and of the reconstructed top-quark
(b), as predicted by the nominal ATLAS bb4¢ sample and by an alternative bb4¢ simulation, in which
the minimum transverse momentum generated within the POWHEG framework is set to its default
value of v/0.8 GeV, instead of 1.2 GeV used in the nominal sample.

° pdTef = 0: The POWHEG ISR p definition (i.e. the pp with respect to the beam axis) is

used for both, ISR and FSR.

. pdTef = 1: The POWHEG ISR pt definition is used for ISR, and the POWHEG FSR pt

definition is used for FSR. The definition of the POwWHEG FSR p% between outgoing

ticl d k by (p; 2_ichk
particles j and k is given by (p; + py) (B, 4 Ey)?

. pdTef = 2: The PYTHIA pt definitions are used for both, ISR and FSR.

For a consistent matching of POWHEG-generated hard process events to the parton shower, the
pr scale of parton-shower emissions should also be calculated using the POWHEG pt definition
(prdfef = 1), such that vetoing emissions with pp > p%ew is most meaningful. However, when
applying these consistent matching settings, sizeable discrepancies are observed in unfolded
jet multiplicity N, distributions, which are sensitive to variations in the PYTHIA 8 matching
parameter settings, as shown in Figure 3.6(a). While both the bb4¢ and ¢t predictions obtained
with the pdTelc = 1 setting overestimate the jet multiplicity, the corresponding predictions
using pdTelc = 2 show a better agreement with the unfolded CMS t¢ data from [107], the same
measurement which was discussed in the context of Figure 3.3(b). Thereby, the jet multiplicity
distributions predicted by the bb4f¢ and tt + tW simulation are found agree very well when
using the same p%ef parameter setting. Consequently, as illustrated in the lowest ratio panel
of Figure 3.6(a), variations of the pCTIEf parameter have a similar impact on both the ¢t and
bb4l predictions. The transverse momentum distribution of the reconstructed top-quark
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pair, unfolded in the same CMS data analysis [107], is shown in Figure 3.6(b). While this
observable is also sensitive to the matching of hard-process events to the parton shower and
the parton-shower emission generation, the influence of the pdTef variations is found to be
small.
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Figure 3.6: The jet multiplicity distribution Nj¢, (a) and the transverse momentum distribution of the
reconstructed tf pair (b) as predicted with nominal ATLAS POWHEG-+PYTHIA 8 bb4¢ and ¢t hvqg MC
simulation, using the PYTHIA 8 matching parameter pi’ = 1 or p3f = 2, compared to unfolded CMS
data t¢ dilepton data [107].

Given the improved agreement between data and simulation obtained with the pdTef = 2 setting,
and the fact that this setting is used in the ATLAS #t hvq and tf MINNLO MC samples,
where the former is used also in the derivation of physics object calibrations in ATLAS, it
was decided to adopt the pdTef = 2 setting likewise for the bb4¢ MC sample.
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3.2 Uncertainties in the hard process generation

In this section, bb4¢ modelling systematics estimated by varying settings in the POWHEG hard
process generation are studied: matrix-element scale variations and their comparison to the
size of inverse width corrections, PDF uncertainties and the variation of the POWHEG hgupmp,
parameter.

Matrix-element scale variations The uncertainty due to unknown higher-order corrections
in the NLO matrix-element calculation is estimated by varying the renormalisation (up) and
factorisation (up) scales by the factors Kp and K, respectively, such that up = Kprpuy and
wr = Kppg. Both, the envelopes of the seven-point variations,

(Kg,Kr) € {(0.5,0.5),(0.5,1),(1,0.5),(1,1),(1,2),(2,1),(2,2) } (3.2)

and the three-point variations, using Kp = Ky = 0.5 and K = Ky = 2, are compared in
the following. In the bb4¢ implementation, the definition of the central scale pg depends on
the resonance history assigned to a given LHE. For a tf resonance history, the central scale'®
is set to [2]
2, 2 2, 2 \11/4
o = [(m + p.)(mf + 1) (3.3)

For a tWb resonance history, ji is defined as

po = [(m+ph)(mi +phy)* (3.4)

The transverse momenta pp and the invariant masses m of the (anti-)top and (anti-)bottom
quark in the pg definition are thereby evaluated at the underlying Born level in POWHEG,
i.e. the Born configuration without any additional real emission. In the ¢ hvq simulation, the

central scale is set to
/ 2 2
Mo = /DTt + My (3.5)

Also in the hvq process, pr is defined as the transverse momentum of the top quark before
any real radiation, such that pp, = ppz. The tt central scale definition is thus very close
to the scale definition used for double-resonant topologies in bb4/, except that in the hvq tf
simulation always a fixed top mass of m; = 172.5 GeV is used in the uq definition, since the
calculation assumes on-shell top-quarks, whereas in bb4¢ off-shell effects are fully accounted
for at NLO. For the tW process calculation [75], a dynamic scale definition [111] is used also,
given by

to = Hp/2 with Hp = \/mg —|—p%7t + \/m%[/ +pr2F7W +p‘%, p‘% = 0 if no real emission. (3.6)

In a private communication, the authors of [2] recommended to use a reduced central scale Lo = % o for
future productions of the bb4¢ sample, as this alternative scale should improve the agreement of the nominal
prediction with higher-order QCD calculations. It was confirmed that the scale variation uncertainties
obtained with variations around the central scales g and g are in reasonable agreement.
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Thus, the transverse momentum of an additional jet p‘Zf is included, if a real emission was
generated in the POWHEG framework.

In Figure 3.7, the ME scale-variation uncertainty in the (a) absolute and the (b) normalised
invariant mass distribution of the reconstructed top-quark is shown. The envelopes of the
seven-point scale variation obtained with the full bb4¢ and the tf + tW predictions are
represented in the four ratio panels as blue and red bands, respectively. The comparison in
the second ratio panel shows that the seven-point uncertainties are well described by their
corresponding three-point uncertainties. The scale-variation uncertainty in tt + ¢t remains
flat over the entire m, range, while the bb4/ scale-variation uncertainty has a shape dependence
around the top-quark invariant-mass peak. For the normalised distribution (b), this leads
to a significantly larger ME scale-variation uncertainty in the bb4¢ compared to the tt + tW
predictions. In a recent ATLAS top-quark mass measurement [112] using unfolded normalised
distributions, an increased ME scale-variation uncertainty on the extracted top-quark mass
parameter was found, when using off-shell (2 — 7) ¢tj predictions, instead of the corresponding
on-shell (2 — 3) predictions, consistent with the studies presented here. Further, the ME
scale-variation uncertainty is dominated by the corresponding variation in the tf process,
as can be seen by comparing the third and fourth ratio panel. These panels compare the
uncertainty from three-point ME scale variations, applied exclusively to either the ¢t or the
tW process (or, in the case of the bb4¢ simulation, to events corresponding to the respective
resonance histories), with the seven-point scale variation envelopes obtained for the full bb4/¢
and tt + tW predictions.

Figure 3.8 shows the same comparison as Figure 3.7, but for the invariant mass of the leading
b-jet (a) and for the my, " distribution (b), which is constructed from the two charged
leptons and the two leading b-jets. Again, larger ME scale-variation uncertainties are observed
for the bb4l predictions, in particular when comparing the ¢t components of the bb4¢ and
tt + tW predictions. The larger size of the ME scale variations for bb4/ relative to the tt
simulation in these distributions is not unexpected, since the top-quark decay and the tt/tW
interference are modelled consistently at NLO QCD accuracy only in the bb4¢ matrix-element
calculation and are therefore sensitive to variations of the pup and pp scales.

In Figure 3.9, the bb4¢ and tt+tW predictions are compared to the unfolded CMS ¢t differential
cross-section of the transverse momentum of the reconstructed top quark [107], which was
reconstructed using the positively charged lepton. Again both the absolute (a) and the
normalised (b) distributions are shown. The corresponding three-point ME scale variation
uncertainty is found to be significantly reduced in the normalised distribution, in this case
both for the bb4¢ and the ¢t + tW prediction. This emphasizes that the ME scale variations
have only a limited impact on the shape of the distribution. In case of observables which
are not very sensitive to the top-quark line shape, to tt/tW interference modelling or to
b-jet properties, a similar impact of the ME scale-variation uncertainties on the bb4¢ and tt
predictions is found. While the data—MC disagreement is mostly covered by the normalisation
impact of the ME scale-variation uncertainties in the absolute distribution in (a), this is
clearly not the case for the normalised distribution in (b), emphasizing the small ME scale-
variation impact on the shape of this distribution. In ATLAS top-quark data analyses using tt
predictions, it is therefore recommended to apply a NNLO QCD reweighting uncertainty [90],
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Figure 3.7: (a) Absolute and (b) normalised distribution of the invariant mass of the reconstructed top
quark as predicted by the bb4¢ and tt + tW simulations. The envelope of the seven-point ME scale
variations for the full b64¢ and tt + tW predictions is shown in all ratio panels as blue and red bands,
respectively. These are compared to the three-point ME scale variations (Kg‘f;l =2, K}%’;"F =0.5),
applied in different configurations: in the second ratio panel to the full bb4¢ and tt + tW predictions,
in the third ratio panel to the bb4¢ prediction projected onto tf resonance histories and to the tt
prediction, and in the fourth ratio panel to the bb4¢ prediction projected onto tW resonance histories
and to the tW prediction.
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Figure 3.8: Same comparison as in Figure 3.7, but for (a) the invariant mass of the leading b-jet and
(b) the my, ™™ distribution.

especially for variables like the transverse momentum of the reconstructed top-quark or of
charged leptons, for which a mismodelling in MC was observed. This reweighting corrects the
parton-level kinematics of the top-quark transverse momenta and the t# mass of the NLO+PS
tt MC sample to the fixed-order NNLO QCD predictions. In contrast, the reweighting of
the parton-level kinematics of bb4¢ MC events, which are assigned a tf resonance history, is
currently not recommended by the authors of [2]."7

" The validity of reweighting bb4¢ MC events simulated according to a NLO QCD off-shell WWbb calculation,
albeit only those projected onto a tf resonance history, to NNLO QCD on-shell predictions needs further
study. A necessary requirement is the application of the inverse width corrections in the bb4¢ simulation,
but also the LO QCD accurate resonance history projectors need to be further studied. In a first step, the
bb4/l predictions of differential cross-sections for different resonance history projectors have been compared
and very good agreement has been found, as already noted in [2].

48



3.2 Uncertainties in the hard process generation

= T T T T T — T T T T T
> F 1 = F ]
8 10-1L PP, VS=13TeV, ft (ee, ey, yp) —e— CMSdata | % 10-2)- PP, VS =13TeV, fi (ee, ey, uu) —e— CMSdata |
el E — bbat ERENO) E — bbat E
o I ft+tWDR o _ = ft+tWDR o
— | i ofF | i
)= s|g
cl§ 102k 4 -5 109E E
10°E | 1074 .
10 | N o o s m—————
E 1.0b T s e sl s s e E 1.0 F >
Q n } o) | . I_‘_|—0—|_‘—
e F ooeeeo fHibbae f o L oo fibbae j
2 o5 — CMS datasbbar 7 9 o5l — CMS databbas b
’5:‘6 “} =1 3-point envelope bb4l E § L =1 3-point envelope bb4l i
[ 1 3 | 1
T P S Y PP Lo SR
: a g . 1.00feraes N
= 1.0 r 4 = = 3
el = " - = Q L ; - =
Z 0.8 —— pbae KL /bb4e (tt+tW DR) KR /ii+tW DR ] Z 0.98 —— bbat Ki%/bbae (tt+tW DR) KR /ft+tW DR
5 06 [ oeeen bb4l KiS¥/bbae  «+++ (f+tW DR) KQ¥/tt+tW DR 5 [ bb4l KISW/bb4e  ----. (ft+tW DR) KE%/it+tW DR ]
> o ] > 0.96- |
L | | | | [ L | | | | [
0 100 200 300 400 500 0 100 200 300 400 500
pr(H[GeV] pr(Y[GeV]
(a) (b)

Figure 3.9: (a) Absolute and (b) normalised transverse momentum distribution of the reconstructed
top-quark as predicted by the bb4f, tt + tW and tt simulations and compared to unfolded CMS tt
data [107]. Additionally, in the second ratio panel, the three-point ME scale variations are shown
with K;ig; =2 and Kﬁ‘/"’F = 0.5. In the case of the bb4¢ ME scale uncertainty, this is also indicated
by the uncertainty band in the first ratio plot.

Inverse width corrections A feature introduced in the new version of the bb4{ POWHEG
process implementation [2] is the correction for spurious top-quark width effects when com-
paring, at a fixed order in perturbation theory, the full off-shell calculation in the zero-width
limit to the narrow-width-approximation (NWA) of this process.

The discussion in [2] is briefly summarised in the following. In the NWA of the production
and decay of a resonance, the cross-section factorises in an independent production and decay
contribution as

dr
doprodxdec = da?, with T' = / dl’ and do = / Ao prodxdecs (3.7)
dec d;

ec

where do is the differential production cross-section. It can be shown, that when using 1/T'x1,0
in the formula above for an NLO QCD calculation, a spurious term of the order O(a%) remains
after integration over the full decay phase space:
NLO
goNo - gonpodl

r
e prodxdec prod I‘NiLO = dog +doy —doy FNIiO : (3.8)
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Thereby oq, [y are the LO contributions to the production cross-section and the top-quark
decay width respectively and 01,1’ the NLO QCD corrections to them. This spurious width
term

Iy

I'nro

(3.9)

dUspurious = —doy

is removed when using instead the top-quark width expansion

1 1 ( F1>
- —(1-= (3.10)
Inbo T Ly
in Equation 3.7 and thus satisfying Equation 3.7 order-by-order in the perturbative series.
Following this procedure of the NWA, the option to apply similar spurious width corrections
in the off-shell bb4¢ calculation was implemented in [2|. This ensures consistency of the

off-shell calculation in the zero-width limit with the calculations performed in the NWA,
which generally use these spurious width corrections.

As discussed in Section 3.1, finding good agreement in the normalisation of the absolute bb4¢
and tt + tW predictions requires the application of the inverse width correction to the bb4/
prediction. Since the inverse width corrections are a higher-order effect, they are expected to
be covered by the matrix-element scale variations, and therefore no additional uncertainty
needs to be defined. That this expectation is fulfilled is demonstrated by comparing the
seven-point ME scale variation uncertainty band with the effect of the inverse width corrections
in Figure 3.10. The comparison is shown for (a) the myg,  distribution, including unfolded
ATLAS tt 4 tW data [102], and for (b) the invariant mass distribution of the reconstructed
top quark. The my """ distribution was already discussed in Figure 3.1(b). As seen in
Figure 3.10(a), the matrix-element scale variations are sizeable in the t¢/tW interference
region in the my,  tail. Both the normalisation and the shape differences induced by
the application of the inverse width corrections are fully covered by the ME scale-variation
uncertainty. Although the authors of [2] recommend applying the inverse width corrections
to the nominal bb4¢ and all systematically varied bb4¢ MC samples, as is planned for future
ATLAS MC productions, this procedure is not adopted for the bb4¢ MC sample presented in
this thesis. As demonstrated above, the resulting difference is nonetheless adequately covered
by the applied modelling uncertainties.

PDF uncertainties A precise assessment of theoretical uncertainties associated with PDFs
is essential for reliable predictions at hadron colliders. For the bb4¢ prediction, the PDF
uncertainty is evaluated using the PDF4LHC21 eigenvector variations [113]. To validate
this modelling uncertainty prescription, the size of the PDF4LHC15 eigenvector variations
[114] is compared between the bb4¢ and tt predictions, and they are observed to agree well.
In addition, the variation of the nominal prediction based on NNPDF3.0 is studied when
alternative PDF sets — PDFALHC15, MMHT14 [115], and CT14 [116] — are used. These
variations are compared between the bb4¢ and tt simulations and are again found to be in
excellent agreement. It is therefore concluded that the considered PDF uncertainty estimation
is adequate. Consequently, the more recent PDFALHC21 prescription is adopted, in contrast
to the PDF4LHC15 prescription used currently for the ATLAS ¢t prediction.
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Figure 3.10: Comparison of the nominal bb4¢ and tt + tW prediction, as well as the seven-point
matrix-element scale-variation uncertainty band evaluated with the bb4¢ MC sample and the bb4¢
prediction, in which the inverse width correction weights are applied for the distribution of (a)
myp ™™ including the comparison to unfolded ATLAS tf + tW data [102] and (b) the invariant
mass of the reconstructed top quark.

hgamp variations Within the POWHEG Box framework, real emissions can be generated in
two distinct ways: soft emissions through the POWHEG formula given in Equation 2.60, and
hard emissions generated according to the real-emission matrix element. For soft emissions, the
ratio R/ B appearing in the Sudakov exponent of the POWHEG formula approaches the Altarelli-
Parisi splitting functions in the infrared limit. In this regime, the generation of emissions via
the POWHEG Sudakov form factor is required in order to preserve the logarithmic accuracy of
the parton shower of the full NLO+PS prediction. This interpretation does not apply to hard
emissions generated within POWHEG. In the case of hard radiation, the exponentiation of the
restricted integral of the R/B ratio over the real-emission phase space cannot be interpreted
as an approximation of a parton-shower Sudakov form factor. It is nevertheless important to
emphasize that the resulting prediction remains NLO+PS accurate, independently of how the
real-emission phase space is partitioned into soft and hard contributions during the POWHEG
event generation. Even if the R/B factor were exponentiated for hard-emission events, the
induced differences would only appear at higher orders in the strong coupling constant, namely
at NNLO in QCD. Accordingly, soft emissions are generated using the POWHEG approach,
while events with hard emissions have the corresponding four momenta distributed according
to the real matrix-element squared in the hard-emission phase space. This separation is
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

implemented through a split of the real-emission contribution into a singular part, R®, and a
finite remainder, R’ , which is controlled by the hg,n, parameter via

R =R*+ R with R® = RF(kT, hgamp) and R? = R(1 — F(k7, haamp)) (3.11)

and
h2
damp

F(k, haamp) = —5——2P (3.12)
R = -

From the functional form of F (l{:gr, Pgamp) it follows that R* approaches the full real-emission
contribution in the limit hg,m, — 0o. Consequently, larger values of hq,p,p result in a larger
fraction of emissions being generated via the POWHEG Sudakov form factor, as the singular
component R’ increases. The value of the hdamp Parameter cannot be derived from first
principles, but has to be tuned in order to improve the agreement between data and MC.
This possibility was already discussed in the original description of the POWHEG method [46]
and was first implemented in POWHEG in the context of Higgs boson production via gluon
fusion [117].

The nominal hg,y,, value chosen for the ATLAS bb4¢ MC sample is hgapmp = 1.5 mtop,lg
matching the hq,,, parameter used in the ¢t and tW POWHEG generation in ATLAS. The
hgamp modelling uncertainty prescription applied to the ¢t and {WW MC samples, obtained
from a comparison between the nominal prediction and a prediction with hqupy, = 3 Myp, is
also tested for the bb4¢ simulation. The results are shown in Figure 3.11 for (a) the light-jet
multiplicity and (b) the transverse momentum of the reconstructed top-quark pair. The size of
the variation obtained by setting Agamp = 3 Myep in the bb4¢, tt, and tW simulations, relative
to the nominal choice, is evaluated in the second ratio panel. Good agreement is observed
in the resulting uncertainty estimates for the bb4¢ and tt + tW samples. The third ratio
panel compares different hg,p,, variations within the bb4¢ MC sample: the default variation
t0 Ngamp = 3Myop, @ downward variation t0 hgamp = 0.75 My, and a dynamical hgamp
choice. In the latter case, hgam;, is set equal to the renormalisation and factorisation scale,
whose definitions depend on the resonance history of the event, as discussed previously. The
predictions obtained with the dynamical hq,y,, setting show reasonable agreement with those
obtained using the nominal hg,y,, parameter value. In contrast, the downward variation
to hgamp = 0.75my,p, leads to slightly larger deviations, and the validity of applying an
hgamp < Miop value remains under discussion. Consequently, the uncertainty prescription
adopted for the bb4¢ MC sample follows that of the tt + tW simulation, namely a variation
to hgamp = 3Myep- It should be emphasized that in top-quark analyses in ATLAS these
one-sided modelling uncertainties are typically symmetrised by applying the same variation in
the opposite direction. The fourth ratio panel shows the fraction of remnant events, defined
as events generated according to R’ in Equation 3.11, either for all bb4/¢ events or restricted
to bb4l events assigned a tW resonance history. As expected, the fraction of remnant events
increases in regions of high jet multiplicity and large recoil of the ¢t system (high p%), which
corresponds to phase spaces that are dominated by hard emissions. Similar trends are observed

% In the following, my,,, refers to the fixed input top-quark mass of 172.5 GeV in the MC generation and not
to the invariant mass of the top-quark four momentum m,.
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for the full bb4¢ sample and for the subset of tW-like events, although the latter exhibits a
systematically smaller remnant fraction.
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Figure 3.11: Distribution of (a) the number of light jets and (b) the transverse momentum distribution
of the reconstructed ¢t system, as predicted by the bb4¢ and tf + ¢tV simulations. The first and second
ratio panel compare the size of the variation obtained by changing the hg,,,, parameter from its

nominal value to hgam, = 3Myep- The third ratio panel shows for the bb4/¢ prediction additionally

a downwards variation to Ngamp = 0.75my,, and a dynamical hg,p,, choice, where hgam, = to as
defined in Equations 3.3 and 3.4. The fourth ratio panel shows the fraction of remnant events for the
full bb4¢ prediction and for the subset of bb4l events projected onto a tW resonance history.
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

3.3 Uncertainties in the parton-shower matching

LHESs generated with the original POWHEG method [46, 47| are matched to a parton shower
by requiring that all parton-shower emissions are generated at scales below the POWHEG
matching scale, as described in Section 2.4. For LHEs containing real radiation generated
by POWHEG, this matching scale is set to the scale of the real emission, as calculated with
the POWHEG pr definition, and stored in the scalup variable of the LHE format [86, 87|. In
the bb4¢ POWHEG process implementation, up to three additional real emissions with respect
to the bbl* ¢~ v, final state can be generated: one from the production process, one from
each of the top- and one from the anti-top-quark decay.19 Consequently, up to three distinct
matching scales must be respected during the PS matching, which requires a dedicated bb4¢-PS
matching interface. Parton-shower emissions that can be associated with the production
process are treated analogously to the default POWHEG approach, with the corresponding
matching scale stored in the scalup variable of the LHE. In contrast, the matching scales for
PS emissions originating from the top- or anti-top-quark decays must be reconstructed from
the kinematics of the final-state particles in the LHE.? Since QCD radiation off heavy quarks
is suppressed relative to radiation from light quarks and gluons, real emissions generated in
the top- or anti-top-quark decays within the POWHEG BOX RES framework typically occur at
lower scales than emissions from the production process. If no dedicated bb4¢ PS matching
interface is applied, the PS matching scale for decay emissions is instead set by the generally
higher matching scale of the POWHEG emission from the production process. This leads to an
overestimate of radiation off the b quark in the parton shower.?!

This effect is illustrated in Figure 3.12, which compares bb4¢ LHEs matched to the PYTHIA 8
and HERWIG 7 parton showers with and without the required dedicated bb4¢ matching interface.
The impact is shown for the b-jet fragmentation function (a) and the b-jet width (b), using
the publicly available RIVET implementation of these observables [118|. Loose event selection
criteria are applied by requiring at least one b-jet with pp > 25 GeV and |n| < 2.5. The b-jet
fragmentation function is defined as the fraction of the jet three-momentum carried by the
B-hadron, paq - Piet/ ﬁit and is evaluated for each B-hadron in each b-jet in the event. The
jet width, also calculated for each b-jet in the event, is defined as the sum of the pp-weighted
angular distances of the particles in a jet to the jet-axis, normalised to the pp sum of all
particles in the jet 4

Y icjer PTAR(G, jet-axis)

Ziejet p'lf

When the dedicated bb4¢-PS matching interface is not applied in Figure 3.12, fewer B-hadrons
carrying a large fraction of the jet momentum (large z) are observed, and the resulting

(3.13)

9 This option is enabled in the ATLAS bb4¢ MC samples by using the allrad mode [69]. The maximum
number of real emissions depends on the projected resonance history. For a tf resonance history, up to three
emissions are possible (from tf production and from the top- and anti-top-quark decays), while for a tW b
topology the maximum number is two (from W ~b production and top-quark decay).

20 Technically, this is implemented for the PYTHIA 8 parton shower by a dedicated bb4¢ UserHook [109], and in
HERWIG 7 through a shared library implementing a FullShowerVeto [109].

2! This is the case only when the allrad scheme is applied in the bb4¢ POWHEG generation.
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3.3 Uncertainties in the parton-shower matching

b-jets are broader due to the increased amount of PS radiation. The effect of the dedicated
matching is found to be very similar in PYTHIA 8 and HERWIG 7 for the b-jet observables
shown in Figure 3.12. These comparisons validate the two independent bb4/-PS matching
implementations and their integration into the ATLAS ATHENA software framework. However,
they do not define a systematic uncertainty, as the dedicated bb4¢ matching is required to
avoid double counting of emissions.
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Figure 3.12: Comparison of the effect of applying or not applying the dedicated bb4¢ matching interface,
when matching bb4¢ LHE with the PYTHIA 8 and HERWIG 7 parton shower on the b-jet fragmentation
function (a) and the width of the b-jet (b). The publicly available RIVET implementation [118] of
these observables was used. Published in [119].

Due to the use of different POWHEG+PYTHIA 8 matching interfaces for parton-shower emissions
originating from the production and top-quark decay subprocesses in bb4¢ MC events, the
evaluation of matching uncertainties is correspondingly separated into contributions associated
with the production and decay subprocesses.

Definition of matching uncertainty for emissions from the production process As intro-
duced in [90], the ATLAS POWHEG-+PYTHIA 8 matching uncertainty in top-quark pair and

single top-quark production processes is evaluated by varying the pl{«ard parameter from its
hard hard

nominal value of pt = =0 to py~ = 1. This PYTHIA 8 parameter controls the definition of
the matching scale. For the default setting p}rfard = 0, the matching scale is taken directly

from the scalup value stored in the LHE file, which corresponds to the transverse momentum
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

of the POWHEG emission relative to its emitter, calculated using the POWHEG pt definition.
In contrast, for p}{ward = 1, the transverse momentum of the POWHEG emission is computed
with respect to all final-state particles and the beam axis, and the smallest resulting scale is
used as the matching scale. As described in the beginning of this section, when matching bb4¢
events to the PYTHIA 8 parton shower, emissions associated to the production process are
treated identically to those in the ¢t hvq process, which follows the default POWHEG emission
generation scheme. Consequently, parton-shower emissions from the production process in
bb4/l events are expected to be affected in the same way as those in ¢t events when varying the

pk{«ard parameter. In addition to the p}{«ard = 1 variation used to define the ATLAS matching
uncertainty, predictions obtained with p}%ard = 2 are also studied. This corresponds to a

more extreme variation, in which the matching scale is defined as the minimum transverse
momentum found by computing the pp of all final-state particles with respect to each other
and the beam axis.

Definition of matching uncertainty for emissions from the decay process In the nominal
bb4¢ MC sample, parton-shower emissions from the top- and anti-top-quark decays are vetoed
using the dedicated bb4¢ POWHEG-PYTHIA 8 vetoing procedure described in the beginning of
this section. To evaluate the matching uncertainty associated with emissions from the decay
subprocess, an alternative approach is employed, following the prescription proposed in [109].
Thereby, the PYTHIA 8 resonance scale is reset to the value calculated as the matching scale
for emissions from the top-quark decay subprocess. By default, the PYTHIA 8 resonance scale
limits the maximum scale of parton-shower emissions originating from a given resonance decay.
The key difference compared to the nominal bb4¢ vetoing procedure is that, in the varied
setup, the scale of the parton-shower emission, against which the matching scale is compared,
is calculated using the PYTHIA 8 p definition rather than the POWHEG pp definition in the
top-quark decay, which is used in the nominal matching p1rocedu1"e.22

Comparison of matching uncertainties in bb4£ and tt Figure 3.13 shows the impact of the
dedicated bb4¢ matching procedure, as well as the size of the matching uncertainties evaluated
using either the bb4¢ or the tt MC simulation, for the transverse momentum distribution of
the second leading light jet (a) and the reconstructed top-quark invariant mass distribution
(b). The former observable is primarily sensitive to initial-state radiation, while the latter is
sensitive to radiation from the top-quark decay products, which is directly reflected in the
size of the corresponding matching uncertainties.

While the leading light jet generally corresponds to the POWHEG real emission, the second-
leading light jet is typically generated by the parton shower. Since radiation from the b-quark
is suppressed by its large mass, the second-leading light jet predominantly originates from

%2 As described in Section 3.1, the nominal bb4¢ MC sample uses the matching setting pdTCf = 2 instead of the
default pdTef = 1. Although this choice could in principle affect the uncertainty evaluated using the resonance
scale veto, since the default bb4¢ decay matching is independent of the p%ef setting, good agreement is
observed between the decay matching uncertainties obtained with p%Cf =1and pchf = 2. For this comparison,
the pdTef setting was varied consistently in both the bb4¢ predictions using the default bb4¢ matching and

those using the scale-resonance-veto setting.
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initial-state radiation. As a result, its transverse momentum distribution is largely insensitive
to the impact of the dedicated bb4¢ parton-shower matching interface and to the matching
uncertainty associated with the decay subprocess. Instead, this observable is strongly affected
by the matching uncertainty in the production subprocess, in particular by the more extreme
p}%ard = 2 variation. The size of the matching uncertainty in the production process is found

to be in excellent agreement between the bb4¢ and tt predictions.

In contrast, the invariant mass distribution m; of the reconstructed top-quark is largely
insensitive to the matching uncertainty in the production subprocess,23 but is sensitive to
variations of the matching in the top-quark decay subprocess. As anticipated from the
observations in Figure 3.12, not applying the required dedicated bb4¢ matching, results in a
shift of the reconstructed m, distribution towards lower invariant masses, driven by increased
radiation off the b quark and enhanced out-of-cone radiation. The difference between the
dedicated bb4¢ matching and the default POWHEG parton-shower matching is more pronounced
when matching to the HERWIG 7 parton shower than to PyTHIA 8. This can be attributed to
a larger impact on the transverse momentum distribution of the leading b-jet in HERWIG 7
when applying or omitting the dedicated bb4¢ parton-shower interface. Since this distribution
is sensitive to radiation from top-quark decay products, it is also expected to be sensitive to
the corresponding decay matching uncertainty, which is indeed observed.

Both matching uncertainties definitions, those associated with the production and top-
quark decay subprocesses, produce holes or overlaps in the emission phase space covered by
POWHEG and the PYTHIA 8 parton shower. This is interpreted as a conservative uncertainty
estimate. Alternative uncertainty definitions for bb4¢ hard-process events are currently under
discussion.

3 In the tf MC sample, all parton-shower emissions are limited by the alternative matching scale defined via
the p}r}ard prescription, which could in principle affect b-jet-related observables. However, this matching scale
is typically significantly larger than the characteristic scales of emissions from b-quarks. As a consequence,
variations of this high matching scale do not significantly impact parton-shower emissions from b-quarks,
whose relevant emission scales lie well below both the default and alternative matching scales.
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Figure 3.13: (a) Transverse momentum distribution of the second hardest light jet and (b) invariant
mass distribution of the reconstructed top-quark as predicted with POWHEG+PYTHIA 8 bb4/, tt, tt (rT)
(recoil-to-top PYTHIA 8 setting) and ¢t (r'T)+¢tW DR. The comparison of these predictions is shown
in the first ratio panel. The second ratio panel shows in the influence of applying or not applying
the dedicated bb4¢ parton shower interface in PYTHIA 8 and HERWIG 7, the third ratio panel shows
the matching uncertainty in the production process and the fourth ratio panel shows the matching
uncertainty in the top-quark decay sub-process, which can only be evaluated in case of the bb4¢ MC
sample.
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3.4 Uncertainties in the parton showering

This section discusses modelling uncertainties associated with the parton shower in the
bb4¢ MC simulation. For many of these uncertainties, a similar impact on the bb4¢ and tt
predictions is expected, since they primarily probe aspects of the parton shower that are
largely independent of the details of the hard-process generation. This expectation is explicitly
tested in the following, thereby validating the applicability of the corresponding uncertainty
prescriptions to the bb4¢ simulation. For parton-shower modelling uncertainties that are
sensitive to radiation off b-quarks originating from top-quark decays, differences between the
bb4¢ and tt predictions can arise. This is studied in detail and the uncertainty prescription is
adapted to ensure that all relevant modelling effects are adequately covered.

Pythia8 vs. Herwig7 A systematic uncertainty including a variety of different effects is
obtained by comparing Monte Carlo samples in which the same hard-process events are
interfaced either with the nominal PYTHIA 8 or with the alternative HERWIG 7.3 parton
shower. These two parton-shower implementations differ in several aspects, in particular in
their shower ordering (dipole-ordered versus angular-ordered shower) and in their hadronisation
models (Lund string versus cluster model). In addition, the underlying modelling parameters
are tuned to data independently in the two generators. The parton-shower uncertainty
estimate derived from comparing bb4¢ and tt predictions interfaced with either the PYTHIA 8
or HERWIG 7 parton shower, is found to agree well for b-jet-related observables, provided that
the dedicated bb4¢ parton-shower matching is applied consistently for both shower models.
In [109], where the bbd¢ POWHEG-+HERWIG 7 matching was first introduced, a significantly
enhanced parton-shower uncertainty was observed for top-quark mass sensitive observables
in the bb4l simulation compared to the ¢t hvq simulation. Using an improved version of
the bb4l dedicated HERWIG 7 matching,24 the parton-shower uncertainty obtained in the
bb4¢ and tt hvq simulations presented here is found to be comparable. This is illustrated
in Figure 3.14(a) for the reconstructed top-quark invariant-mass distribution. The slight
difference in the effect of the dedicated bb4¢ matching in PYTHIA 8 and HERWIG 7 in the
top-quark invariant mass distribution in Figure 3.13(b) leads to very good agreement in the
parton-shower uncertainty evaluated in the bb4¢ and t¢ MC samples. Figure 3.14(b) shows the
distribution of the azimuthal angle difference A¢ between the two charged leptons, including a
comparison to unfolded CMS ¢t data from [107], which was already discussed in Figure 3.3(b).
The parton-shower uncertainty for a related observable was studied in detail in the ATLAS
tt entanglement observation analysis [120]. As seen in Figure 3.14(b), the impact of the
parton-shower uncertainty on the A¢-observable is similar in the bb4¢ and tt predictions.

Recoil uncertainty The PYTHIA 8 recoil setting affects the emission pattern of the second and
subsequent emissions from the top-quark decay products. In the PYTHIA 8 parton shower, the
colour connected parton r of e.g. an emitting quark ¢ is used as a recoiler in a ¢ — qg branching
to preserve energy—momentum. Further, colour coherence is respected in the PYTHIA 8 parton

** Kindly provided to the ATLAS Collaboration by Silvia Ferrario Ravasio.
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Figure 3.14: Comparison of bb4¢ and tt predictions, interfaced with the PYTHIA 8 (nominal) and the
HERWIG 7 parton shower, of (a) the invariant mass of the reconstructed top-quark mass and (b) the
azimuthal angle between the two charged leptons, including the comparison to unfolded CMS data
[107].

shower, by suppressing radiation outside an angle # around the emitting particle direction,
where 6 corresponds to the angle between the two colour-connected partons. In the PYTHIA 8
parton shower, intermediate particles cannot act as a recoiler. When considering now a
t — Wb branching, the b quark is colour-connected to the top-quark, which is an intermediate
particle and therefore cannot serve as recoiler. For the first b — bg branching, the only
possibility is to assign the W-boson as a recoiler. For an emitted gluon, which would be
colour-connected to the top quark, a choice can be made: The colour-connection to the
top-quark can be moved again to the W-boson or instead to the b quark (amounting to in
total two colour connections to the b quark), as illustrated in Figure 3.15.

The phase space and the recoil is set by this choice, where moving the colour connection to
the b quark leads in general to b-jets with less out-of-cone radiation [121], since the angle
between the emitted gluon and the b quark is typically smaller than the angle between the
emitted gluon and the W-boson. The option to use the b quark as a recoiler is known as
recoil-to-colour and is the default option in the on-shell t¢ ATLAS MC sample. Another
recoil scheme, called recoil-to-top, can also be applied, where the W-boson is assigned as
a recoiler, but the gluon emission pattern is corrected to reflect more closely the emission
pattern expected for an emission from a colour-connected parton to the top-quark. This
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Figure 3.15: Sketch of the (a) recoil-to-colour and (b) recoil-to-W schemes in PYTHIA 8, where the
colour connection to the top-quark is moved to the b quark or the W-boson, respectively.

should in principle lead to a better description of the second and subsequent gluon-emission
pattern from the top-quark decay. The recoil-to-top setting is applied as the default setting
in the ATLAS bb4¢ MC sample, while it is used to define the systematic recoil uncertainty in
the tt ATLAS MC prediction. The corresponding recoil uncertainty in case of the bb4l MC
sample is defined by comparing the nominal bb4/¢ predictions to the bb4l predictions obtained
with the recoil-to-colour setting.

Distributions sensitive to the recoil uncertainty include b-jet property observables, such as the
charged b-jet fragmentation function zg}b shown in Figure 3.16(a). This observable is defined
as

ﬁCh ﬁCh

ch b " Fjet

ZLb = T Sana (3.14)
jet

where ]53%}; denotes the vectorial sum of the charged constituents momenta of the b-jet, and

ﬁgh that of the charged decay products of the B-hadron. The particle-level event selection

requires exactly one muon and one electron of opposite charge with pp > 25 GeV and |n| < 2.5.
Additionally, exactly two b-jets with pp > 30 GeV, |n| < 2.5 and AR(jet, jet) > 0.5 are required.
In the observable definition, only charged particles with pp > 500 MeV are considered. Fach
selected b-jet must contain exactly one weakly decaying B-hadron with pp > 5GeV and at
least three charged decay products of the decaying B-hadron. A comparison of the unfolded
ATLAS tt data [122] with MC predictions obtained with the bb4¢ and ¢t 4+ tW simulations
is shown for both the PYTHIA 8 recoil-to-colour and recoil-to-top settings. For the tt + tW
prediction, the recoil model is varied only in the t¢ component, while the tWW contribution is
always showered using the recoil-to-colour setting. This choice is justified by the negligible
impact of the tW contribution on this observable, as demonstrated by the close agreement
between the ¢t and tt + tW predictions in Figure 3.16(a). Very good agreement is observed
between the recoil uncertainty in the bb4¢ and t¢ ATLAS MC samples. The recoil uncertainty
is obtained by comparing the recoil-to-top and recoil-to-colour predictions and shown in
the second ratio panels of Figure 3.16. The good agreement seems reasonable, since the
recoil-to-top and recoil-to-colour configurations differ only in the treatment of the second and
subsequent emissions from the top-quark decay, which are performed by the parton shower
in both MC simulations. Both recoil models are compatible with the unfolded ATLAS data
[122] within uncertainties. However, a slight trend towards better agreement with data is
observed for distributions generated using the recoil-to-colour setting.
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Figure 3.16: (a) Fragmentation function of the b-jet, evaluated with the charged constituents zfjb
and (b) the invariant mass of the reconstructed top-quark as predicted by the ¢t + tW, bb4f and tt
simulation, using either the recoil-to-top (r'T) or recoil-to-colour (rC) PYTHIA 8 setting in the ¢ and
bb4¢ simulation. In (a) also the comparison to unfolded ATLAS data [122] is shown.

Due to the impact of the recoil uncertainty in b-jet property distributions, observables sensitive
to the top-quark mass, such as the invariant mass of the reconstructed top-quark shown in
Figure 3.16(b), are also affected by this uncertainty. For this reason, the recoil uncertainty
can constitute one of the dominant systematic uncertainties in top-quark mass measurements
[123, 124]. As seen in Figure 5.3, the LHCTopWG summary of top-quark mass measurement
lists this uncertainty as a separate contribution in the total uncertainty breakdown. A recent
ATLAS top-quark mass measurement [125] introduced a dedicated control region to determine
which recoil model is preferred within the specific analysis phase space. In that measurement,
the recoil-to-colour configuration was favoured over the recoil-to-top setting. While the most
theoretically precise description of the radiation pattern from the top-quark decays would be
provided by the VINCIA parton shower [126], its employment and the corresponding tuning
in ATLAS is a topic of current studies. Within PYTHIA 8, the recoil-to-top configuration
is expected to model emissions from top-quark decay products more accurately than the
recoil-to-colour setting. However, some comparisons to data indicate that the recoil-to-colour
option might yield better agreement. The extent to which this trend is influenced by ATLAS
physics-object calibrations and parton-shower tuning, both of which were derived using tt
MC samples with the recoil-to-colour configuration, is difficult to quantify.
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Pythia 8 splitting kernel variations To estimate uncertainties associated to variations of the
parton-shower splitting kernel, the terms introduced in Equation 2.58 and Equation 2.59 can
be reparameterised for the PYTHIA 8 transverse momentum-ordered shower (¢ =p ) as

aS(t) K- . — as(kt) .C. P(Z) + CNSQ2/m(2iip
1 1—1j 1t n )

(3.15)

where P(z) denotes the DGLAP splitting kernels, C is a colour factor, mg;, is the invariant

mass of the dipole emitter—recoiler system and Q2 an energy scale, which is proportional to
the shower ordering variable ¢. Uncertainties due to missing higher-order contributions in the
perturbative expansion are estimated by varying the scale at which the strong coupling « is
evaluated, through variations of the factor k. In the following, these are referred to as up
variations. By construction, they are proportional to the original splitting kernels [127]. In
contrast, variations of the parameter cyg, which is set to zero in the nominal configuration,
probe the uncertainty associated with the choice of splitting-kernel parameterisation. While
all parameterisations coincide in the soft-collinear limit, they differ in the non-singular region.
The uncertainty estimate obtained by varying cyg to £2 is therefore particularly relevant in
regions of phase space dominated by hard parton shower emissions [127].

Figure 3.17(a) shows the distribution of the number of additional jets with pp > 25 GeV, as
predicted by the bb4/¢, tt and the tt + tW DR simulations. The particle-level event selection
requires exactly one electron and one muon of opposite electric charge with pp > 25 GeV
and |n| < 2.5, as well as at least two b-jets with pp > 25GeV and |n| < 2.5. These MC
predictions are compared to unfolded ATLAS ¢t data [128, 129]. The PYTHIA 8 splitting
kernel variation uncertainty is evaluated by independently varying pp and cyg in each of
the ISR and FSR splitting kernels (¢ — g9, g — q@, ¢ — qg, and Q — Qg with Q € t,b).
For the bb4/ prediction, uncertainty bands are displayed in the second ratio panel, which are
build by adding in quadrature the variations obtained from the individual splitting kernels
for ISR pg, ISR cng, FSR pur and FSR cng. As expected, the uncertainty associated to the
ISR splitting kernel variations is dominant in the Nje, distribution and its impact increases
with increasing jet multiplicity, while the zero- and one-additional-jet bins, corresponding to
events with only two b-jets or one additional light jet, should be largely described by the NLO
QCD matrix-element calculation. For the dominant ISR pp uncertainty, the variation of the
g — gg splitting kernel provides the largest contribution, followed by the ¢ — g variation.
These two dominant contributions are shown in the third and fourth ratio panels, respectively.
Those splitting kernel variations are also shown for the ¢ prediction in the third and fourth
ratio panel, demonstrating excellent agreement in the size of the corresponding uncertainties
between the bb4l and tt MC simulation.

A quite different picture is observed for the b-jet multiplicity distribution. Figure 3.17(b)
shows the bb4l, tt + tW DR and ¢t predictions compared to unfolded t¢ ATLAS data [130,
131], as well as the size of the separate bb4/ splitting kernel variations added in quadrature
for ISR and FSR (cng and pp). The particle-level event selection requires exactly one muon
and one electron of opposite sign with pp > 28 GeV and |n| < 2.5, as well as at least two
b-jets with pp > 25GeV and |n| < 2.5. In contrast to the conclusions drawn from the number
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of additional jets in Figure 3.17, the splitting kernel variation uncertainty in the number
of additional b-jets i.e. beyond the two b-jets which originate from the b61€+giﬂgug final
state, is entirely dominated by the FSR splitting kernel variations. Moreover, the size of
these variations is considerably larger than for the additional Nj. distribution, reaching
roughly 20% for both the FSR cyg and FSR pp uncertainty in the Ny = 4 bin. By
comparison, the ISR up variation amounts to only about 6 % in the highest additional-jet
multiplicity bin of Njo > 4 with pp > 25GeV. While (ISR) pp variations dominate the
N, distribution, both FSR pp and FSR cyg variations are equally important for the Ny e
distribution. The most sizeable contribution to the FSR pup and cyg uncertainties arise from
the g — qq splitting kernel variations. Indeed, additional b-jets in the event are expected to
originate from g — bb parton-shower splittings. The size of these most dominant splitting
kernel variations in the b-jet multiplicity distribution are in very good agreement between
the bb4¢ and tt predictions, as shown in the third and fourth ratio panel. However, the
nominal b-jet multiplicity predictions differ by up to 30 %, which is partly covered by the
large FSR uncertainty bands. Still, both MC simulations underestimate the production of
additional b-jets, even more severely so in the case of the bb4¢ MC simulation. Further studies
to investigate this behaviour are currently being conducted.

To study the impact of splitting kernel variations on b-jet properties, in Figure 3.18(a), the
b-jet fragmentation function with FSR pp splitting kernel variations are displayed for the
bb4¢ and tt simulation. The total splitting kernel variation uncertainty is dominated by the
FSR pp contribution, for which significant differences are observed between the bb4¢ and ¢t
predictions. For the g — gg, ¢ — ¢¢ and ¢ — qg splitting kernels, the FSR pp variation leads
to comparable uncertainty estimates in both bb4¢ and tt. In contrast, for the heavy-quark
splitting kernels @ — Qg with @ € {t,b}, the FSR up variation is substantially larger in ¢t
than in bb4/¢, as shown in Figure 3.18(a). The same pattern is observed for the combined FSR
1t uncertainty, obtained by adding the FSR up splitting kernel variations in quadrature,
since the Q — (g contribution dominates the total. This behaviour is physically intuitive: the
Q — Qg splitting directly affects parton emissions off the b quark and therefore the remaining
momentum of the B-hadron after FSR. The difference between ¢t and bb4¢ can be explained
by the different treatment of top-quark decays: In the bb4¢ MC simulation, the top-quark
decay is described with NLO QCD accuracy, and the hardest emission from the decay is
generated with the POWHEG method. As a result, the parton shower only affects subsequent
b — bg splittings at a lower scale. In contrast, in the ¢f hvq simulation, all emissions from
the top-quark decay are generated by the parton shower, such that variations of the b — bg
splitting kernels have a larger impact. Within the POWHEG framework, the real emission is
generated via the second term in Equation 2.60, which depends on the POWHEG Sudakov
factor, similar to the dependence of the parton showering algorithms on the Sudakov factor.?
A direct variation of the scale at which ag is evaluated in the POWHEG Sudakov is currently
not implemented. However, a workaround can be employed by using PDF sets with different
ag(My) values as suggested in [109]. This is performed by using the NNPDF3.0 NLO PDF
sets with alternative ag(My) values of ag(Mz) = 0.115 and ag(Mz) = 0.121 instead of the
nominal ag(My) = 0.118 value. In the third ratio panel of Figure 3.18(a), the POWHEG

%5 This applies only to events generated via the POWHEG method, not to remnant events, as explained in the
hdamp uncertainty discussion in Section 3.2.

64



3.4 Uncertainties in the parton showering

= T T T T s T T T T E|
ol2 3 3
f|§ 100k pp, VS =13 TeV, ft (e) —— ATLASdata | S =3 pp, Vs =13 TeV, i (eu) —e— ATLAS data
E — bba? E g|b — bb4t E
_I_l_— — 1 g — i 4

107k E E

: L e ]

iy 102 L } } i 1 02k } T ‘i I I % =

T °F I_JL,__- 7 g 15F +

Q 1 00 kessesgere-- $ oooer fooon TITTITfTiTe Q E

9 % v ’ o 1.0F

o I — —— ATLAS data ] o F i ]

%075 «--+ f+tWDR ISR pa (qdr.) bbat ] E —— ATLAS data

= o I I I I I 1 = I I I I I E

I I I I I I I I I

E 1.0 E 1-0:

Q | ISR cys (qdr.) bbae FSR cns (qdr.) bbde | S r ISR cys (qdr.) bba¢ FSR cys (qdr.) bbd? 1

LEJ i ISR pp (qdr.) bbae 1 FSR g (qdr.) bbal g 0.5 ISR g (qdr.) bbat [0 FSR g (qdr) bbde

08p— | | | | i s ————

8’) 1.0 poddsnssssags i iiiiiiil 3333M333333°" N 17_é‘: ................................... .:

T i e —— T L - \-\...t.w
m°’ | —— bb4f (ug=0.5u0)/bb4e — i (ur=0.5p)/ff | m"’ - —— bb4f (ug=0.5u0)/bb4e — ft(ur=05ko)/tt
B e bbA# (15 =2.00)/bb4e ceee f(up=2.0uo)/i B [ oeeee bb4e (15 =2.0,)/bb4e ceee i (up=2.0up)/ff ]

< o8k | | | |, A < of | |

C o L

g 1.00 D T feee—

Tf T 7 :
m‘T [ —— bb4l (ug=0.5u0)/bbal —— ft (ur=0.5p0)/tt m‘m [ —— bb4l (cys= - 2)/bbae — ft(ens=-2)/ff ]
B 0.95 ... bb4l (up=2.0uo)bbal  ++++ ft (up=2.0u)/ff ] bo [ bb4e (cus = 2)/bbal coee Ml (ons= -2t

I ] [§)
L. | 1 | | 1 . C | | 1 1 1
0 1 2 3 >4 2 3 4 >5
Number of additional jets Np-jets
(a) (b)

Figure 3.17: (a) Number of additional jets, and (b) number of b-jets, as predicted with the bb4¢, tt+tW
DR, and tf MC simulations, compared to unfolded ATLAS data for the additional-jet multiplicity [128,
129] and the b-jet multiplicity [132, 133]. The ISR and FSR uncertainty bands shown in the ratio
panels are obtained by varying the parameters up and cyng independently in the individual splitting
kernels (¢ — g9, ¢ — qG, ¢ — qg, and Q — Qg with @ € ¢,b) and adding the resulting variations in
quadrature. The third and fourth ratio panels show the two dominant splitting-kernel variations for
the bb4¢ and tt predictions.
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Sudakov ag variation uncertainty is shown for both the bb4¢ and tt predictions. To evaluate
this uncertainty, the difference between the nominal sample reweighted to an alternative PDF
set (with a different avg(My)) and a sample explicitly generated with the same alternative PDF
is used. Since PDF reweighting does not affect the POWHEG Sudakov factor, the observed
difference reflects the variation in the ag(My) value used in the Sudakov, while the ag(M)
value in the underlying Born matrix element is the same for both predictions. As expected,
the POWHEG Sudakov variation has no effect in the ¢t sample, because the top-quark decay is
not part of the matrix-element calculation. However, a clear shape dependence is observed in
the bb4l prediction. Moreover, the shape of this variation closely follows that induced by the
FSR pp @ — Qg splitting-kernel variations, consistent with the discussion above.

Figure 3.18(b) shows the impact of varying the ag(M) value in the POWHEG Sudakov on
the transverse momentum of the reconstructed top-quark pair, for bb4/l, tt + tW and tt MC
predictions. Further, the comparison to unfolded CMS ¢t data [107] is shown, the same
measurement as described in Figure 3.3(b). In the low-pt region, the splitting-kernel variation
uncertainties are dominated by ISR pup variations, although they are generally small. Among
these, the g — gg ISR pp variation provides the largest single contribution, which is shown in
the third ratio panel, and exhibits very good agreement between the bb4¢ and tt predictions.
Both the bb4¢ and t¢ distributions are affected by the POWHEG Sudakov ag(My) variation,
which is expected behaviour because the transverse momentum of the ¢t system is sensitive
to the hardest POWHEG emission, typically originating from the production process. The
emission from the production process is generated both in the bb4¢ and the ¢f hvq simulation
via the POWHEG method, explaining the good agreement in the POWHEG Sudakov ag(My)
variation of the two. Furthermore, the shape induced by the POWHEG Sudakov ag(My)
variation closely follows that of the ISR up g — gg splitting-kernel variation, suggesting a
similar effect as in the case of the FSR @ — Qg splitting-kernel variations in bb4/¢.

The distributions in Figure 3.18 illustrate the sensitivity of the POWHEG emission generation
to variations in the POWHEG Sudakov ag(My). Currently, these variations are implemented
indirectly using PDF sets with alternative ag(My) values, as described above. A direct
implementation of ag(M) variations in the POWHEG Sudakov form factor would be desirable,
as it would allow for a consistent treatment of ag variations in the POWHEG Sudakov factor
and the parton shower. At present, the range of Sudakov ag variations is limited by the
available PDF sets.

Underlying event Several aspects of a parton shower implementation rely on approximate
models of non-perturbative phenomena or perturbative QCD phenomena, which in practice
cannot be calculated due to the large number of final state particles. The implemented models
contain several free parameters, whose values cannot be predicted from first principles, but
need to be adjusted, i.e. tuned, to obtain simulated distributions, which reasonably agree with
data. In the PYTHIA 8 A14 tune [95], which is widely used in the ATLAS collaboration, ten
PYTHIA parameters were tuned, which influence the modelling of multi-parton interactions
(MPI) and the modelling of the initial-state and final-state radiation. Thereby, MC samples
of dijet, tf and Z-boson events simulated at LO with PYTHIA 8, were compared to unfolded
data from ATLAS measurements, which were targeting phase space regions sensitive to the
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Figure 3.18: (a) The b-jet fragmentation function and (b) the transverse momentum of the reconstructed
top-quark pair, as predicted by the bb4¢ and ¢t simulations, as well as the ¢t (rT) and ¢t (rT)+tW
predictions using the recoil-to-top setting in the PYTHIA 8 parton shower. For (b), a comparison to
unfolded CMS data [107] is also shown. The FSR up (a) and ISR pg (b) uncertainty bands shown in
the ratio panels are obtained by varying the individual splitting kernels (g — gg, g — @, ¢ — qg, and
Q — Qg with Q € t,b) and adding the resulting variations in quadrature. In the second ratio panel,
the total FSR or ISR pp uncertainty is compared to the dominant single splitting-kernel variation,
Q — Qg for (a) and g — gg for (b), for both, bb4¢ and tt. The third ratio panel shows the POWHEG
Sudakov ag(My) variation uncertainty for the bb4¢ and ¢t predictions, evaluated by comparing the
nominal sample reweighted to an alternative PDF set with a different ag(M,) value to a sample
generated explicitly with that PDF. The values ag(My) = 0.115 (low) and 0.121 (high) are used.
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underlying event, the jet structure and the emission of additional jets. The uncertainty in the
underlying event modelling is estimated by varying two out of these ten parameters, which
were tuned to data with the A14 tune: the ag(My) value used in the multi-parton interactions
and the colour-reconnection parameter BeamRemnants: reconnectRange. The nominal values
of the considered parameters and the variation ranges as determined in the A14 tuning [95]
are listed in Table 3.2.

PyTHIA 8 parameter name nominal | VarlUp | VarlDown
BeamRemnants:reconnectRange 1.71 1.73 1.69
MultipartonInteractions:alphaSvalue 0.126 0.131 0.121

Table 3.2: PYTHIA 8 parameter settings for the A14 nominal and Varl variation [95].

Since these modelling parameters are neither directly connected to the hard process, nor to
the matching of the matrix element calculation and the parton shower, very similar results
are expected when comparing the A14Varl variation in the bb4¢ and tf predictions. This is
indeed shown in Figure 3.19, in which the underlying event uncertainty estimate is shown for
both, the bb4¢ and ¢t predictions in the charge multiplicity distribution in b-jets (a) and in
the b-jet width distribution (b). The RIVET implementation used for these observables were
described in the context of Figure 3.12. The nominal predictions obtained with the bb4¢ and
tt simulation are in reasonable agreement, when using the same recoil-to-top PYTHIA 8 setting.
General jet properties can be influenced by variation of the underlying event modelling due to
clustering of particles produced in the underlying event in the reconstructed jet. Increasing
the underlying event activity (A14VarlUp) leads to an increase in the number of charged
particles per b-jet and an increasing width of the b-jet, since the additional UE particles do
not originate from radiation off of the initiating b-parton and thus do not have a preferential
direction with respect to the jet cone.

Colour reconnection The parton shower implementations of PYTHIA and HERWIG rely on
the leading-colour approximation (NN, — oo) during the showering of the hard process event,
in which each quark is colour-connected to exactly one other parton in the event (gluons have
two colour connections, one colour and one anti-colour connection). The string hadronisation
used in PYTHIA relies on the notion of a QCD potential between the ends of such a colour
dipole, which increases with the distance of the dipole ends and fragments into hadrons.
As described in [134], the question underlying the different colour-reconnection models is:
which partons lead to confining QCD potentials or, formulated differently, which partons
are colour connected? As was realised for example through the comparison of predictions
without colour reconnections to unfolded data of the average (charged) particle pp w.r.t. the
particle multiplicity [135-140], a description, e.g. of multiple-parton interactions (MPIs),
as completely separated processes in colour space does not model experimental data well.
Thereby, the colour reconnection of the partons generated during the parton shower occurs
after the showering and before the hadronisation. In the first colour-reconnection (CR) model
implemented in PyTHIA 8 (CRO or MPI-based model), gluons from a lower p MPI interactions
can be inserted into colour dipoles of a higher pr MPI interaction, if this colour reconnection
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Figure 3.19: Comparison of the multiplicity of charged particles in a b-jet (a) and of the b-jet width
(b) as predicted with the bb4l, tt, tt + tW simulation and the ¢f simulation using the recoil-to-top
PyTHIA 8 setting. Additionally, the uncertainty estimate in the underlying event modelling is shown
in the bb4¢ and tt MC sample according to the A14Varl tune variation.

decreases the total string length A, which is defined in terms of the invariant masses of the
colour dipoles. The model CR2 [141] is a variant of the MPI-based model, in which a gluon
originating from any process (not only from the MPI-process) can be completely moved to
the colour dipole of any other dipole system, if it decreases the total string length (also called
gluon move model). The QCD CR model (CR1) [134] additionally allows the formation of
so-called junctions of three quark lines, which increases the probability of baryon formation.
To estimate the uncertainty originating from the freedom to choose a particular model for the
colour reconnection in PYTHIA, the three different CR tunes CR0, CR1 and CR2 described in
[142] are studied. As detailed in the original publication, additionally to PYTHIA parameters
controlling the colour reconnection itself, also MPI parameters are considered in the tuning
due to their strong correlation. The CR tunes were determined by starting from the A14 tune
[95], which was obtained with the CRO model. For the CR1 and CR2 tunes, the CR model
was changed accordingly and recommended parameter settings for these CR models applied.
In a second step, for each CR model, including CR0, the PYTHIA parameters considered in
[142] were tuned. Even for the CRO tune, some differences w.r.t. the A14 tuned parameter
were found, due to a different tuning parameter choice and due to unfolded data included in
the CRO tune, which was not yet available for the A14 tune. The ATLAS recommendation to
evaluate this uncertainty for the t# POWHEG+PYTHIA 8 process, which prescribes to compare
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Chapter 3 Modelling uncertainties in the ATLAS bb4¢ Monte-Carlo sample

the sample with the CRO tune with the predictions obtained with the CR1 and CR2 tune, is
evaluated also for the bb4/¢ process.

In Figure 3.20(a), predictions from the ¢t and bb4¢ simulations obtained with different CR
tunes are compared to unfolded ATLAS ¢t data from [143, 144]. This measurement focuses on
observables, which are sensitive to colour reconnection effects. The particle-level event selection
requires exactly one muon and one electron of opposite electric charge with pp > 25 GeV and
In| < 2.5. Selected events must contain two or three jets with pp > 25GeV and || < 2.5,
of which exactly two are required to be b-jets. Additionally, events with a charged particle
multiplicity exceeding 100 are rejected, where charged stable particle objects need to satisfy
pr > 500MeV and |n| < 2.5. The measurement targets charged-particle activity outside of
jets. Consequently, charged particles within a cone of AR = 0.4 around a jet or within a
cone of AR = 0.1 around the leptons are excluded. Using these definitions, the observable
shown in Figure 3.20(a) is defined as the scalar pp sum of the charged particles outside of
jets. Good agreement% is found in the colour-reconnection uncertainty evaluated with the
tt and bb4l simulation, as expected since these variations are largely independent of the
hard process and the parton-shower matching procedure. Colour-reconnection modelling also
affects jet properties, as illustrated in Figure 3.20(b) for the invariant mass of the leading
b-jet. Consequently, this has a direct impact on observables of reconstructed top-quarks that
are built from b-jets. In both distributions in Figure 3.20, the CR1 uncertainty results in
a larger variation than the CR2 uncertainty, which is plausible given the closer similarity
between the CRO and CR2 models.

3.5 Conclusions

The use of a nominal bb4¢ MC sample in data analyses provides improved theoretical modelling
and allows the removal of two systematic uncertainties previously required in analyses based on
on-shell ¢t + tW predictions: the top-quark lineshape uncertainty and the tt/tW interference
uncertainty. These uncertainties were designed to account for limitations of the on-shell
predictions and, as shown in Section 3.1, are significant in phase space regions where the on-
shell and off-shell WWbb predictions differ, validating their use in current analyses. Replacing
the on-shell prediction with the more accurate bb4f¢ simulation eliminates the need for these
modelling uncertainties entirely.

In Section 3.2, systematic uncertainties related to the hard process were compared. It was
found that ME scale variations in bb4¢ lead to larger shape variations in distributions sensitive
to b-jet properties, the top-quark lineshape, and interference modelling, resulting in increased
ME scale uncertainties in normalised distributions. The effect of the inverse width correction
in bb4l is well covered by these scale variations and no additional systematic uncertainty

%6 Small differences were observed in the uncertainties evaluated with the CR1 tune in the bb4¢ and tf samples.
These differences arise due to technical corrections in the implementation of the PyTHia QCD CR1 model
starting from the PyTHIA 8.307 version. While these corrections are therefore included in the PyTHIA 8.312
version used for the bb4¢ CR1 sample, this is not the case for the t# CR1 sample, which was generated using
PyTHIA 8.230. It was verified that using a PYTHIA 8 version before the updates in PyTHiA 8.307, the bb4/
and ¢ CR1 uncertainty agree well.
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Figure 3.20: (a) The scalar sum of transverse momenta of charged particles outside of jets including the
comparison to unfolded ATLAS data [143] and (b) the invariant mass of the leading b-jet, as predicted
by the bb4¢ and tt MC simulations, thereby showing the CR uncertainty defined by comparing the
CRO tune predictions to the CR1 and CR2 tune predictions in the second and third ratio panel.

needs to be defined. The PDF uncertainty and the hg,p,,, variation uncertainty are consistent
between bb4¢ and tt.

The matching of bb4¢ LHE to the parton shower was discussed in Section 3.3, and it was
verified that the dedicated bb4¢ parton-shower matching procedure to either the PYTHIA 8 or
HERWIG 7 parton shower has a similar effect in b-jet property distributions, which are most
affected by this dedicated bb4¢ matching interface. Furthermore, the matching uncertainty in
the top-quark production process and the top-quark decay process was studied. While for the
former very good agreement between the uncertainty estimate in bb4¢ and tt was found, the
latter is only applicable in the case of the bb4/¢ simulation and leads to non-negligible shape
variations in b-jet observables.

The broad parton-shower uncertainty evaluated by comparing predictions interfaced with
either PYTHIA 8 or HERWIG 7 is found to be consistent between ¢t and bb4/¢ in Section 3.4.
Parton-shower uncertainties, evaluated in PYTHIA 8 and using the same prescriptions in both,
tt and bb4l simulations, are found to be in excellent agreement overall. This includes the
uncertainty related to the underlying event modelling, the colour reconnection uncertainty,
the PYTHIA 8 recoil uncertainty, and the pp/cng variations in the PYTHIA 8 splitting kernels.
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The notable exception is the FSR up heavy quark @Q — Qg splitting kernel variation, for
which a significantly reduced uncertainty is observed in bb4¢ compared to tt. This reduction
is attributed to the NLO QCD treatment of the top-quark decay in bb4¢. Varying ag(My) in
the POWHEG Sudakov form factor yields a shape uncertainty in bb4¢ predictions that closely
matches the @@ — Qg FSR pp variation. In contrast, this variation has a negligible impact on
tt predictions, where the top-quark decay is not included in the ME calculation.

In conclusion, ATLAS data analyses targeting the WWbb process in the dileptonic final
state stand to benefit significantly from the improved modelling of the ATLAS bb4¢ sample
presented in this chapter, particularly due to the elimination of the lineshape and tt/tW
interference uncertainties, which dominate in certain phase-space regions. Although two
new uncertainties, related to the top-quark decay matching and ag(M,) variation in the
PowHEG Sudakov, are introduced in the systematic uncertainty model for the bb4¢ prediction,
they do not lead to a substantial increase in the total modelling uncertainty in the studied
observables. Other modelling uncertainties evaluated consistently between ¢t and bb4/ are
generally comparable in size, with the notable exception of the reduced FSR pp uncertainty
in the Q — Qg splitting and an increased ME scale-variation uncertainty in some normalised
distributions.

In collaboration with the authors of 2], further studies on the modelling uncertainty prescrip-
tion are being conducted, e.g. the matching uncertainty prescription is planned to be refined,
the influence of alternative resonance history projectors is studied and the modelling of bb4¢
events with additional b-jets is scrutinized.
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CHAPTER 4

From proton—proton collisions to
reconstructed physics objects

4.1 The CERN accelerator complex

Proton—proton collisions at a centre-of-mass energy of /s = 13 TeV were provided by the
CERN accelerator complex to the ATLAS experiment in the data taking period of Run 2 (2015—
2018), which is relevant for the analysis presented in this thesis. The Large Hadron Collider
(LHC), which is part of the CERN accelerator complex, is a circular proton accelerator ring,
located 50-175 m underground [145] and crosses the border between France and Switzerland,
as depicted in Figure 4.1.

The acceleration history of protons before arriving at the collision points at the four experi-
mental caverns of ALICE, ATLAS, CMS and LHCD starts as hydrogen molecules in a bottle.
The hydrogen atoms capture an additional electron to form H™ ions, which are accelerated
from 45 keV when exiting the H™ source to 160 MeV in the linear accelerator LINAC4. After
the LINAC4, the accelerated H ™ ions pass a stripper foil, which removes the two bound
electrons of each H™ ion with an efficiency of 99 % [147] and as such produces the desired
160 MeV protons. The proton energy after the LINAC4 is thus still four orders of magnitude
smaller than at the collision point in e.g. the ATLAS detector. As shown in Figure 4.1, the
protons are accelerated to 2 GeV in the Proton Synchrotron (PS) Booster, then to 26 GeV in
the PS and finally to 450 GeV in the Super Proton Synchrotron (SPS) [145]. At this point, the
proton beams are injected in the LHC ring and accelerated to the final energy of 6.5 TeV.

The two proton beams are brought to collision at the four experimental caverns, while in the
LHC accelerator ring the proton beams run in two separate beam pipes,1 one beam running
clockwise and the other beam running anti-clockwise. The protons are accelerated to energies

! The LHC uses two-in-one magnets, where both beam pipes are placed within the same magnets and
cryostats.
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Figure 4.1: Sketch of the CERN accelerator complex, including the position of the four LHC experiments
ALICE, ATLAS, LHCb and CMS [146].

of 6.5 TeV by eight radio-frequency cavities per beam, which are installed in straight sections
of the LHC accelerator ring. Therefore, the proton beams circulating in the LHC are not
continuous, but instead divided into proton bunches with a longitudinal distance between
two proton bunches corresponding to a 25ns time difference.? Up to 2808 proton bunches
circulate in the LHC ring with 10" protons each [148]. In the LHC collider ring roughly
1200 superconducting dipole magnets keep the protons on a circular trajectory by means
of the Lorentz force, while in total around 10000 magnets are installed, including higher
order magnets for focussing of the proton beams and ensuring beam stability. Since the LHC
has a fixed circumference of approximately 27 km, increasing the proton energy requires an
increase in the magnetic field strength. This ensures that the accelerated protons remain
on the trajectory dictated by the geometry of the LHC ring. The required magnetic field
strength is given by the Lorentz force, such that

m|i]”

R

- . ’ymp]ﬁ’]
- |B| = 1
67’ ‘ ’ qR Y

qi x B = — (4.1)
where ¢ is the proton charge, ¥/ its velocity, B the magnetic field, R the average bending
radius of the LHC ring and m the relativistic mass of the proton m = ym,,, with m,, being the
proton rest mass and « the Lorentz factor. The superconducting bending dipole magnets at
the LHC have a magnetic field strength B of up to 8.3T and are operated at a temperature
of 1.9K.

% Or to a multiple of a 25ns time difference, depending on the LHC filling scheme.
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4.2 Luminosity and pile-up

After the brief overview of how protons with an energy of 6.5 TeV are produced, in this section
the quantities related to the total number of interactions recorded by the ATLAS detector
are described: luminosity and pile-up.

Luminosity The ultimate objective of the data analysis presented in this thesis is to minimize
the uncertainty in the measured parameters of the top-quark mass and decay width. One
contribution to the total uncertainty in these parameters is the statistical component, which
can be reduced by increasing the size of the dataset. The amount of data events from a given
physics process scales with its total cross-section o, which is given in units of barn with 1b
corresponding to 10" m?. The number of expected data events Ny, producing a WWbb
final state is given by

Nyywis = LintOwwns (4.2)

where L;; is the integrated luminosity, which has the unit of inverse barn. This integrated
luminosity describes the total amount of data collected over time and is related to the
instantaneous luminosity £ by
T
Eint —/ dt£
0

The instantaneous luminosity is calculated
from the frequency at which a proton bunch is

(4.3)

C T T T 7 T T T 1 T T 7T | —

b
=
)
S

circulating in the LHC ring f, the number of
proton bunches N, the number of protons in
the two colliding bunches n; and nq, as well
as the effective area A which measures the

overlap of the two colliding proton bunches: 80E-
60
JNyning :
L= T (4.4) 400 3
20 H
In Run 2, instantaneous luminosities of up to E A R R B
two times the design luminosity of the LHC 320 V© g 1B 8y BTy T 1B 18

(10* em™2s™") were reached. In Figure 4.2,
the integrated luminosity of the years 2015—
2018, corresponding to the full Run 2 data
taking period is shown, amounting in total to
a dataset of 140fb™'. In terms of our process
of interest, 115 million WWbb events were
produced in Run 2.
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Figure 4.2: Integrated luminosity versus data taking
period in Run 2 [149]. For data analysis, only the
data labelled as good for physics is used, meaning
that all reconstructed physics objects in the data
events are of good quality.
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Pile-up Since the goal is to collect as many interesting data events® as possible, increasing
the instantaneous luminosity £ seems to be the way forward. Looking back at Equation 4.4,
one possibility would be to increase the number of protons per bunch n; or decrease the
effective area of the bunch crossing A. One of the drawbacks,4 is the increase of the number of
multiple proton-proton interactions during the same bunch crossing with increasing collision

intensity, also called in-time pile-up.

(o0 B B B B LN BB I
- ATLAS Online, 13 TeV ﬂ_dt=146.9fb'1
500— 2015: <u>=13.4
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Figure 4.3: Luminosity-weighted distribution of the number of
interactions per bunch crossing in Run 2 (2015-2018) per data-
taking year and the overall total. The total recorded data
by ATLAS during stable beams is shown, thus the integrated
luminosity is higher than the good-for-physics dataset of
140fb ™" (compare to Figure 4.2) [149)].

The luminosity-weighted distribu-
tion of the number of interactions
per bunch crossing for Run 2 is
shown in Figure 4.3, amounting
to an average of 33.7 pp collisions
per bunch crossing in Run 2. To
illustrate the challenges of recon-
structing tracks and physics ob-
jects under high pile-up conditions,
Figure 4.4 displays a data event
featuring 25 collision vertices with
outgoing tracks. A possibility to
increase the integrated luminosity,
but not the number of pp collisions
per bunch crossing, is to increase
the number of bunches N, in Equa-
tion 4.4. There are inherent lim-
itations on N, related to, for ex-
ample, the pre-acceleration stages
and the bunch injections, but also
beyond constraints of the machine,
increasing the number of bunches,

increases the out-of-time pile-up. This refers to overlaps of detector signals caused by charged
particles produced in two different bunch crossings, due to the finite read-out time of the
ATLAS detector, which is slower than the minimum bunch spacing time of 25 ns, combined

with long signal shapes in the detector.

® What constitutes an interesting event is of course analysis dependent, but often, hard (high-energy) processes
are studied in LHC analyses, which have highly energetic particles in their final-states. Typically, the soft
(low-energy) QCD processes have the highest production cross-sections, and thus dedicated triggers (see
Section 4.3.8) select mostly data events with reconstructed physics objects with high transverse momentum.
* Another drawback being the increase of radiation damage to the detector material with increasing integrated

luminosity.
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Figure 4.4: Part of an ATLAS event display, showing a Z — pu candidate event in 2012 (Run 1) with
25 reconstructed pp collision vertices [150], which is similar to typical pile-up conditions in Run 2
with a mean number of pile-up interactions of 33.7, as shown in Figure 4.3. The horizontal direction
corresponds to the direction of the beam-axis.

4.3 The ATLAS detector and low-level object reconstruction

The ATLAS detector is one of the two general-purpose experiments at the LHC. It is therefore
designed to detect and accurately measure a broad range of physics objects: light and b-jets,
electrons, muons, taus, and photons. A schematic view of the ATLAS detector’ geometry is
shown in Figure 4.5, which follows standard design concepts in high-energy particle physics:

25m '\

Tile calorimeters

\ : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation tracker

Figure 4.5: Sketch of the ATLAS detector [152].

® Since this analysis is based on ATLAS data recorded during the Run 2 data-taking period, the Run 3
detector configuration [151] is not discussed in this section.
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The innermost component, closest to the interaction point, is the tracking detector. It records
the positions where charged particles intersect the detector material, providing input for the
particles’ trajectory reconstruction. To perform a momentum measurement of these charged
particles, the tracking detector is immersed in a magnetic field. Surrounding the tracker
are the electromagnetic and hadronic calorimeters, which measure the energy of electrons
and photons, and of particles forming jets, respectively. These physics objects are typically
stopped in the calorimeter, i.e. they lose their full kinetic energy through interaction with the
detector material and part of this deposited kinetic energy is recorded by the calorimeters.
The outermost detector component is the muon spectrometer, which measures the trajectories
of muons — particles that typically penetrate beyond the calorimeters. As the innermost
tracking detector, also the muon spectrometer is inside a magnetic field. As indicated in
Figure 4.5 the ATLAS detector is large: it has a cylindrical geometry, with a length of 44 m
and a diameter of 25 m. These dimensions are necessary to achieve high momentum resolution
in the tracking detectors (which improves with the track length, but also with the granularity
of the tracking detector components) and to fully absorb the kinetic energy of electrons,
photons and jets for precise energy measurements. The detector subsystems are arranged
cylindrically in the barrel region and concentrically around the beam axis in the end-caps,
providing close to 47 coverage. The Cartesian coordinate system in ATLAS [153] has its
origin in the nominal pp interaction point, which is defined as the geometric centre of the
detector. The z-axis is aligned with the beam direction, the positive z-direction points from
the nominal interaction point to the centre of the LHC ring, and the positive y-direction
upward. For describing particle kinematics, cylindrical coordinates are often more convenient:
r is the radial distance in the z-y plane, ¢ the azimuthal angle from the z-axis around the
beam axis and 6 the polar angle from the z-axis. Rather than using the polar angle 0, it is
common to use the pseudorapidity: n = —In(tan #/2). For massless particles, this is the same
as using the rapidity
y:}mE+m
2 E—-p,’
with differences in rapidity Ay being Lorentz invariant with respect to boosts along the
beam axis (z-axis). For massive, highly relativistic particles with p > m, approximately
y ~ 1. While the LHC collides protons, the actual interactions involve partons (quarks and
gluons), which are the proton’s constituents. Even though the total proton momentum is
known, the momentum fractions carried by the interacting particles are not. However, the
transverse momentum py — the momentum in the z-y-plane — of the colliding partons is
approximately zero.’ Thus, quantities, like Ay, which are invariant under Lorentz-boosts
along the beam-axis are useful in physics analyses. Moreover, conservation of transverse
momentum allows the inference of undetected particles via the missing transverse momentum,
defined as the vector to balance the total p in the event. As mentioned above, to measure
particle momenta and determine particle charges from the curvature of their trajectories, the
inner tracking detector and the muon spectrometer are placed within magnetic fields. The
ATLAS magnetic field system consists of two components [153]:

(4.5)

6 Neglecting initial-state radiation, which does provide a source of initial transverse momentum prior to the
hard scattering.
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e Central Solenoid Magnet Magnetic field lines are aligned with the beam axis, this
superconducting solenoid provides a 2T axial magnetic field [153] in the inner detector.
Charged particles in this region bend in the r-¢ plane perpendicular to the beam axis.

e Toroidal Magnet System Consisting of one barrel and two end-cap air-core toroids, each
with eight superconducting coils, this system produces magnetic fields in the range of
0.5-1T in the tracking volume of the muon spectrometer [153|. The field is primarily in
the azimuthal ¢ direction, causing muons to bend in the r-z plane.

4.3.1 Inner detector

The main task of the Inner Detector (ID) is to measure spatial hit positions (space points)
along the trajectory of charged particles in the ID material within a pseudorapidity range
of |n| < 2.5. These measurements are the input for track and vertex reconstruction. The
ID itself consists of a barrel and two endcap regions. In the barrel region, detector elements
surround the beam pipe in form of concentric cylindrical layers, while in the endcap regions the
detectors modules are arranged perpendicularly to the beam axis. This geometry is illustrated
in Figure 4.6. These detector components are further subdivided into three subsystems, the
Pixel Detector [154, 155], the Strip Semiconductor Tracker (SCT) [156] and the Transition
Radiation Tracker (TRT) [157], as shown in more detail for the barrel region in Figure 4.7.

1106 mm

617 mm
560 mm

275 mm
149.6 mm
88.8 mm

R=0 mm

2720.2 2505
2710

Figure 4.6: Sketch of the ATLAS Inner Detector barrel region and endcap region as operated in Run 1
[153].

Pixel Detector and Strip Semiconductor Tracker (SCT) The two subsystems closest to
the beam pipe, the Pixel Detector and the SCT, are based on semiconductor silicon detectors.
This detection principle relies on combining pure silicon lattices infused with non-silicon
atoms, which either add an additional valence electron (n-type doping) or an additional
hole (p-type doping) in the silicon band structure. When combining two such differently
doped materials, at the p-n-junction the free electrons and holes recombine and create a zone
depleted of free charge carriers. Due to the electron—hole recombination, an electric field is
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created by the space charge of the remaining positively and negatively charged ions, which
can be enlarged by applying a depletion voltage. This depletion zone is the active material of
the silicon detector, in which electron—hole pairs are created when a charged particle passes
the sensor and drifting charges in the electric field result in a current, which can be measured
as signal in the pixel and strip layers. Along a charged-particle trajectory, in total up to
eight three-dimensional space points per charged particle are recorded by the pixel detector
(four hits, four space points) and the SCT (four times two hits in adjacent layers, four space
points). The high granularity7 of the Pixel Detector provides precise measurements close
to the interaction point and therefore strongly influences the impact parameter resolution
as well as the reconstruction of primary and secondary vertices. In contrast, since the SCT
measurements extend to larger radii, they are particularly important for determining the
charged-particle momentum and further constraining the impact parameter. In the pixel
detector, three-dimensional hit information is obtained directly from the pixel cell geometry
and the known sensor position within the detector. Spatial resolutions of 10 ym in the R — ¢
direction and 66.5 ym and 115 um in the z-direction are achieved for the innermost and three
outer pixel layers, respectively [158, 159]. In contrast, a single layer of the SCT strip detector
constrains only the R — ¢ position to 17 um [158], as the silicon strips extend parallel to the
beam axis and are segmented only once at z = 0. This limitation is addressed by using two
layers of silicon strips stacked within each strip module, with the layers rotated by a 40 mrad
stereo angle relative to the z-axis. The z-position of a charged particle can then be inferred
with a resolution of 580 um [158] by identifying the two strips that registered a signal and
locating their intersection point within the module, as illustrated in Figure 4.7(b).
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Figure 4.7: Hlustration of the ATLAS Inner Detector barrel region, including the IBL Pixel layer (a),
which was inserted during the long shutdown between Run 1 and Run 2 [158] and a sketch (b) of
recorded space points in the different detector layers from a charged particle trajectory [160].

7 Typical pitch-sizes for the pixel sensors in the Insertable B-Layer (IBL) are 50 x 250 qu and for the sensors
in the outer layers of the pixel detector 50 x 400 ,qu.
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Transition Radiation Tracker (TRT) The TRT [157] forms the outermost subsystem of
the ID. Despite its comparatively modest spatial resolution (for example, about 130 ym in
the R — ¢ direction in the barrel [158]) with respect to the silicon detectors, the TRT plays
an important role in the precise determination of charged-particle momenta. This is due to
the large number of measurement points it provides — on average about 36 hits per track
— combined with its substantial radial extent of approximately 0.5 m, which yields a long
lever arm for the curvature measurement (see Figure 4.7(a)). The TRT is composed of drift
(straw) tubes of 4 mm diameter, which are filled with a xenon-argon gas mixture [161]. An
anode wire is placed in the centre of the tube, while the walls of the straw tube are utilized as
cathode. When a charged particle traverses a straw tube, it ionizes atoms in the gas mixture
(5-6 ionizations per millimetre [161]) and the free electrons are accelerated towards the central
anode. Thereby, an avalanche of secondary ionizations is created, such that a sufficiently
large charge for detecting a signal is collected. The TRT detectors in the barrel region only
provide an R — ¢ measurement, since the straw tubes run parallel to the beam pipe with
their wires divided into two halves at approximately z = 0 [158|, while in the end-cap a z — ¢
measurement is made with the straw tubes being arranged perpendicularly to the beam axis.
Besides the measurement of space points, the TRT contributes to the particle identification.
This is achieved by making use of transition radiation, which occurs when a charged particle
passes the boundary of two media with different dielectric constants. In contrast to using
the ionization process for the detection of a charged particle, which follows the Bethe-Bloch
equation and depends on the velocity of the particle, the emission of transition radiation
increases with the relativistic v factor E/ (’I?’LOCQ) and can thus provide input for particle
identification at high energies [162]. The transition radiation is emitted in dedicated radiator
foils, which are interleaved with the straw tubes, in which the transition radiation is detected
[163]. This measurement technique is particularly effective for distinguishing electrons from
charged pions, as electrons are more likely to emit transition radiation, resulting in a stronger
TRT response.

4.3.2 Track reconstruction

The ATLAS ID tracking algorithms [164] reconstruct the trajectories of charged particles with
transverse momenta pp > 500 MeV within a pseudorapidity range of |n| < 2.5, using mainly
the measurements provided by the ID subsystem as input. The amount of input data to the
track reconstruction can be substantial, reaching up to approximately 15000 silicon hits per
bunch crossing. Pattern recognition algorithms are used to identify track candidates from
the hit pattern recorded in the ID. Starting from three track seeds, which are three hits in
the pixel detector, hits in the outer layers of the ID are included, which are compatible with
these seeds. A range of quality requirements, which are either based on kinematic selection
criteria (cut based) or based on a machine-learning algorithm, are applied to reject fake tracks.
This reconstruction method is called inside—out track reconstruction. Also, an outside—in
procedure is applied in ATLAS, where track seeds are formed with hits in the TRT and
compatible hits in the silicon detectors are collected into a track candidate. This procedure
should recover tracks, which are not directly produced at the pp collision point, such as
electrons produced through photon conversion in the detector material. The TRT track seeds
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should be matched to deposits in the electromagnetic calorimeter, which is described later
in this section. Once a charged-particle trajectory has been reconstructed, its momentum is
determined from the curvature of the track in the transverse plane (r — ¢) in the magnetic
field in the ID. This curvature can be quantified using the sagitta parameter s, defined as
the maximum distance between an arch of a circular trajectory — which corresponds to the
reconstructed track trajectory — between two points and a straight line connecting these
points. The general expression for the uncertainty in the sagitta measurement o, depends
on the number of measurement points N and the spatial uncertainty of the hits o, [165],
which is dictated by the detector geometry and strip or sensor pitch. The uncertainty in the
momentum measurement o, from the track resolution can then be parameterised as
o, o

p s BIL*N
where B is the magnetic field and L the path length of the particle in the ID (see e.g. Chapter
8 of [162]). The transverse momentum resolution of the ATLAS tracker is given by [153]

(4.6)

(o
LT = 0.05%pr @ 1%, (4.7)
br

where the symbol @ denotes quadratic summation and the transverse momentum is given
in GeV. The constant term arises from multiple scattering in the detector material and
dominates the resolution at low transverse momenta.

4.3.3 Primary vertex reconstruction

A vertex is defined as a space point in which a set of reconstructed tracks intersect.® This
space point, the result of the position estimation given a set of trajectories, is assumed to be
the point of origin of these tracks. In general, two types of vertices are distinguished: primary
and secondary vertices. The primary vertices are space points at which the pp collisions occur,
while secondary vertices are space points at which a particle produced at a primary vertex
decays or interacts with detector material at a sufficient distance from the primary vertex to
be identified as a separate vertex. While secondary vertex reconstruction was a crucial input
to legacy algorithms to identify heavy-flavour jets,9 this is not the case for the corresponding
algorithm used in this thesis. Therefore, secondary vertexing will not be discussed further.
The primary vertex reconstruction is an iterative procedure including vertex finding and
vertex fitting. Two algorithms for the vertex reconstruction are briefly outlined here, the
iterative vertex reconstruction (IVF) [166], used in ATLAS Run 1 and Run 2 analyses, and the
adaptive multi-vertex finder and fitter (AMVF') [167], which is the default vertexing algorithm
for reprocessed Run 2 and Run 3 data. Still, both algorithms are discussed, since the jet

® In three dimensions, the reconstructed tracks typically do not intersect, but instead are close enough (in
three dimensions) to form a vertex taking into account uncertainties in the trajectory measurement.

o Heavy-flavour jets are defined as jets, which are initiated from heavy-flavour partons, i.e. either a b- or a
c-quark. More information is given in Section 4.4.1 and Section 4.4.2.
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calibrations for the reprocessed Run 2 data used in this thesis still have some dependence on
the legacy IVF vertex finding algorithm.

Both algorithms follow a common reconstruction strategy. Primary vertex seeds are identified
from regions of high track density using tracks that satisfy quality requirements for vertex
reconstruction. Tracks compatible with a given seed, based on their distance of closest approach
to the vertex seed, are used to fit a primary vertex candidate, which is improved by using an
iterative vertex fitting procedure. This iterative procedure is based on assigning weights to
the selected tracks according to their compatibility with the primary vertex candidate and
refitting the vertex candidate. The key conceptual difference between the two algorithms is
that the IVF assigns tracks exclusively to a single vertex and reconstructs vertices sequentially,
whereas the AMVF allows tracks to contribute to multiple vertex candidates and refits all
vertices with shared tracks simultaneously. During the vertex fitting procedure in the AMVF,
the track weights generally develop such that each track has a non-negligible weight only in a
single vertex fit.

A reconstructed primary vertex is required to have at least two associated tracks with
significant weights. In the IVF, tracks associated with an accepted vertex are removed from
further consideration, while in the AMVF they are excluded only from the seeding stage
and may be reused in subsequent fits. The primary vertex of the hard-scatter interaction is
typically defined as the vertex with the largest sum of the squared transverse momentum of
the associated tracks, ) pgr. All other reconstructed primary vertices are assumed to be from
minimum-bias events. This criterion is well suited for t¢ events, which dominate the W/ bb
final state studied in this thesis, as illustrated in Figure 4.8(a). Reconstructed tracks from
pile-up primary vertices can also degrade the precision in the longitudinal spatial resolution
of hard-scatter primary vertices and reduce their reconstruction efficiency. In Figure 4.8(b),
the excellent reconstruction efficiency of hard scatter primary vertices of tt events even in
the presence of a high local pile-up density is shown, which can be significantly improved by
using the AMVF instead of the legacy IVF algorithm.

4.3.4 Calorimeters

Calorimeters measure both the deposited energy and the position of the energy deposits of
charged and neutral particles. While their spatial resolution is limited, calorimeters provide
a high accuracy measurement of the particle energy. The energy measurement is most
meaningful, if the total kinetic energy of the incident particle is deposited in the calorimeter,
which requires a substantial radial extent. In ATLAS, the calorimeter subsystems extend
radially to approximately 3m [168, 169|, roughly three times the size of the ID (compare to
Figure 4.7(a)).

The general principle of a calorimeter detector is based on the development of a particle
cascade, or shower, resulting from the interactions of primary and secondary particles with
the detector material. Charged particles created in this shower development are detected in
the active area of the calorimeter via ionization processes. The shower development depends
strongly on the type of incident particle. Electron and photons initiate electromagnetic
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Figure 4.8: (a) Simulated distributions of the sum of the transverse momentum squared of reconstructed
tracks assigned to the primary vertex of minimum bias and several hard-scatter processes including #t
production. Minimum bias events represent an unbiased event sample of inelastic collisions dominated
by soft QCD processes. The primary vertices were reconstructed using the IVF algorithm [166]. (b)
The efficiency to reconstruct the hard-scatter primary vertex in ¢t events as a function of the local
pile-up density when using the IVF or the AMVF vertex reconstruction [167].

showers, driven mainly by bremsstrahlung (ejE — eify) and pair production (y — e+e_).
In contrast, hadronic showers, initiated by hadrons, involve a broader range of interactions.
These include electromagnetic processes such as ionisation and atomic excitation, but are
dominated by hadronic interactions with the nuclei in the detector material — governed by
the strong force. Inelastic hadronic interactions produce a variety of secondary particles,
including pions and excited nuclei. These nuclei de-excite through various channels, and part
of the initial kinetic energy is lost in the form of nuclear binding energy, recoil, and neutrinos,
which can not be directly detected. In such hadronic showers, inelastic interactions often
produce neutral pions, which decay rapidly (~ 10716 s) into two photons, each initiating a
secondary electromagnetic sub-shower. A defining characteristic of electromagnetic (hadronic)
calorimeters is their thickness in units of radiation lengths X (interaction lengths \). The
radiation length defines the distance after which the energy of a charged particle is reduced by
1/e through electromagnetic interactions, while the interaction length is the average distance
after which a hadronic interaction takes place. The length of a particle cascade increases
thereby logarithmically with the particle’s energy. To contain a large fraction of the full
electromagnetic (hadronic) shower, the thickness of the ATLAS electromagnetic calorimeter
(ECAL) corresponds to > 22X, in the barrel (> 24X, in the end-caps) and the hadronic
calorimeter (HCAL) thickness to 9.7\ in the barrel (10 in the end-caps) [153]. The values of
the radiation X and interaction length A depend on the detector material and scale with the
atomic number Z and the number of nucleons A [162, 170|:

716.4gcm72A
Z(Z + 1) In(287/VZ)

and A~ 35 g/cm2A1/3. (4.8)

ON
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4.3 The ATLAS detector and low-level object reconstruction

Often, for the same material the hadronic interaction length A is about an order of magnitude
larger than the electromagnetic radiation length X, leading to a larger longitudinal and also
larger radial extent of the hadronic shower. Consequently, the inner calorimeter layer consists
of the ECAL, which is designed to contain the bulk of the electromagnetic shower initiated by
electrons or photons, while the HCAL is placed in the outer layer. Hadrons typically leave a
signal in the ECAL and are stopped, i.e. deposit their full kinetic energy, only in the HCAL.
For this reason, the HCAL will in general have a larger depth compared to the ECAL. In
ATLAS the ECAL has a radial extent of 1.1m [168], while the HCAL extends to nearly two
meters [169]."°

This layout is shown in Figure 4.9 for the barrel, the end-cap and the forward region. In the
following, only the barrel region will be described in more detail. Both, the ECAL and the
HCAL in ATLAS are sampling calorimeters. In this design, the particle shower develops in
the passive absorber material (high-Z), with active layers being interspaced between layers of
this passive material. In the active layers, a fraction of the ionization signal of the charged
particles produced in the particle shower is detected.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
barrel

Figure 4.9: Illustration of the ATLAS calorimeter system [153].

Liquid Argon Electromagnetic Calorimeter (LAr ECAL) The ATLAS ECAL uses liquid
argon (LAr) in its active layers and lead as absorber material, which is assembled in an
accordion shape, as shown for one wedge of the ECAL of the barrel region in Figure 4.10(a).
Between two lead absorber plates, accordion shaped electrodes are placed to collect the
ionization signal from charged particles passing through the liquid argon. In the central region
(Inl < 1.475), the ECAL consists of two half barrels, which are separated by a small gap

1% Since not the same detector material is used in the ECAL and in the HCAL as described below, the scaling
of the radial extent of the ECAL to HCAL is not as dramatic as an order of magnitude.
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at z = 0. The calorimeter is segmented into three layers in radial direction, such that also
the shower development along the shower axis can be monitored. The first layer has a fine
granularity in pseudorapidity and is designed to discriminate between single electromagnetic
showers and two close showers from 7° — ~vv decays. The second layer collects the bulk of
the energy deposited in the electromagnetic shower, while the third layer provides information
about the shower tails. To correct for energy losses before the incident particles reach the
ECAL, a presampling layer is added for |n| < 1.8, which is a thin (1 cm) active layer of liquid
argon. For larger pseudorapidities (|n| > 1.8), this presampling layer is not necessary due
to the reduced amount of inactive material in front of the ECAL, as the solenoid magnet is
placed only in the barrel region [168]. Particles in the transition region of 1.37 < |n| < 1.52
between the barrel (|n| < 1.475) and the end-cap of the ECAL 1.375 < |n| < 3.2 traverse a
large amount of inactive material from 5 to almost 10 radiation lengths X [171]. As a result,
the energy reconstruction performance in this region is significantly degraded and electron
object candidates in this pseudorapidity range are thus often excluded from data analyses,
which is also the case in this thesis.

Cells in Layer 3
AgxAn = 0.0245:0.05

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

iz

\‘

An< ().Ut\ ?

N2

Strip cells in Layer 1

(a) (b)

Figure 4.10: Sketch of a wedge of the ATLAS LAr ECAL (a) and of one of the tile HCAL modules (b)
[153].

Tile Hadronic Calorimeter (Tile HCAL) The barrel HCAL in ATLAS is constructed of
alternating steel absorber tiles and scintillating tiles, which function as active material. In each
tile, the scintillation light is collected by wavelength-shifting optical fibres that convert the
ultraviolet light into visible light, which is measured by a photomultiplier. This is illustrated
in Figure 4.10(b) for one of the 64 HCAL modules in the barrel. Multiple optical fibres are
grouped together to form a three-dimensional cell structure, with three divisions in the radial
direction as in the ECAL. Compared to the ECAL, the readout granularity of the HCAL is
coarser, reflecting the intrinsically broader spatial extent and larger fluctuations in the shower
development in hadronic showers.
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The ATLAS calorimeters have been designed to achieve an energy resolution of!

opcan(E) _ 10% _ 0.1%
E = VB ® 7 ®0.7% and (4.9)
oucan(B) _ 50% 1% o0 (1.10)

E  VE E

with the energy E in GeV [153]. The stochastic term (o 1/v/E) accounts for statistical
fluctuations in the shower development. More specifically for sampling calorimeters, this
is dominated by the variation of the number of charged particles, which pass the active
layers. The noise term (x 1/E) is due to electronic noise and pile-up contributions. The
constant term originates from response non-uniformities of the calorimeter in different detector
regions, which can give rise to non-uniformities in the energy calibration and non-linearities
in the read-out [172]. As expected, the energy resolution is significantly better in the ECAL
compared to the HCAL.

4.3.5 Topological energy cell cluster reconstruction

The measured signals from individual, topologically connected calorimeter cells are grouped
into three-dimensional energy cell clusters to distinguish significant energy deposits from
background contributions such as electronic noise or pile-up. The reconstructed topo-clusters
are input for physics object reconstruction, such as the reconstruction of jets or electrons.
The clustering algorithm begins by identifying seed cells — calorimeter cells with high signal
significance, fgel}{[, defined as the ratio of the measured cell energy E(}:Eel;{[ to the average expected
noise per cell from electronics and pile-up, afgée,ceu [173]. Both, the cell energy and noise
are evaluated at the electromagnetic (EM) energy scale, which accurately represents the
deposited energy of electrons and photons, but does not include compensating terms for the
expected fraction of the energy loss of hadrons, which cannot be measured by the calorimeter.

Consequently, for the same energy of an incident electron and hadron, E(ili{[’e > Eilﬁl’hadron.

Seed cells are required to satisfy |§§elﬁ[| > 4. Neighbouring cells are iteratively added if they
are geometrically adjacent and exceed a lower significance threshold of |§E§{I| > 2, allowing
clusters to span calorimeter layers and subsystems. In a final step, all directly adjacent cells
are included in the topo-clusters regardless of their energy. To account for overlapping energy
deposits from nearby particles, a cluster-splitting algorithm based on local energy maxima is
applied, with energy shared between clusters according to their geometry and energy.

4.3.6 Muon spectrometer

The ATLAS muon spectrometer is designed to achieve two primary objectives: providing
precise measurements of space points along the muon trajectory to determine its momentum
within the pseudorapidity range of |n| < 2.7, and enabling muon candidate triggering for
|n| < 2.4. Achieving these goals requires the use of different detector technologies, which will

" The notation @ implies addition in quadrature.
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be briefly outlined. The muon spectrometer is located in the outermost region of the ATLAS
detector, after the calorimeter system as depicted in Figure 4.5. The muon spectrometer
also contributes to particle identification, because only muons and hadronic showers, which
extended beyond the HCAL (punch-through), are expected to produce signals in this detector
subsystem. The muon momenta are determined by measuring the bending radius in the r — 2
plane of their tracks in the 0.5-1 T toroidal magnetic field inside the tracking region, which is
illustrated for the muon spectrometer in the barrel region in Figure 4.11(a). Two detector
technologies are employed for the precision muon pp measurement: the Monitored Drift Tubes
(MDT) for |n| < 2.7 and the Cathode Strip Chambers (CSC) in the innermost layer of the
forward region (2.0 < |n| < 2.7), where high particle fluxes are expected. For triggering on
muon candidates, Resistive Plate Chambers (RPC) are used in the barrel region, while Thin
Gap Chambers (TGC) are installed in the end-cap region, as depicted in Figure 4.11(b).
These different subdetector tasks — precision pp measurement and triggering — are reflected
in the parameters of the muon sub-systems listed in Table 4.1.

Cathode Strip
Muon Spectrometer Chambers

Resistive Plat
Chambers

~——

AN

\|
\
)
!
4

= Monitored Drift Tube
ThinGap Chambers

Chambers

(a) (b)

Figure 4.11: (a) Magnetic field map in the ATLAS barrel muon spectrometer for = 0 in the transverse
plane [174]. (b) Schematic view of the Run 2 configuration — relevant for this thesis — of the ATLAS
muon spectrometer [175]: the Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC) for
precision measurements of the muon momentum and the Resistive Plate Chambers (RPC) and Thin
Gap Chambers (TGC) for triggering on muon candidates.

All the detector technologies used in the muon spectrometer rely on charged particles ionizing
gas molecules and the measurement of the produced ionization signal. The MDTs are drift
tubes, similar to those employed in the TRT of the ID, with excellent spatial resolution, but
with slow charge collection times. The maximum drift time, from tube wall to anode wire, is
700 ns [153], thus the MDTs do not provide timing resolution. The direction of the tubes is
along the ¢-direction in the barrel and end-caps, meaning tangential to circles around the
beam axis and thus only provide a one-dimensional space-point measurement in z-direction,
without any spatial resolution in the ¢-direction. The other muon detector systems — the
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Chamber resolution Measurements per track
Type | Function z/R 10} time | barrel end-cap
MDT | tracking 35 pm (z) - - 20 20
CSC | tracking | 40um (R) 5mm 7ns - 4
RPC | trigger 10mm (z) 10mm 1.5ns 6 —
TGC | trigger 26mm (R) 3-7mm 4ns - 9

Table 4.1: Spatial and time resolution and number of measurements per muon track of the MDT and
CSC sub-systems of the muon detector for precision muon pr measurements and the RPC and TGC
for triggering on muon candidates [153].

CSC, RPC and TGC — are multiwire proportional chambers or derivates of this technology. In
CSCs, the cathodes are segmented into strips orthogonal to the anode wire direction, enabling
a two-dimensional space point measurement. This is achieved by detecting the induced charge
created by the avalanche from the free electron from ionization, when drifting to the anode
wire. The TGCs are also multiwire proportional chambers, but with a very small gap between
the wires and the graphite-cathode of 1.4 mm, which is smaller than the wire-to-wire distance
of 1.8 mm [153]. A two-dimensional measurement is possible due to pickup strips, which
are segmented orthogonally to the anode wires as in the CSCs. A high electric field around
the anode wires and the small wire distances allow for good time resolution, with a 99 %
probability of collecting the signal in the 25ns time window between two bunch crossings
[153]. In contrast to the other three muon detector technologies discussed so far, the RPCs
operate without wires and instead are gaseous parallel electrode-plate detectors. In the gas
volume between two resistive plates, which are kept at a distance of 2mm to each other,
charged particles interact and ionize the gas molecules. Due to the electric field of 4.9 kV /mm
between the plates, avalanches form from charged particles drifting to the anode. The signal
read-out is done via capacitive coupling to metallic strips, located behind the resistive plates.
An RPC unit consists of two detector layers with sets of pick-up strips orthogonal to each
other, one layer measuring the 7 and the other layer the ¢ coordinate [153|. In addition to
providing data for the trigger system, the TGC and RPC muon trigger chambers also supply
the second space-point coordinate to complement the one-dimensional precision space point
measurement performed by the MDT.

4.3.7 Muon track reconstruction

In the first step of the muon track reconstruction’ [164], straight line local track segments are
identified by combining measurements from the precision tracking detectors, the MDT and
CSC detectors, and nearby muon trigger detectors. There are three MDT stations, providing
6-8 measurements along the muon trajectory in 7 direction per station, and one CSC station,

2 In this section, the track reconstruction using only information from the muon spectrometer is described.
For the reconstruction of muon objects both, the reconstructed tracks in the muon spectrometer and in the
ID, are combined, as will be discussed in Section 4.4.4.
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with four space point measurements in both 1 and ¢-direction. The track segments, which
are reconstructed in the different stations, are combined to form a track candidate, using a
parabolic approximation of the track curvature due to the magnetic field and applying a loose
constraint based on the interaction point. The measurements of the muon trigger detectors are
included to obtain an estimate of the three-dimensional trajectory. A global X2 fit is performed
to assess the track quality, taking into account interactions with the detector material in the
muon spectrometer and misalignment of the muon spectrometer detectors. The final track
candidate measurement is improved by removing outlier hits and incorporating hits along the
muon trajectory, which are compatible with the track, but which were not included in the
track fit previously. The track candidate is then extrapolated to the beam line and refit while
accounting for the energy loss in the calorimeter system. The track parameters of the track
reconstructed in the muon spectrometer are thereby expressed with respect to the beam line.
Similarly to the case of reconstructed tracks in
the ID, a momentum measurement of muons with
a reconstructed track in the muon spectrometer is
possible due to the bending curve of the charged
particle trajectory in the toroidal magnetic field.
The contributions to the resolution of the muon
transverse momentum in dependence of the trans-
verse momentum for pseudorapidities of |n| < 1.5
is shown in Figure 4.12. At low transverse mo-
menta, the fluctuations of the energy loss in the ID
and the calorimeter system dominate [177]. In the
intermediate pt range, the resolution is primarily
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the space point resolution and alignment. by Monte-Carlo simulation [176].

Figure 4.12: Contribution to the transverse

4.3.8 Trigger and data acquisition

In the data taking conditions of Run 2, proton bunch spacings of at least 25 ns led to a peak
event rate of 40 MHz, which in turn corresponds to a peak data rate of around 60 TB/s [178].
Besides representing an unmanageable data stream, the storage of all events is not necessary
for the physics program of ATLAS. The bulk of the data events are from minimum-bias
processes with the corresponding production cross-section being close to the total inelastic
pp production cross-section of almost 80mb at /s = 13TeV [179], which is roughly eight
orders of magnitude larger than the production cross-section of WWbb production, which
is of interest in this thesis, of roughly 800 pb. Interesting data events from hard processes,
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Figure 4.13: Sketch of the event rates in ATLAS before and after the trigger system [181].

which are typically defined by high pp objects, are selected by the ATLAS trigger system
[180] and saved by the data acquisition system. The trigger decision, i.e. whether a data event
should be stored or not, is taken in a two-step procedure, as illustrated in Figure 4.13. First,
the fast Level 1 (L1) trigger preselects interesting events based on coarse information from
mainly the muon and calorimeter system and reduces the event rate to approximately 100 kHz
[180]. During the determination of the L1 trigger decision, the event information is stored
on front-end buffers and then passed on to read-out-drivers outside the detector if the L1
trigger accepts the event. Due to limited buffer resources and the high incoming data stream,
the L1 trigger decision needs to be fast, which is achieved by the L1 trigger being designed
as hardware trigger, making a trigger decision within 2.5 us possible [153]. The final trigger
selection is performed by the High Level Trigger (HLT), which is a software based trigger
using the full detector information and focusing on regions-of-interest, which are identified
by the L1 trigger and are regions in 1 — ¢-space with e.g. high transverse energy deposits in
the calorimeter or contain a high-pt muon candidate. After the HLT trigger decision, which
takes roughly 200 ms [180], an event rate of around 1-2kHz is saved, corresponding to 1 GB/s
of data, which is moved from the read-out buffer system to permanent storage [178].

4.4 Physics object reconstruction

In the data analysis presented in this thesis, the final state of interest is WWbb, with both
W-bosons decaying leptonically in the eu channel. Consequently, the relevant reconstructed
physics objects are b-tagged jets, electrons and muons. The reconstruction and identification
of these objects are described in the following sections.

4.4.1 Jets

A parton — either a quark g or a gluon g — originating from the hard process initiates a
sequence of parton emissions, such as g — ¢q or ¢ — gg splittings. The emission probabilities
are enhanced in the soft and collinear region of phase space. Emissions are referred to as soft,
when the energy fraction of the emitted parton approaches zero, and as collinear when the
angle between the emitted and the emitting partons becomes vanishingly small. As a result,
partons are mostly produced within a narrow cone around the direction of the initial parton.
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After hadronisation, this gives rise to a collimated bundle of hadrons, which is referred to as a
jet.

Anti-k; clustering algorithm Different algorithms are available for clustering jets from
their constituents. These jet constituents can be either truth-level hadrons in pure MC
simulation studies or reconstructed quantities at detector level. In this analysis, reconstructed
jet constituents are topological energy cell clusters and reconstructed tracks. Due to the
property of soft and collinear enhancement of parton showers, jet reconstruction algorithms
should be insensitive to individual soft and collinear splittings. Sequential jet clustering
algorithms satisfy this requirement of infrared and collinear (IRC) safety. In these algorithms,
a distance metric is defined between jet constituents w.r.t. each other (d;;) and w.r.t. the
beam axis (d;). These distances are expressed in terms of the transverse momentum and the
angular distance ARfj = (y; — yj)2 + (¢; — ¢j)2, where i and j refer to two constituents:

d-. —mi 2p 2p AR?] _ 2p
;; = min (pT,pr,j) =2 and d; =pr ;. (4.11)
Here, R denotes the jet radius, which is set to R = 0.4 in this analysis. A larger jet radius leads
to wider jet cones and increases the number of jet constituents originating from pile up and the
underlying event. For small values of R, hadrons originating from radiation off the initiating
parton may not be clustered into the reconstructed jet, leading to a reduced reconstructed jet
energy compared to that of the initial parton. The parameter p in Equation 4.11 determines
the type of sequential jet clustering algorithm. In the following the case p = —1, corresponding
to the anti-k, algorithm [99] used in this analysis, is briefly compared to the case p = 1, which
defines the k; algorithm. The jet clustering proceeds as follows:

e For all jet constituents, the distance metrics d; and d;; are calculated and the minimum
distance metric d = min(d,, d;;) is identified.

— If d = d;j, the constituents i and j are removed from the list of constituents and
recombined into a new constituent k with p, = p; + p;.

— If d = d;, the constituent ¢ is declared a jet and removed from the list of constitu-
13
ents.

e These steps are repeated until no constituents remain in the list.

The choice of the p-parameter has a significant impact on the shapes of the resulting jets. For
the anti-k; algorithm (p = —1), the jet clustering starts around the highest-pp jet constituent.
When adding the four-momenta of softer constituents, the jet direction will in general not
significantly change during the clustering procedure. In contrast, the k; algorithm (p = 1) is
conceptually closer to an approximation of an inverse parton shower clustering, as the softest
and most collinear emissions are clustered first. However, it leads to very complex jet area
shapes as shown in Figure 4.14, which are impractical for experimental analyses.

13 Looking at Equation 4.11, this implies that for the constituent ¢ the angular distance to any other constituent
Jj from the list satisfies AR;; > R, since otherwise d;; < d,.
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Figure 4.14: Shapes of partonic jets clustered by the anti-k, (a) and by the k, algorithm (b) using
in both cases the same input of hard parton level objects and infinitesimally soft ghosts, which have
vanishing four momenta and are distributed randomly in ¢ and y. The ghosts are used to visualise the
¢ — y area of the clustered jet [99], since they are assigned to a particular jet during the jet clustering
algorithm, but do not change the kinematics of this jet.

Particle Flow Jets The particle flow (PFlow) algorithm [182] combines topological energy
cell clusters (topo-clusters) and ID tracks to form jet constituents. It takes advantage of
the complementarity of the ID and the calorimeter, which provide precise measurements
of low-pp tracks of charged particles and of high-energy deposits of charged and neutral
particles, respectively. To avoid double-counting of energy deposits, topo-clusters associated
with charged tracks are removed. In addition, charged jet constituents originating from
pile-up interactions can be identified by their trajectory’s distance of closest approach to the
hard-scatter primary vertex.

The PFlow algorithm is based on the following steps, which are also illustrated in Figure 4.15:

o Track selection: All ID tracks passing stringent requirements on quality criteria, such
as for example a minimum number of hits in the ID, are selected if they satisfy
0.5GeV < pr < 40GeV and |n| < 2.5. At this point, no requirement is imposed on
the association of the tracks to the primary hard-scatter vertex. This implies that also
pile-up tracks are included.

o Matching ID tracks and topo-clusters:

— Single topo-cluster hypothesis: First, reconstructed tracks are extrapolated to the
calorimeter layer and matched with an angular-distance criterion to the closest
single topo-cluster. As initial requirement, the energy deposited in the topo-cluster
needs to correspond to at least 10 % of the track momentum.

— Multiple topo-cluster hypothesis: For hadronic jets it is very common that the
. : . 14 .
energy is deposited in two separate topo-cluster.”” In case, the energy in the

" As evaluated with a dijet MC sample, only for 60 % (25 %) of particles with a true transverse momentum in
the range of 1 GeV < pp < 2GeV (5GeV < pp < 10 GeV) the shower is contained in a single topo-cluster.
A very common case is that the energy is deposited in two topo-clusters, e.g. for particles with pr < 2 GeV
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initially matched topo-cluster is significantly lower than expected from the track
momentum, additional topo-clusters within a cone of AR = 0.2 are considered in
the track-to-topo-cluster matching.

e Subtracting matched cells from topo-clusters: To remove from the clustering algorithm
input the energy deposit in the calorimeter, which is expected from a selected charged
track, the subtraction algorithm starts from the cell in the matched topo-cluster that
contains the shower maximum. Following a parameterized shower shape, energy is
sequentially removed from the surrounding cells in the topo-cluster, until the expected
energy deposition of the charged track in the calorimeter is fully subtracted.

e Remnant removal: After the subtraction procedure, any remaining energy cells in the
affected topo-clusters are removed from the PFlow clustering input if they are consistent
with expected fluctuations of the deposited shower energy.

e PFlow jet clustering: The PFlow jets are clustered with the anti-k; algorithm using as
jet constituent input the remaining topo-clusters and the ID tracks, which are matched
to the primary hard scatter vertex.'® Since topo-clusters associated with pile-up tracks
have been removed in the previous steps, charged pile-up contributions are largely
suppressed in the reconstructed PFlow jets.

4.4.2 Heavy-flavour jets

The long lifetimes of heavy-flavour hadrons and particularly of hadrons containing a valence
b-quark, so called B-hadrons, (7 ~ 1.5ps [185-187|) lead to characteristic secondary decay ver-
tices, displaced from the primary vertex by the order of a few millimetres to even centimetres.
Therefore, it is possible to distinguish heavy-flavour jets from jets which are initiated by
light partons.17 For the heavy-flavour jet tagging task a machine learning algorithm, a graph
neural network (GNN) is used. The main objective of the GNN is the jet-flavour identification.
For each jet, three outputs are given, which describe how likely a given jet is either a light
jet (py), a c-jet (p.) or a b-jet (py). A fourth output in the jet-flavour identification task
predicts if the reconstructed jet object is coming from a hadronically decaying tau lepton
(p,). Additionally, two auxiliary tasks are implemented, which predict the origin of a given
track™® and whether two tracks originate from a common vertex. The inclusion of these

this is true for 95 % of the hadronic showers [182].

5 More specifically, the selection is performed by requiring |z sin | < 2mm. The track selection for modern
b-tagging algorithms in ATLAS is looser with a cut on the longitudinal impact parameter of |z sin 6| < 5mm
[183]. A large subtraction of energy deposited by B-hadrons in the jet by the PFlow algorithm is not
necessarily expected though, since the z, displacement is highly peaked at zero also for tracks from B-hadrons,
see e.g. [184].

' This corresponds to the mean flight length (I) = Byer for B-hadrons with transverse momenta in the range
of tens to hundreds of GeV [188].

" In Appendix C, a study performed targeting explicitly b-tagging at high py is presented.

'8 The track truth origin categories are tracks from pile-up interactions and from the primary hard-scatter
vertex, as well as tracks from a hadronically decaying tau, from a B-hadron, from D-hadron (hadron
containing a valence c-quark) decay and from D-hadron decay, which itself originates from a B-hadron
decay. The remaining tracks are grouped into the other secondary class [188].
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Figure 4.15: Visualisation of the particle flow algorithm for two examples: (top) a single incident
charged particle (7r+), which produces one track in the ID and two topo-clusters in the calorimeter;
(bottom) two nearby incident particles — a charged particle () and a neutral particle (7°) —
resulting in one ID track and two separate topo-clusters [182]. In this illustration, topo-clusters with
blue coloured edges are matched to an ID track. After the particle flow algorithm the jet constituent
inputs to the jet clustering algorithm are reconstructed tracks for charged particles and topo-clusters
for neutral particles.

auxiliary training objectives was found to improve the flavour-tagging performance [188]. The
input to the GNN are parameters of the tracks associated to a given jet, like the tracks’
perigee representation and the associated uncertainties from the track fitting procedure and
the number of hits in the ID silicon layers, as well as the jet pp and jet n. After preprocessing
the track input parameters, each track is represented by a node in a fully connected GNN.
The track representation is updated through a sequence of fully connected neural network
layers, which use as input the node features (track representation) and the combination of
the features of two nodes. The final jet representation used in the jet flavour classification is
obtained by calculating a weighted sum of the transformed track representations, where also
the corresponding weights are learned during the training. A final graph classification neural
network provides the (p,, p;, pe, Pp)-quantities as output. These outputs are combined into a
b-tagging discriminant D; by [188§]

Py .
D, = log with f, = 0.2, f, = 0.01. 4.12
b (17fc*f7')pl+fcpc+f7p7' ( )
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Figure 4.16: Improvement of the light and c-jet rejection from the DL1 flavour tagging algorithms to
the GN2 tagger evaluated on tt events for the 70 % b-jet efficiency working point [189).

Thereby, the f,. value is optimised to obtain a balance between light and c-jet rejection, while
the f. value is determined by maximising the tau-rejection, but having negligible impact on
the light and c-jet rejection. Depending on the b-jet efficiency used in the analysis, different
cuts on Dy are applied. In the analysis presented in this thesis, b-jets are required to pass
the tight 65 % b-jet efficiency working point of the GN2 b-tagging algorithm. A higher b-jet
efficiency comes at the price of a lower background rejection. Using the GN2 flavour-tagging
algorithm, the background rejection for the same b-jet efficiency is greatly reduced with respect
to the previous algorithms in ATLAS, as shown in Figure 4.16. Thus, compared to ATLAS
analyses using the previous algorithms, the background events entering the event selection
due to light jets mistagged as b-jets is strongly reduced.

4.4.3 Electrons

Electron reconstruction [190] is based on matching ID tracks to corresponding energy deposits
in the calorimeter, forming the characteristic signature of an electron or positron in the
ATLAS detector. Tracks in the ID are first reconstructed using the standard ID track
reconstruction (see Section 4.3.2). If ID tracks can be loosely associated to a topo-cluster (see
Section 4.3.5) by angular matching, these tracks are refit to account for energy loss through
bremsstrahlung. Further, track seeds which are compatible with an energy deposit in the
calorimeter characteristic for an electromagnetic shower, but did not lead to a reconstructed
track, are refit by allowing for 30 % energy loss when passing material layers. Energy deposits
from electrons in the calorimeter are reconstructed by first selecting topo-clusters, which
deposited at least 50 % of their energy in the ECAL, since electromagnetic showers are expected
to be almost fully contained in the ECAL.' Out of the selected topo-clusters, superclusters
are formed out of multiple reconstructed topo-clusters using only energy contributions from
the ECAL. Starting from the topo-cluster with the highest energy deposit in the ECAL,
additional topo-clusters, called satellite clusters in this context, are added to the original
seed cluster, if they fall into a window of An x A¢ = 0.075 x 0.125 of the barycentre of
the seed cluster, as shown in Figure 4.17. This is done to recover the energy of the primary

' Further, the energy deposit in the ECAL needs to be above 400 MeV.
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Figure 4.17: Sketch of the superclustering algorithm [190].

electron in case secondary particles produced in the electromagnetic shower formed a separate
topo-cluster. Additional satellite clusters are included in the supercluster using a larger
window of An x A¢ = 0.125 x 0.300, if the best matched ID track of the satellite cluster
corresponds to the best matched ID track of the seed cluster. The size of the allowed angular
window around the seed cluster is a compromise between collecting the full energy of the
primary electron and reducing sensitivity to pile-up. Since the magnetic field in the ID is
parallel to the beam pipe, the entry point in the ECAL of the primary electron, photons
originating from bremsstrahlung from this electron, and electron-positron pairs from photon
conversions, are spread predominantly in ¢. Consequently, the resulting electromagnetic
shower tends to be also extended in ¢- rather than in 7n-direction. Thus, a wider angular
window in ¢-direction for the super-cluster formation is chosen. All selected topo-clusters are
tested as seed-clusters in descending E1 order, if they were not assigned as satellite clusters
to another super-cluster previously.

Electron identification Prompt electrons are distinguished from hadronic jets, converted
photons, as well as from electrons which originate from the decay of a heavy-flavour hadron by
the electron identification [190]. For the electron identification task typically 13 observables
are utilized, which describe the track of the electron in the ID, the shape of the electromagnetic
shower in the ECAL, as well as particle identification information from transition radiation in
the TRT. An electron is identified through an |n|- and Ep-dependent cut on the discriminant
dy,, which is defined in terms of the likelihoods for a reconstructed electron object to originate
from a prompt electron Lg or from other sources Lg

Lg . LT

d;, =1In I, with  Lg/5(Z) = [ [ Psyp.i(as)- (4.13)
i=1

The likelihoods Lg, g are constructed with probability density functions (p.d.f.s) Ps, i, which

are derived from smoothed histograms of the n discriminating variables x; of prompt electrons

(signal S) or other, background (B) objects. These histograms are obtained from data events.

For signal objects, a tag-and-probe method is used in Z — ee and J/1) — ee data events from
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2015 and 2016 for Ex > 15 GeV and Ep < 15 GeV, respectively. In this tag-and-probe method,
one electron (the tag electron) needs to satisfy a previously used tight electron identification
criterion [191], while the properties of the other (probe) electron are used to define the pdfs
Pg ;. Very loose cuts on the previously used electron identification discriminant are used
on the probe electron in order to reduce the background contamination of the sample, but
not to distort the shape of the resulting signal pdfs. Background pdfs are obtained from
data events with at least one reconstructed electron, which are mostly dijet events. Due to a
known mismodelling of calorimeter shower shapes in the GEANT4 detector simulation, the
determination of the pdfs from data is an improvement w.r.t. the previous approach, in which
they were derived from simulation [191]. Three electron identification working points are
provided, of which the most stringent Tight working point is used in this analysis. Additionally
to the cut on the discriminant d;, the electron objects need to pass quality criteria on the
associated ID tracks.

Electron isolation The isolation of an electron object [190] from other activity in the detector
is defined by the isolation of the energy deposit of the electron in the calorimeter and by
the isolation of the electron track in the ID. The isolation criterion for the electron signal in
the calorimeter is based on the sum of the energy deposited in topo-clusters EITS?EV% around
the barycentre of the energy deposit associated to the reconstructed electron in a cone of
AR = 0.2. Since the energy sum EITSOEV?, contains also the energy deposit of the reconstructed
electron, the energy deposited in the 5 x 7 calorimeter cells in An x A¢ around the barycentre
of the electron energy cluster (Er o) is subtracted. This rather simple subtraction technique
is robust against differences in signal and background objects for any transverse momenta
and pile-up contributions. But, some of the energy of the reconstructed electron object
may still be included in the subtracted energy sum ElTb?rlaQV% — B core Such that an Ep- and
|n|-dependent leakage correction is applied, which is derived from simulation. Further, a
correction to account for pile-up and the underlying event is used, since the isolation of the
electron object from other particles resulting from the hard process and not the isolation from

pile-up contributions is of interest. The final calorimeter isolation variable is given by

20 is0120
E%One = 'IIS‘?raW - ET,core - ET,leakage<ET7 7, AR) - ET,pile—up(nv AR) (414>
The track isolation p‘famonezo is defined by summing the transverse momentum of ID tracks

within a AR cone around the electron track direction, not including the electron track itself.
The cone size is shrinking with the p of the electron as

10
AR =min | ————,0.2 4.15
<pT[Gev1 ) (4.15)

to account for electrons from the decay of strongly boosted resonances, which will lead to
decay products with small angular separation. Only ID tracks passing several quality criteria,
regarding the number of hits in the ID subsystems and the primary vertex association, i.e. no

pile-up tracks, are used in the calculation of prvfarconem. An electron passes the Tight electron

isolation working point, which is used in this analysis, if it satisfies E%OHEZO /pr < 0.06 and

p\’farcone20 /pT < 0.06.
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4.4.4 Muons

A muon produces signals in all ATLAS detector subsystems. While muon reconstruction is
based primarily on the tracking information from the ID and the muon spectrometer, also
calorimeter information is utilized to correct for energy losses in the calorimeter. Different
types of reconstructed muon objects are available within ATLAS, which are obtained using
stand-alone or combined detector subsystem information. For the measurement in this
thesis, the combined and the inside-out combined muon reconstruction algorithms are most
relevant [192]. Both muon reconstruction types use information from all detector subsystems.
In the combined muon reconstruction, tracks reconstructed in the muon spectrometer are
matched to reconstructed tracks in the ID. In contrast, inside-out combined muons are
reconstructed by extrapolating the remaining ID tracks into the muon spectrometer and
requiring at least three associated muon spectrometer hits along the extrapolated trajectory.
In both cases, the energy loss in the calorimeter is taken into account during the track
extrapolation. The hits from the matched ID and muon spectrometer tracks are then used
as input to a combined track fit. The inside-out combined muon reconstruction can recover
some muon objects, which did not lead to a reconstructed track in the muon spectrometer
due to low pp or spatial regions with limited coverage by the muon spectrometer. The muon
objects of interest in this analysis, are prompt muons originating from the W decay from
the WWbb final state. These must be distinguished from non-prompt muons originating
from hadron decays. This separation is achieved by applying appropriate muon identification
and isolation working points, which are defined below. Muons from light hadron decays
are typically excluded by the muon identification working point, as they result in a poor
quality muon track. However, muon tracks from heavy-flavour decays, originating from D-
or B-hadron decay, often produce high quality muon tracks, since the muons are generated
directly at the secondary vertex and traverse the detector as a single charged particle. Their
contribution can be significantly reduced by applying a suitable isolation due to the typically
enhanced hadronic activity in the vicinity of the reconstructed muon.

Muon identification In this analysis, the Medium identification working point [192] is used,
which defines a set of selection criteria. Mainly, combined and combined inside-out muons
are considered for this working point. In addition to requirements on the number of hits and
missing hits in the ID and the muon spectrometer, the reconstructed tracks in the ID and
muon spectrometer are required to be loosely compatible in their ¢/p measurements.”’ For
the forward region in a pseudorapidity range of 2.5 < |n| < 2.7, so-called silicon-associated
forward and muon-spectrometer-extrapolated muon objects are also accepted. These muons
do not have a reconstructed track in the ID, but may have a short track-segment in the

20 This compatibility is defined by requiring

la/p> — q/Pwus| <7, (4.16)
\/UZ(Q/I?ID) + UQ(Q/pMS)

where ¢/p, with k& € {ID,MS} is the charge-to-momentum ratio measured in the ID or in the muon
spectrometer and o(g/py) are the associated uncertainties [192].
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ID (silicon-associated forward) or no ID hits at all (muon-spectrometer-extrapolated). This
allows to take advantage of the full muon spectrometer coverage of |n| < 2.7. Still, the
majority of reconstructed muons in #¢ simulation events — with 98 % — that pass the Medium
identification working point are combined muons [192].

Muon track-to-vertex association The misidentification rate for a given muon identification
working point is further reduced by applying cuts on the compatibility of the reconstructed
muon track to the primary vertex. These selection criteria help to reduce the amount of muons
originating from hadron decay or from pile-up interactions, as well as the number of cosmic
muons, which are included in the final event selection. The selection cuts are defined in terms
of the impact parameter significances, requiring |dy|/o(dy) < 3 and |2y sin €| < 0.5 mm.

Muon isolation As discussed previously, the rate of light hadrons misidentified as muons or
muons from light hadron decays is well controlled by the muon identification and track-to-
vertex association working points. The remaining background of non-prompt muons from
heavy hadron decay can be reduced by requiring the muon object to be isolated from other
hadronic activity in the detector, as non-prompt muons from the heavy hadron decays are
typically in the vicinity of the jet initiated by the heavy quark. In this analysis, the PFlowTight
muon isolation working point [192] is employed, which uses both, track-based and calorimeter
information to define hadronic activity around a reconstructed muon. Track-based isolation
variables are defined similarly to the isolation of electron tracks: If the muon transverse
momentum is larger than 50 GeV, the scalar sum p%one% of all transverse momenta of tracks
associated with the primary vertex within AR = 0.2 of the muon track is used. For muons
with lower pr, instead, a variable AR radius of AR = min(10 GeV/pk.,0.3) is used to define
p‘farconego. While the track-based isolation definition is robust with respect to pile-up due to the
hard-scatter-association constraint, neutral energy deposits cannot be accounted for. For this
purpose, the sum of the transverse energy Erlfeﬂowm of the neutral particle-flow objects in a cone
of AR = 0.2 is used. Pile-up corrections to this neutral energy component are applied on an
event-to-event basis with energy-density subtraction in the topo-cluster cells. A reconstructed
muon passes the PflowTight isolation working point, if (p*"°%° + 0.4 E410v20) P < 0.045
for pli > 50 GeV and (P + 0.4 B0 /pk < 0.045 for pli < 50 GeV. The excellent

rejection of non-prompt muons using the isolation criterion is shown in Figure 4.18.

4.4.5 Missing transverse momentum

Since for initial state partons of a hard process, which are aligned with the beam-axis (z-
axis) the total momentum in the transverse plane is zero, the same is true for the sum of
the momenta of the produced final state particles in this interaction. The magnitude of
the transverse momentum required to balance the transverse momenta of all reconstructed
objects is defined as the missing transverse momentum ET">. Sources of missing transverse
momentum are SM neutrinos, misreconstruction of final-state particles, but also possible

Beyond the SM particles, which do not interact with or decay within the detector material.
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Figure 4.18: Distribution of various isolation variables for prompt and non-prompt muons from
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this isolation working point. The EP°“°"*" isolation criterion uses only calorimeter information

and is defined as the sum of the transverse energy of topological cell clusters in a cone of AR = 0.2
around the position of the muon, after subtracting the energy deposits attributed to the muon itself
and correcting for pile-up effects. The distributions are obtained with the Run 1 and previous Run 2
software, but the results with the Run 3 and reprocessed Run 2 software are expected to be similar.

In the definition of the F™™ [193], reconstructed and calibrated physics objects are used.
Since the reconstruction of the different physics objects described above is independent of
each other, the same detector signal — e.g. the same energy deposit in a calorimeter cell —
can be included in the reconstruction of different physics objects. To avoid double-counting of
energy deposits and tracks an overlap removal between these physics objects is applied, and
finally only those reconstructed objects, which remain after this procedure, are included in the
ET" calculation. Additionally, a soft contribution to the BT is considered, by including
reconstructed tracks, which were not used in the reconstruction of any of the physics objects
included in the ET" calculation. These reconstructed tracks are required to be associated to
the hard-scatter primary vertex, to reduce the influence of pile-up tracks. The components of

the B2 in z- and y-direction are calculated as

EF™ = > Pr— Y. Pr (4.17)

selected physics objects unused tracks
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CHAPTER B

Previous top-quark mass and decay width
measurements

In order to study properties of the top quark at the LHC experimentally, first a physics process
needs to be identified which leads to a large number of top quarks being produced for a given
integrated luminosity. This is achieved by focusing on top-quark pair production, which has
by far the largest production cross-section among process involving top quarks, as shown
in Figure 5.1. While the LO diagrams of single top-quark production involve electroweak
vertices, top-quark pair production involves only QCD interactions. As a consequence, the
latter has a significantly larger production cross-sections, reflecting the stronger coupling of
QCD relative to the electroweak interaction. For this reason, for example, top-quark mass
measurements are often performed by focusing on the top-quark pair production process. The
choice of the physics process to study — such as ¢t production — is one of the main decisions
defining the overall analysis strategy.

Another key analysis strategy decision is the choice of the decay channel of the W-bosons, which
originate from the top-quark decays, as illustrated in Figure 5.2(a). Due to |Vy,| ~ 1 [4], the top
quark in the SM decays in nearly 100 % of cases into a Wb pair. The subsequent decays of the
W-bosons in the WWbb final state can be classified into the all-hadronic (WWbb — qqqqbbd),
the single-lepton (WWbb — qqfvbb) and the dilepton channels (WWbb — (vlvbb), where
¢ denotes an electron, muon or 7-lepton. In most measurements however, only the decay
into an electron, muon and leptonically decaying 7-lepton are considered, excluding the
hadronic 7-decay channel. While the all-hadronic channel has the largest branching fraction,
as shown in Figure 5.2(b), it also suffers from the largest background contributions, since many
background processes with larger production cross-sections also produce jets in the final state.
The single-lepton channel still leads to good data statistics, but suffers from less background
contributions, since fewer background processes produce a lepton in the final state. While in
the dilepton channel the kinematic reconstruction of the ¢t system is more challenging due
to the presence of two neutrinos in the final state, and it has a smaller branching fraction
compared to the other two decay channels, it profits from the more accurate experimental
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Top Quark Production Cross Section Measurements Status: May 2025
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Figure 5.1: Summary of recent ATLAS top-quark production cross-section measurements and compar-
ison to theory predictions [194].
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Figure 5.2: Feynman diagram (a) and branching fractions (b) for different ¢ decay modes: dilepton
(green), single-lepton (blue) and all-hadronic (orange). The W-boson decay fractions are taken from
[4].

104



5.1 Top-quark mass measurements

reconstruction of leptons compared to jets and a significantly smaller background contribution.
Since precision measurements of the top-quark mass and decay width currently are not limited
by the statistical uncertainty, and sensitive observables to these parameters without the full
reconstruction of the ¢t system can be constructed, the measurement presented in this thesis
is performed in the dilepton decay channel of the WWhb final state.

Nevertheless, the brief overview of previous top-quark mass and decay width measurements,
in Section 5.1 and Section 5.2 respectively, also includes results from measurements using
other decay channels. Finally, the aspects of the analysis strategy followed in this thesis,
which are derived from these previous measurements, are summarised in Section 5.3.

5.1 Top-quark mass measurements

Before giving an overview of recent top-quark mass measurements and the applied analysis
methods, a brief discussion of the interpretation of the measured top-quark mass parameter is
given.

Interpretation of the measured top-quark mass parameter The top-quark mass measure-
ment presented in this thesis and in the overview of previous measurements given in this
section rely on kinematic observables build from the decay products of the top quark at
particle-level, meaning after the parton shower and hadronisation. These observables exhibit
a high sensitivity to the top-quark mass parameter used in Monte-Carlo simulations and
lead currently to the most precise top-quark mass measurements. The interpretation of the
measured parameter though, often called m}fv[ C, is topic of theoretical discussions.! While in
fixed-order perturbation theory above LO the top-quark mass parameter is defined in a specific
renormalisation scheme (see Section 2.2), this is not the case for the NLO+PS MC predictions
utilised as templates in these so-called direct top-quark mass measurements. The fixed order
NLO computation of these simulations is generally performed in the pole-mass renormalisation
scheme [15], but the modelling aspects in the parton shower and hadronisation make the
interpretation of m}fvlc in a concrete renormalisation scheme difficult. Often, an uncertainty
of 0.5-1GeV in the interpretation of miv[c as mfde is cited [15, 196]. This interpretation
problem is of direct practical importance, since for SM or BSM predictions, as well as for
EW precision tests of the SM, a top-quark mass parameter in a well-defined renormalisation
scheme is needed. Different analysis techniques have been developed to be less sensitive to the
modelling and the corresponding interpretation issues, which are called indirect measurements.
These measurements focus on the extraction of the top-quark mass by comparing fixed-order
calculations (with a definite renormalisation scheme for the top-quark mass parameter) to
total or differential cross-sections. Thereby, the extraction of these cross-sections should be
largely independent of the top-quark mass parameter used in the MC simulation. These
indirect measurements typically lead to larger uncertainties in the measured mass parameter,
with the most precise measurement to date being 170.5 £ 0.8 GeV [197]. In contrast, the

! See e.g. the review in [15, 195].
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most precise direct top-quark mass measurement is given by 171.77 £+ 0.37 GeV [198]. Also,
theoretical work on precision prediction for new observables in the boosted top-quark regime
[199, 200] and in parton shower development [201] to mitigate the interpretation problem is
currently an active field of research.

Overview of direct top-quark mass measurements An overview of recent direct top-quark
mass measurements by ATLAS and CMS, as well as the methods used in these measurements,
is shown in Figure 5.3. Three main fit methods are listed in Figure 5.3, which are described
below. ATLAS top-quark mass measurements typically use the template method regardless
of the decay channel. CMS measurements, on the other hand, tend to use the ideogram
method for the single-lepton (lepton+jets) and all-hadronic (all jets) channels, while the
Analytic Matrix Weighting Technique (AMWT) is generally used in the dilepton channel.
Some of the most recent measurements from both ATLAS and CMS use a profile likelihood
template fit to extract the top-quark mass. As can bee seen in Figure 5.3, the precision of the
recent top-quark mass measurements is limited by systematic uncertainties, with the most
recent measurements and combinations achieving a precision of around 0.2 % compared to a
precision of roughly 0.8 % of the first LHC top-quark mass measurements. While uncertainties
related to the jet energy scale (JES) and the b-jet energy scale (bJES) are typically among
the dominant systematic uncertainties, ¢t modelling uncertainties also play an important role
— especially in the most recent measurements, where improvements in the jet energy scale
uncertainty treatment have reduced their impact, see e.g. discussion in [125]|. In the following,
a simplified discussion of different top-quark mass fit strategies is given. While important
aspects of data analyses such as the treatment of background processes and the details of the
kinematic reconstruction are not considered here, a general overview of previously employed
strategies is presented in order to place the current measurement within the wide range of
existing top-quark mass measurements. In all fit strategies, the top-quark mass parameter m,
is determined by minimizing the negative log-likelihood of the sample likelihood, —In Ly, ple-
This likelihood can also depend on auxiliary parameters 5 that describe, for example, the jet
energy scale response. The negative log-likelihood minimisation is then performed w.r.t. both
the parameter of interest, the top-quark mass m,, and the additional parameters 5 .

Matrix element method In the matrix element method, the sample likelihood is defined as
the product of per-event likelihoods:

N,

events

Esample(xh"' 7xN7mt7/8) - H Eevent,i('rz’vmtw@)v (5'1)

=1

where x; represents the measured event properties at detector level, including the directions
and energies of the reconstructed physics objects and the missing transverse momentum. The
general set of parameters 8 describe modifications to the detector response.2 Often, the jet

2 The parameters E are thereby not nuisance parameters describing the impact of a systematic uncertainty, as
in the profile likelihood fit described later in this section, but additional free parameters, which are included
in the fit model.
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Figure 5.3: Summary of recent LHC top-quark mass measurements [202]. The different analysis
techniques of the Template, the Ideogram, the Analytic Matrix Weighting Technique (AMWT) and
the Profile Likelihood Template (PL-Template) fit will be discussed in this Section.
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energy scale factor (8 = JSF) is measured, which is a parameter used to correct the jet energy
scale to match the recorded data.® The negative log-likelihood minimisation is then performed
simultaneously for the top-quark mass parameter m, and the parameters 5 . The name matrix
element method originates from the expression for the per-event likelihood:

1 B .
Eevent,i(xi7 my, B) = N / dULO(pp - tt7 mt)W(xia 67 q)tf)' (52>

In Equation 5.2, the differential LO cross-section dULO(pp — tt,m,) for producing a tt final
state with kinematics ®;; is convoluted with the detector transfer functions W (zx;, B, ®,7) and
integrated over the full available phase space. The detector transfer function W (z;, 5 , D)
describes the probability that a partonic tf final state with kinematics ®,; is reconstructed
as a detector-level event x given the parameters 5 To obtain a normalised likelihood, a
normalisation factor N is introduced.’ Clearly, the advantage of this method is that it
utilises the full kinematic information of the final state. In particular, there is no reduction
of dimensionality and hence no loss of information by reconstructing one specific top-quark
mass sensitive observable. On the other hand, this method is computationally very expensive
and was primarily used for the lower-statistics datasets at the Tevatron collider, e.g. in
[203-206], which are input to the Tevatron top-quark mass combination [207]. Furthermore,
the top-quark mass measurements based on the matrix element method use typically LO
tt matrix elements. Extension of this method to incorporate NLO matrix elements have
been discussed, e.g. recently in [208|. For a comprehensive description of the matrix element
method, see e.g. [209].

Ideogram method and template fit method As in the matrix element method, both the
ideogram and unbinned template fit methods define a per-event likelihood. However, instead
of using the full kinematic information as in Equation 5.2, these methods compare a single
top-quark mass-sensitive observable O,,, to templates derived from MC simulation to allow
for faster evaluation. Additionally, other observables Og can be included in the fit to measure
and reduce the impact of parameters related to significant systematic uncertainties, such as
the JSF. Schematically, the per-event likelihood can be written as’

£event,i(0mt7067mtaﬁ) = P(OmtvOﬁ‘th) = P(Omt‘th)P(Oﬁ‘mtwg)‘ (5'4)

3 Uncertainties on the jet energy scale (JES) often dominate the total uncertainty of the top-quark mass
measurements. Performing an additional measurement of the JES within the phase space of the top-quark
mass measurement (opposed to the phase space used in the jet calibration measurements) can often reduce
the uncertainty in this parameter.

* The normalisation factor is obtained by integrating over all possible detector-level event configurations x:

N= / / A0 (pp > 1T, )W (2, B, By face (1) (5.3)

Since only events with final state particles that lie within the detector acceptance and pass trigger and
reconstruction selections are used in the measurement, i.e. in the numerator of Equation 5.2, an acceptance
factor f,..(x) accounts for these effects in the normalisation. Specifically, fa..(z) = 0 for any detector-level
event x that does not satisfy these selection criteria.

® The last equality in Equation 5.4 assumes that O,,, and Og are independent random variables.
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The probability density functions P(Ox|my, ) are derived from simulation by generating
the distributions of Oy for various values of m; and (8, the MC templates. Then, the
dependence of Ox on m, and f is parameterised using analytic functions. The different
naming conventions arise from the choice of top-quark mass-sensitive observables O,, and the
way the per-event likelihood is constructed. In the ideogram method, a kinematic fit [210, 211]
is performed to determine the invariant top-quark mass distribution m?t, which serves as the
top-quark mass sensitive observable O, . Different assignments of the jets as decay products
of the intermediate W-boson and top quark, also called jet permutations, are possible in
this kinematic fit. Typically, all mg ' values obtained from the different permutations are
included in the per-event-likelihood, weighted with the goodness of fit-value P, derived
during the kinematic m; fit. To reduce the influence of poorly reconstructed events, the
per-event likelihoods are weighted by the sum of the goodness-of-fit values of all permutations:

Weyent = Z PI™ Pyot (i), where  normalises the average weyeny to 1. The per-event likelihood
for the 1deogram method is then expressed as:

perm

£event Z(Om 7OBamtaB ( Z Om 7Oﬂ’mt> )) : (5'5)

As mentioned, for the parameter § often the JSF is used. The top-quark mass measurements
in CMS using the ideogram method are classified as 1D, in which the JSF parameter is
fixed to unity, as 2D, in which the JSF parameter is unconstrained in the fit, or as hybrid
measurements, in which a Gaussian constraint centred at one is added for the JSF parameter
[195]. The quite involved ideogram method achieves excellent statistical precision for a
given dataset, which becomes increasingly less important though with the large data set
collected at the LHC [195]. The construction of the per-event likelihood in the template
method in ATLAS measurements is usually simpler. In ATLAS dilepton measurements, the
invariant mass distribution of the charged lepton and the b-jet, my,, is used as a mass-sensitive
observable in the fit. The fb-pairing is determined either by selecting the combination that
yields the lowest average my, value from the two possible ¢b-pairs [212, 213|, or by using
a neural network-based approach [124]. Per event, two my,-values are obtained per event.
These are either combined by taking their average, which is used as the sensitive distribution
[212, 213], or the invariant mass of the ¢b-pair with the highest py is selected [124].

ATLAS single-lepton top-mass measurements [123, 212|, the reconstructed top-quark invariant
mass that maximises a kinematic likelihood [214] is used as the top-quark mass sensitive
observable. Thereby, all possible invariant-mass combinations of reconstructed objects are
evaluated. The likelihood is constructed from Breit-Wigner functions for the top quark and
W boson, as well as transfer functions derived from simulation that map energies of the
reconstructed objects to energies of parton-level objects. While the ATLAS measurements
in the dilepton and the single-lepton decay channel discussed above use unbinned template
fits, ATLAS top-quark mass measurements in the all-hadronic channel [215, 216] use binned
template fits. In this case, the three-jet to di-jet mass ratio Ry is utilised as top-quark mass
sensitive observable. For each event, two Rj/, values are obtained, one for each top-quark
decay. The three-jet mass, corresponding to the reconstructed top-quark invariant mass,
combines one b-jet and two non-b-tagged jets, while the di-jet mass is formed from the two
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non-b-tagged jets from the three-jet pair and are assumed to originate from the W boson
decay. Jet assignments are determined by minimizing a X2 based on the differences between
the two di-jet masses per event and a fixed W-boson mass, and between the reconstructed
three-jet masses, corresponding to m; = mz;. While in most of the ATLAS top-quark mass
measurements from Figure 5.3 only a top-quark mass sensitive distribution is used in the fit
(Template 1D), the ATLAS measurements in the single-lepton decay channel add additional
distributions, which are sensitive to the JSF and the relative b-to-light-jet energy scale factor
bJSF (Template 3D).

Analytic Matrix Weighting Technique Due to the presence of two neutrinos in the final
state of a dileptonically decaying top-quark pair, there is no unique solution for the final
state kinematics given the measurement results when no assumption on the top-quark mass
is made.® While ATLAS top-quark mass measurements in the dilepton channel [124, 212,
213| often use my, as an observable in an unbinned template fit, Run 1 CMS measurements
in the same channel [217, 218] frequently employ the Analytic Matrix Weighting Technique
(AMWT). In the AMWT, solutions for the final state kinematics are computed under the
assumption of different top-quark mass values. FEach m, hypothesis is assigned a weight
[219]

Wovens = (D F@1)f (2)) p(Eys Im)p(E, - ) (5.6)
with

Am,E(m; —mi — 2m,E)
p(Elmy) = — 2,2 2 2 2 4
(mi —my)” + My (mi —miy) — 2Myy,

where x; are the Bjorken-z values of the initial state partons, computed from the reconstructed
final-state kinematics, and f(x) denotes the parton distribution functions evaluated at Q2 =
m? The sum runs over different leading-order initial state parton configurations, e.g. uu or gg.
For each event, the mass assumption m; which maximises weyey; is defined as the top-quark
mass sensitive observable O,, = maywr. This procedure is applied to both reconstructed
data and simulated tt MC events with different input top-quark masses. The resulting m anrwr
distributions of the MC samples are used as templates in a binned maximum-likelihood fit —
instead of a per-event likelihood — with the sample likelihood:

(5.7)

Nbins
‘Csample = H P(Omt,i|mt)' (58)
=1

® The #f system in dileptonic decay has a priori 24 degrees of freedom: the four-momenta of the six decay
particles (two b-jets, two charged leptons, and two neutrinos). Fourteen of these 24 free parameters are
measured (the three-momenta of the two charged leptons, the two b-jets, and two Ep ° components). The
following nine constraints are imposed on the final state particles: the invariant mass of the W decay
products needs to be equal to myy"*"*"*° (two constraints), the masses of the six final state particles
need to be equal to their measured world average values (six constraints) and the mass of the top and the

anti-top quark need to be the same (one constraint). This leaves one free parameter: the top-quark mass.
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CMS kinematic endpoint top-quark mass measurement A quite different analysis technique
is used in the CMS top-quark mass measurement [220] in the dilepton channel at a center-
of-mass energy of /s = 7TeV with an integrated luminosity of 5.0 L. Additionally to
measuring the top-quark mass, in the so-called unconstrained mode, this measurement was
used as a study of measuring the masses of the top quark, the W boson and the neutrino
simultaneously, which is applicable to Beyond The Standard Model scenarios, in which several
particles of the decay chain might be unknown. Thereby, the measurement used kinematic
end-points of three minimax distributions (or strongly correlated distributions) constructed
as

Mry = ~ min {max(M%, M%)} : (5.9)

pr+pPr=pT

where the decay of two identical particles, a and b, into decay products including at least one
invisible daughter is considered. The M;/ ® variable is constructed as

mi2nvis + m\Q/is + 2(‘E'iII:WiS‘E'\.[f‘is - ﬁ;II’WiS : pii‘is)a (510)

where m, Ep and pp are the invariant mass, the transverse energy Ep = 4/ pgf +m? and the
transverse momentum of the invisible (invis) and the visible (vis) daughter particles, which
may consist of more than one particle. If the measured missing transverse momentum could be
correctly partitioned between the invisible decay products of the two decay chains a and b, the
calculated M would have, for each decay chain individually, as an upper bound the mass of
the decaying particle m. Therefore, even when taking the maximum of M7 and M%, this upper
bound still holds. Since an exact partitioning is not possible, the solution for the transverse
momentum split that minimises max(Mrf, M%) is used, ensuring that My, < m always holds.
In the CMS top-quark mass measurement, the dependence of this upper bound on the top-
quark mass is exploited, thereby relying only minimally on MC simulation. A competitive
top-quark mass measurement of m, = 173.9 + 0.9(stat.) "5 | (syst) GeV was achieved with this
method, with an uncertainty comparable to that of the CMS dilepton result at /s = 7TeV,
listed in Figure 5.3, which reaches a precision of 172.5 + 1.6 GeV. This measurement thus
demonstrates the strong top-quark mass sensitivity of kinematic end-points.

Evaluating systematic uncertainties through pseudo experiments In the top-quark mass
measurements discussed above, systematic uncertainties are commonly estimated using pseudo-
experiments. In contrast, the profile likelihood fit, employed in this thesis and in some of the
recent top-quark mass analyses [121, 125, 198, 221], does not rely on this procedure, as will
be explained in the next paragraph. It is nevertheless useful to outline the pseudo-experiment
method, as it illustrates a key difference between the approaches. In this method, multiple
pseudo data sets are generated by sampling from the background and signal distributions,
while varying the parameters in the simulation associated with a given systematic uncertainty
by 41 standard deviation. The average m; fit value (and the value of the simultaneously fitted
parameters, such as JSF) from the pseudo experiments using either the nominal MC events or
the MC events with +1¢ variations of a specific systematic uncertainty are compared, and the
difference of the average fitted values taken as the uncertainty in m; for this systematic. The
uncertainties &%t of the different systematic uncertainty sources « are added in quadrature.
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This, by construction, neglects possible correlations between the systematic uncertainty
sources, which should be small, though, by representing each distinct uncertainty source by a
separate systematic uncertainty.

Profile likelihood template fit The top-quark mass extraction presented in this thesis is
based on a binned profile likelihood template fit, as is the case for several recent top-quark
mass analyses [121, 125, 198, 221|. Therefore, the advantages, but also the difficulties with
respect to the fit strategies presented above, should be highlighted. The currently most precise
top-quark mass measurement was performed by CMS using a profile likelihood template fit
in the single lepton channel [198|, reaching a precision of 370 MeV. In total, five regions
were used, providing sensitivity to the top-quark mass parameter and parameters related to
the jet-energy scale of light and b—jets.7 For the main top-quark mass sensitive observable,
mtt, an unbinned profile likelihood fit is used, which is obtained similarly as in the ideogram
method, but only using the permutation with the best goodness-of-fit value Py, while the
other four distributions are fitted in a normalised binned profile likelihood fit. The top-quark
mass measurement [198] thus demonstrates the significant improvement in the top-quark mass
uncertainty, that is achievable with a profile likelihood fit. While the details of the statistical
fit procedure are described in Section 9, here only the difference of the profile likelihood
fit to the traditional top-quark mass measurement fit strategies presented above should be
highlighted. While the interpretation of the top-quark mass measured in direct measurements
was discussed in the beginning of this section, the technical description of the previously
discussed direct top-quark mass measurements, which do not use a profile likelihood fit, can be
clearly formulated: It is the measurement of the top-quark mass parameter used in a specific
Monte-Carlo generator with specific settings in, e.g., the parton-shower configuration. This
interpretation is not changed by including the simultaneous fit of detector response parameters,
such as e.g. the JSF. In a profile likelihood fit, systematic uncertainties are included in the
likelihood by parameterising their influence on the observable through (nuisance) parameters
and adding (Gaussian) constraints on these parameters, which quantify the prior knowledge of
these uncertainties. The likelihood optimisation now incorporates the minimisation over these
nuisance parameters, which also include uncertainties evaluated by modifying parameters in
the MC generation, which cannot be predicted from first principles, the so-called modelling
systematics. Thus, if the nuisance parameters after the fit differ from their input value, a top-
quark mass value obtained in a profile likelihood fit does not correspond to the top-quark mass
parameter in a given MC generator with specific settings, but would correspond to a mixture
of theory models / configurations. This is one of the reasons why systematic uncertainties
associated with the modelling of the signal process must be strictly scrutinised and well
understood. A significant step toward the top-quark mass and decay width measurement in
this thesis is thus the development and study of the modelling systematics for the bb4¢ signal
process, which is described in Section 3. Besides adjusting the best-fit value of the nuisance
parameters during the profile likelihood fit, the uncertainty associated with a particular
systematic variation can also be reduced (constrained) if the data shows enough discrimination
power. Further, in the profile likelihood fit, correlations between systematic uncertainties

" The light jets are thereby defined as non-b-tagged jets, thus also including c-jets.
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are taken into account through the fit method itself, since it jointly maximises the likelihood
L, 5) over all nuisance parameters g. This joint profiling allows correlated variations of
nuisance parameters induced by their common impact on the observables, which are reflected
in the post-fit covariance matrix. The need to perform pseudo-data experiments to quantify
the impact of each systematic uncertainty, as discussed previously, is thereby removed by
the usage of a profile likelihood fit. Since the analysis presented in this thesis, uses a profile
likelihood fit, the measured best-fit-values and the constraints on the nuisance parameters need
to be carefully studied. This applies to both, the parameter extraction of the top-quark mass
and the decay width, but was highlighted in the context of top-quark mass measurements, due
to the subtle change in the meaning of the measured Monte-Carlo top-quark mass parameter
when profiling systematic uncertainties or not profiling these, as the latter is done by most of

the previous precision top-quark mass analyses.

5.2 Top-quark decay width measurements

The results of the most recent top-quark decay width measurements at the Tevatron and
the LHC are summarised in Figure 5.4. As seen by the number of measurement results in
Figure 5.4, the top-quark decay width is significantly less studied compared to the top-quark
mass in the LHC experiments. The distinction between indirect and direct top-quark decay
width measurements will be explained in the following. However, it can already be clearly
seen in Figure 5.4 that the indirect measurements achieve considerably smaller uncertainties
on the fitted top-quark decay width. The disadvantage of the indirect measurements, however,
is that assumptions on the top-quark decay must be made, as detailed below, limiting the
ability to interpret the results in BSM scenarios. The measurement presented in this thesis
constitutes a direct top-quark decay width measurement.

Indirect measurements The top-quark decay width in the indirect measurements of DO
[222] and CMS [223] is extracted by combining two measurements: the ¢-channel single top
quark production cross-section [224, 225| and the measurement of the ratio R of the branching
fraction of t — Wb to the branching fraction of t — Wy, where ¢ denotes any down-type
quark (d,s,b): R = B(t — Wb)/B(t — Wyq) [223, 226]. The R ratio is determined by
measuring the observed b-jet multiplicities in t¢ events and comparing them to the expected
b-jet multiplicities for different R. For example, if fewer t — Wb decays than in the SM are
assumed, more events with smaller b-jet multiplicity are expected. The partial decay width
can be expressed in terms of the t-channel single top-quark production cross-section

SM
"t —wb
It — Wb) = Uflfefﬁéléiil%'

Ot—channel

(5.11)

The single top-quark ¢-channel production is chosen, because it is sensitive to the tWb
coupling and has a larger production cross-section compared to the s-channel single top-quark
production. Using the relation between the partial and the total top-quark decay width,
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Summary of top-quark decay width measurements (with m, =172.5 GeV assumption)

NNLO QCD + NLO EW SM prediction for m, = 172.5 GeV r,=1.322 GeV [PRL 110 042991 (2013)]
Indirect measurements r,ta'r‘"‘ (ci'a") [GeV] [cdt  Ref
DO, 1.96 TeV ————i 20075 54" [M]
CMS, 8 TeV He- 1.36"°1%0.02) 1971 [2]

-0

Direct measurements

CDF, I+jets, 1.96 TeV/ > < 1.10-4.05 (68% CL) 541 [3]
CMS, dilepton, 13 TeV/ > < 0.60-2.40 (95% CL)  12.9fb " [4]
ATLAS, I+jets, 8 TeV PR P N— 17670 20(0.33) 202" [5]
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Figure 5.4: Summary of recent top-quark decay width measurements using a m,, = 172.5 GeV
assumption.

I'(t - Wb) and T'y,
Dt — Whb)
Y7 B(t — Wb)’
and assuming that the top-quark decays exclusively into a W-boson and a down-type quark
(22, B(t = Wq) = 1), such that R = B(t — Wb), as well as that the g,y ,-coupling is the
same in single top-quark production and top-quark decay, the total decay width can be written
as

(5.12)

r_ O el Lo (= Wb)  of2iaied TV (¢ — W) (5.13)
t— d SM - SM ' '
Rmeasure Ot—channel B(t - Wb) Ot—channel

The assumption of a fixed top-quark mass is implicit in the calculation of I‘SM(t — Wb),
which is performed for m, = 172.5 GeV, as well as in the MC templates used for the R ratio
and single top-quark ¢-channel production cross-section measurement, in both the D0 and the
CMS measurements. While the indirect top-quark width measurements currently reach the
smallest uncertainties, the direct measurements presented in the following do not rely on the
restrictive assumption ) B(t — Wgq) = 1.2

® This assumption would, for example, be explicitly violated in case of a top-quark decay to a BSM charged
Higgs boson [227] or a flavour changing neutral current (FCNC) top-quark decay [41].
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5.2 Top-quark decay width measurements

Direct measurements using tt predictions The direct measurements performed by the CDF
[228], CMS [229], and ATLAS [230, 231] collaborations, as summarised in Figure 5.4, extract
the top-quark decay width through a maximum likelihood fit to either the reconstructed
top-quark mass (CDF) or a top-quark mass proxy my, (CMS and ATLAS). In the ATLAS
measurements, the lepton-b-jet pairing is performed either by selecting the £b-pair with the
smallest angular separation AR [231] or using the assignment from a kinematic fit {230]. In
contrast, the CMS measurement [229]| considers all possible ¢b-pairings per event,9 as this
approach was found to improve the sensitivity of the measurement. The dilepton ATLAS
measurement [231], which employs a profile likelihood fit, introduces the invariant mass
of the two b-jets my,, in a dedicated control region as additional distribution in the fit to
reduce the systematic uncertainties related to the b-jet reconstruction. Controlling jet-related
systematics — particularly, the JES uncertainty — through inclusion of dedicated JES-
sensitive distributions is a common strategy in single-lepton analyses, as previously discussed
for top-quark mass measurements and also applied in the top-quark decay width measurements
by CDF [228| and ATLAS [230] in the single-lepton channel. However, none of the so far
discussed tt dilepton analyses included such a control region. All of these top-quark decay
width measurements focus on the double-resonant WWbb production, i.e. the ¢t production
process. While CDF uses LO tt samples generated with PYTHIA and obtains templates for
different T', values by generating new LO ¢t PYTHIA samples with varied widths, the CMS
and ATLAS measurements use NLO ¢ POWHEG+PYTHIA 8 predictions, where variations
of the top-quark decay width are modelled via per-event reweighting using a Breit-Wigner
distribution. It was verified, that this reweighting procedure results in the same distribution
as newly generated NLO tt samples with varied input top-quark decay widths. The ATLAS
[230, 231] and CMS [229] measurements state several considerations regarding the range of
the my, distribution, which is used due to relying on MC predictions, which have NLO QCD
accuracy in the on-shell ¢¢ production (with subsequent smearing of the top-quark invariant
mass using a Breit-Wigner distribution) and LO QCD accuracy in top-quark decay description:
The ATLAS measurement in the dilepton channel [231] restricts the my, range to values
below 150 GeV, motivated by the expected increasing impact of missing top-quark off-shell
and NLO top-quark decay effects above this threshold [1]. The ATLAS measurement in the
single-lepton channel [230] instead uses an extended my, range up to 200 GeV, and tested
explicitly that limiting the range to 150 GeV results or that reweighting tt + tW parton level
kinematics to a fixed-order NLO QCD off-shell WWbb calculation, resulted in a change of the
measured top-quark decay width of less than 0.5 GeV. Thereby, the total uncertainty in the
top-quark decay width measurement is 1.76f8:§g GeV, thus emphasizing the benefit of using
MC predictions, which include off-shell effects for future measurements. In contrast, the CMS
measurement [229] uses a broader my, range in the statistical fit of up to my, = 300 GeV.
However, [229] states that in this regime the measurement probes both, missing higher order
effects in the SM QCD calculation, as well as potential BSM contributions. Further, all the
top-quark decay width measurements [228-231] are performed under the assumption of a
fixed top-quark mass of m, = 172.5GeV. In the ATLAS measurement [231], the best-fit I,

? Thereby, all my,-combinations obtained with the two leading leptons and the leading or the two leading
b-jets are considered — depending on the whether the observable is constructed in the analysis region
requiring exactly one or more than two b-jets— without weighting the m,, combinations by any probability
measure how likely a ¢b-combination is expected to originate from the same top-quark decay.
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values are presented also for MC samples generated with alternative input top-quark masses
around 0.5 GeV of the nominal top-quark mass, leading to alternative f‘t values, which
are well within the uncertainty in the nominal top-quark decay width measurement. The
CMS measurement [229] shows the variation of the width-sensitive observable my, under
both the top-quark decay width and top-quark mass variations. It is thereby stated in [229]
that top-quark mass variations primarily affect the end-point region around my, = 150 GeV,
whereas the top-quark decay width variations predominantly influence the low mg,-region.

Direct measurements using W Wbb predictions The conclusions regarding the top-quark
decay width sensitive phase space regions of the my, distribution change significantly when
using MC predictions for the full WWbb production process. These predictions, generated
with the bb4¢ generator [1, 2] (see Section 2.5), include t¢/tW interference, top-quark off-shell
effects and NLO corrections in the top-quark decay. This was demonstrated in the top-quark
decay width measurement presented in [232], which compared bb4/¢ predictions with varied
input top-quark decay widths to an unfolded m%mimax distribution'® from ATLAS [78], where
the full WWbb final-state — i.e. in the case of [78], the t¢ + tW process — was unfolded.
The ATLAS unfolding measurement used WWbb events in the dilepton decay channel and
introduced a dedicated control region requiring at least three b-tagged jets. This control
region was added to correct the MC prediction of ¢ events with additional heavy-flavour
jets (tt +HF) to data. This background was found to dominate the high-mg " tail. The
fitted normalisation factor for the MC ¢t +HF contribution was thereby determined to be
1.49 & 0.05(stat.) 4= 0.20(syst.). The highest sensitivity to the top-quark decay width was
observed in the tail of the my,  distribution, where the contribution from off-shell events
and tWb-like events is enhanced. While the off-shell event fraction scales linearly with the
top-quark decay width [233], the variation of the top-quark decay width influences the relative
fraction of ¢t and tWb-like events and thus leads to shape variations of the distribution, when
using off-shell WWbb MC predictions [232, 234]. Using this analysis strategy, the most precise
direct top-quark decay width measurement to date was achieved, with an uncertainty of
300 MeV. This constitutes a significant improvement compared to the previously most precise
direct top-quark decay width measurement of 1.90i8;§§ GeV [231]. This result emphasizes
the importance of using NLO QCD WWbb MC predictions for future top-quark decay width
measurements.

9 The m?@immax distribution is discussed in detail in Section 7.2.
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5.3 Lessons learned from previous measurements

Several important aspects of the analysis strategy presented in this thesis are derived from
the experience of previous top-quark mass and decay width measurements. These are briefly
summarised below:

e Increased sensitivity from using WW bb MC predictions In particular, the sensitivity
to top-quark decay width variations is significantly enhanced in the high-mp ™"
tail, when modelling top-quark off-shell effects and ¢t/tW interference at NLO QCD
accuracy, as implemented in the bb4¢ MC generator. This MC generator was used in the
currently most precise direct top-quark decay width measurement [232]. Furthermore,
the uncertainty in the top-quark mass measurement is expected to be reduced when
using bb4¢ predictions, as the recently introduced top-quark lineshape uncertainty in
ATLAS [90] — which accounts for uncertainties arising from the implementation of
the Breit-Wigner smearing of the top-quark invariant mass in on-shell ¢ production
simulations — can be avoided due to the inclusion of full NLO QCD top-quark off-shell
effects in the bb4¢ simulation.

e Sensitive distribution in WWbb dilepton decay channel In previous top-quark mass
and decay width measurements in the dilepton channel, the use of an my,-distribution —
rather than attempting an explicit reconstruction of the top-quark invariant mass with
the complication of two neutrinos in the final state — is a common practice. The top-
quark decay width measurement in [232] demonstrated the gain in sensitivity achieved
by including the off-shell region of the my, ™™ distribution. The CMS top-quark mass
measurement |[220] showed that the kinematic end-point of such a mini-max observable
also provides strong sensitivity to variations of the top-quark mass.

e Top-quark decay width measurement depends on the assumed top-quark mass Previous
top-quark decay width measurements assume a fixed top-quark mass of m, = 172.5 GeV.
Repeating these measurements with varied top-quark input masses can lead to shifts
in the fitted top-quark decay width parameter. In all cases, the observed variations
remain within the quoted total uncertainty in the decay width parameter. However,
with increasing precision on the top-quark decay width measurement, this dependence
might become more relevant. In the analysis presented in this thesis, the use of the
bb4¢ MC prediction is expected to reduce this dependence, as the sensitivity to the
top-quark decay width arises primarily from the off-shell tail of the mp™"™** distribution
rather than from the shape of the reconstructed top-quark invariant mass peak.11 More
importantly, this issue does not arise in the measurement in this thesis, as both the
top-quark mass and decay width are extracted simultaneously.

"' See the estimation of the correlations between the top-quark mass and decay width in the simultaneous fit
in Section 10.1, as well as the dependence of the sensitive distribution on variations in both parameters in
Section 7.2.
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e Controlling the W W bb + additional heavy-flavour contribution In the ATLAS unfolding

measurement |78] of the m%inimax distribution of the WWbb production process, the
dominant background in the high mp  tail was found to be the contribution of
tt events with additional b-jets. This background was underestimated in the MC
predictions and its normalisation was fitted to data in a dedicated control region,
resulting in a substantial correction factor of 1.49 #+ 0.05(stat.) 4= 0.20(syst.). Since the
high my, " region is particularly sensitive to variations of top-quark decay width [232],
controlling the WWbb +additional heavy-flavour jet contribution will be important in

the measurement presented in this thesis.

Constraining JES and bJES Systematic uncertainties related to the JES and the bJES
are often among the dominant sources of uncertainty in ¢f measurements across all decay
channels. While both the top-quark mass and top-quark decay width measurements
in the lepton+jets channel often include dedicated control regions to constrain these
uncertainties, such an approach has only been implemented in the dilepton channel in
[231], where the invariant mass of the two b-jets, my;, was used for this purpose.

Using a profile likelihood fit The use of a profile-likelihood fit is expected to improve
the precision on the measured top-quark mass and decay width parameters due to the
inclusion of correlations between nuisance parameters, the adjustment of these to their
best-fit values, as well as reducing systematic uncertainties if they can be constrained in
the analysis phase space by the data. This approach was also followed in the currently
most precise top-quark mass measurement by CMS [198]. But, the final fit result needs
to be carefully scrutinised, especially regarding the treatment of modelling systematic
uncertainties. Also, the recent direct ATLAS top-quark decay width measurement [231]
was performed using a binned profile likelihood fit.

Therefore, in this thesis the top-quark mass and decay width parameters are measured
simultaneously using a profile likelihood fit, bb4¢ MC predictions, the top-quark mass and
decay width sensitive my,  distribution and a dedicated treatment of the normalisation
of WWbb events with additional heavy-flavour jets, thereby controlling jet related systematic
uncertainties by including an my, distribution in a control region.
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Data and Monte-Carlo simulation

The measurement presented in this thesis is performed with the data set of 140 b=t of pp—
collision data collected by the ATLAS detector in the full LHC Run 2 period (2015-2018) at a
centre-of-mass energy of /s = 13 TeV. Observables build from these data events are compared
to the corresponding observables obtained with simulated MC events, which describe the
expected data for different theory models. In the case of this analysis, this corresponds to the
WWbb production process1 for different top-quark mass and top-quark decay width values, as
well as background processes, which are simulated as predicted by the SM. The first step in the
event generation is the modelling of the hard process, the parton shower and hadronisation,
which were discussed in detail in Section 2. In the next step, the interaction of the final-state
particles, generated by the MC simulation, with the detector material is modelled with
GEANT4 [235] for the nominal signal and background MC samples in this analysis. Especially,
the simulation of particle showers in the calorimeter is a computational expensive task. For
this reason, MC samples which are used to evaluate a systematic uncertainty are commonly
simulated using ATLFAST 3 [236], in which the GEANT4 calorimeter shower simulation is
replaced with parameterised shower shapes and generative machine learning algorithms. The
detector simulation outputs are hits in the ID and in the muon spectrometer and energy
deposits in the calorimeter subsystems, which are digitised into voltage and current signals,
emulating the detector readout. After this step, both MC and real data events are processed
with the same reconstruction chain, as well as with the same analysis-specific algorithms. In
this analysis, reprocessed Run 2 data, as well as reprocessed MC samples are studied, using
reconstruction algorithms which are also applied in Run 3 event reconstruction.

! More concretely, the NLO QCD prediction for the full bl;£+£,71/gl7él final state is considered through the
bb4¢ MC simulation, but for brevity this will be referred to as WWbb production in the following.
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6.1 Data events

The recorded data events considered in this analysis need to satisfy quality criteria [237]
concerning the condition of the detector during data taking, as e.g. the detector subsystems
need to be fully operational, and characteristics of the reconstructed event®. The integrated
luminosity of data events per year in the Run 2 data taking period, which satisfy these quality
criteria, and are therefore suitable for physics analyses, is listed in Table 6.1. As mentioned in
Section 4.2, the mean number of pp interactions per bunch crossing (u) varies during the Run
2 data taking period, as listed in Table 6.1 and shown graphically in Figure 4.3. Additional
pp interactions, i.e. not the hard scattering interaction of interest, are referred to as pile-up.

Year ‘ Luminosity ‘ ()
2015 3.24fb 1 13.4
2016 33.40fb~ 1 | 25.1
2017 44.63tb~ 1 | 37.8
2018 58.79fb 1 | 36.1
Total Run 2 | 140.07fb~ " | 33.7

Table 6.1: Integrated luminosity per year and for the total Run 2 data taking period [238], as well as
the mean number of interactions per bunch crossing (u). The () values are given for the full data set
recorded by ATLAS in Run-2 [149].

6.2 Monte-Carlo events

To match the pile-up profile in the different data-taking years of Run 2, simulated inelastic
interactions are overlaid on the hard-scatter MC events before the reconstruction step [239].
Thereby, the detector simulation and digitisation is run separately for the hard-scatter and
the minimum-bias interactions, which are predominantly soft QCD processes that dominate
the total pile-up, and the resulting simulated detector read-outs overlaid. These inelastic
interactions are modelled with either EP0s2.0.1.4 [240] or PyTHIA 8.308 [44], using the
Epos LHC tune [241] and the PYTHIA A3 tune [242] and the NNPDF2.3L0 [243] PDF set,
respectively. Thereby, the PYTHIA generated events are required to include either a high
transverse momentum jet, a prompt photon, or a lepton originating from a B-hadron decay,
while the EPOS generator was used to model the remaining pile-up events.

When the hard-scatter process of the MC samples described in the following is simulated
with either the POWHEG method [46, 47] or with MADGRAPH5 AMC@NLO [60], the
nominal sample prediction is obtained by interfacing the produced hard-scatter events with
the PYTHIA 8 for parton showering and hadronisation. For these samples, the PYTHIA 8 A14
tune [95] is always used, derived with the NNPDF2.3L0 PDF set [243]. For MC samples

% Data events satisfying these criteria are listed in the so-called good run list.
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generated with SHERPA, the hadronisation and parton showering of the hard scatter events are
performed in SHERPA itself, using the default parton shower tune for the showering provided
by the SHERPA authors. Further, the decay of bottom and charm hadrons is simulated with
EVTGEN [96], except for processes which were generated with SHERPA for which the heavy
hadron decay is simulated within SHERPA. For the hard-process generation of MC events
obtained with POWHEG or MADGRAPH5 AMC@NLO, the NNPDF3.0NLO PDF set [93] is
used, while for events simulated with SHERPA instead the NNPDF3.0NNLO PDF set [93] is
utilised.

6.2.1 Signal process

The development of the nominal ATLAS bb4¢ MC sample, as well as the modelling uncertainty
prescription, which should be applied in analyses using this sample to build their nominal
prediction, were vital steps towards the measurement presented in this thesis. These studies
are presented in detail in Section 3, while in this section only a brief overview of these MC
samples is given.

The WWbb production process in dileptonic decay is generated using the bb4¢ process |1, 2]
of the POWHEG BOX RES generator [89].3 The top-quark mass is set to my., = 172.5 GeV,
with a corresponding decay width of I'y,, = 1.32GeV. The POWHEG hg,yp parameter is
chosen as 1.5m,,. The renormalisation (xp) and factorisation (i) scales used in the matrix
element calculation depend on the projected resonance history. For events projected onto a tt
resonance history, the scales are defined as

2 2 2 2 \11/4
[(mf + ph) (mf + 91 0)] (6.1)
while for events projected onto a tWb resonance history, they are set to
2 2 2 2 \11/4
[(mf + ph) (miy + p)] . (6.2)

Here, m and pr denote the invariant mass and the transverse momentum of the top and bottom
quarks at the underlying Born level. Parton showering and hadronisation are performed using
PyTHIA 8.312, with a dedicated parton shower interface for bb4¢ events. The PYTHIA 8 recoil
scheme is set to recoil-to-top, as described in Section 3.4.

The bb4¢ MC sample used as prediction for the signal process is generated using the full
GEANT4 detector simulation. Since alternative bb4¢ MC samples described below are produced
using the ATLFAST 3 detector simulation instead, also an additional nominal b64¢ MC sample is
available produced with the ATLFAST 3 simulation. When evaluating systematic uncertainties
with dedicated bb4¢ samples or when parameterising the variation due to different top-quark
masses and decay widths, this is performed by using the ATLFAST 3 version of the nominal
bb4¢ MC sample in order to stay consistent with the used ATLAS simulation software in
this comparison. In the following, the list of alternative bb4¢ MC samples is presented. The
change of specific parameter settings to evaluate a systematic uncertainty or to allow for a

3 The bb4l process version used in this thesis is currently only available in [92].
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parameterisation of the top-quark mass dependence are described, all other MC generation
parameters are thereby left unchanged with respect to the nominal sample.

e Alternative top-quark mass Four bb4¢ MC samples with a varied top-quark mass input
parameter 1, are generated, which span the range my,, = (171,172,173,174) GeV.
The top-quark decay width at NLO QCD has been correspondingly adapted in the MC
generation to I'y,, = (1.28,1.306, 1.333,1.36) GeV, respectively.

o Alternative hyymp The POWHEG hg,p,, parameter is set to hgam, = 3 My, instead of
the value of hgapmp = 1.5 My, used in the nominal MC sample generation.

e Alternative pi™d The PyTHIA 8 matching parameter is set to ph™@ = 1 instead of the

nominal pi™ = 0 setting [90].

e Scale-resonance-veto Instead of using the default dedicated bb4/¢ parton-shower interface
for the matching of the parton shower in the top-quark decay subprocess, an alternative
matching procedure is applied, using the scale-resonance-veto setting implemented in
the same interface.

e Underlying event variation Parton shower parameters influencing the underlying event
modelling are varied according to the A14Varl uncertainty prescription [95].

e Alternative colour reconnection model The bb4¢ MC sample obtained with the col-
our reconnection model CRO is compared to the samples generated with the colour
reconnection models CR1 and CR2, thereby using the appropriate ATLAS tunes [142].

e Alternative parton shower Herwig 7 Instead of using the PYTHIA 8 parton shower, the
bb4/l events from the hard process generation are interfaced with the HERWIG 7.3 parton
shower [244], using thereby the default tune.

e Alternative Pythia 8 recoil scheme The PYTHIA 8 recoil scheme is changed from recoil-
to-top, which is used in the nominal bb4¢ MC sample production, to the recoil-to-colour
setting.

bb4r signal categories The MC events generated with the bb4¢ process are divided into
two categories in this measurement: events with (bb4¢ + HF) and without (bb4¢) additional
particle-level heavy-flavour jets. This categorisation is performed by inspecting the number of
particle-level jets, which are matched to a B-hadron with pt > 5 GeV through an angular
distance matching requiring AR < 0.3.* These particle-level jets are thereby constructed by
clustering all stable particles from simulation — having a mean lifetime of 7 > 3 - 107
— using the anti-k; algorithm with a radius parameter R = 0.4. At the analysis level, no
kinematic selection was placed on these particle-level objects, but it was verified that the
minimum transverse momentum is pp > 5 GeV. The number of particle-level b-jets originating
from the hard process, which are not selected by these inclusive selection criteria is expected

4 Technically, this is performed by wusing the centrally available classification variable
HadronConeExclTruthLabelID used in ATLAS flavour tagging.
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to be negligible. All MC events with more than two particle-level b-jets are classified as
bb4l + HF events.

6.2.2 Background process

Due to the specific final state composition of WWbb production in the dileptonic decay channel
and the stringent object selection criteria, the background contribution in this analysis is very
small, amounting to less than 1% of the total event yield in the signal region. While the
object and event selection used to isolate the WWbb events with a dileptonic e final state
is described in detail in Section 7.1, the relative contributions of the individual background
processes in the SR are already presented in the following. Specifically, the fractions of the
total background yield arising from the different background processes are quoted to illustrate
which sources dominate the residual background, despite their overall small contribution.

For the measurement, the considered background processes are grouped into the following
categories: tt+bosons, LeptonFakes and Others. These categories and the corresponding
background MC samples are briefly described.

tt +boson The contribution of all events in the signal region of this analysis, which are
grouped into the tf +boson category, namely the ttH, ttZ and the ttW production pro-
cess, amounts to roughly 70 % of the total background contribution. The ttH and ttZ
production processes are modelled at NLO QCD with POWHEG Boxv2 [245, 246] and
MADGRAPHS5 AMC@NLO 3.5.1 [60], respectively. The ttWW events are generated with
SHERPA 2.2.14 [247], which provides NLO QCD accurate predictions for events with up to
one jet and LO QCD accurate results for events with two jets. The total cross-sections of
the tt+boson production processes were corrected to the predicted cross-section values at
NLO QCD and NLO EW accuracy [248] using MADGRAPH5 AMCQ@NLO of 0.88709) pb,
0.607002 pb and 507135 fb for t1Z, titW and t{H, respectively. All three tf+boson produc-
tion processes contribute significantly to the total tf+boson background categories, with
approximate fractions of 40 % from ttW, 35% from ttZ, and 25 % from ttH.

LeptonFake Several background production processes are considered, which do not include
two charged leptons in their final state and can only enter the event selection applied in the
measurement, if another physics object is misidentified as a charged lepton. These processes
are grouped in the so-called LeptonFake category,5 which constitute around 20 % of the total

® In the composition of this background category, it is explicitly checked with a centrally available tool in
the ATLAS Collaboration, the Isolation and Fake Forum TruthClassification Tool, if at least one muon or
one electron, is not classified as a prompt muon or electron, but originates instead from photon conversion,
hadron decay, was reconstructed with an inverted electric charge compared to the truth particle or cannot
be classified. Electron and muons from a leptonic tau-decay are classified as prompt. The classification
from muons from tau-decay with the current version of this tool is under investigation in the ATLAS
Collaboration. For this reason, the TruthClassification Tool is not used to define the other background
categories, i.e. no requirement of having only prompt muons is used in the other categories. Instead, it is
applied for the defining the LeptonFake category, as the used MC samples for the ¢ and tW production
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background contribution in the signal region of the analysis and is strongly dominated by the
tt + tW processes in single-lepton decay.

e it and tW production in the single-lepton decay channel Since a bb4¢ MC sample

including also the single-lepton decay channel of the WV bb final-state [2]| is not yet
available within the ATLAS Collaboration, this contribution is instead estimated using
simulated samples of top-quark pair production (¢f) and associated production of
top-quarks with W bosons (tWW). These MC events are generated using POWHEG
and PYTHIA 8, with parameter settings consistent with those discussed in Section 3,
which are briefly summarised here. The t¢ and tW MC events are generated with
the POWHEG generator [59, 75] in the five-flavour number scheme. As for the bb4¢
MC sample, the top-quark mass and decay width are set to my,, = 172.5GeV and
[yop = 1.32GeV, and the hg,y,, parameter is chosen as 1.5my,,. The tW sample is
produced using the diagram removal scheme [76]. The hard-scatter events are interfaced
with PyYTHIA 8.230 for the tt sample and PYTHIA 8.309 for the tWW sample. For both
samples, the PYTHIA 8 recoil-to-colour scheme is applied. The total ¢t cross-section is
normalised to the NNLO prediction in QCD, including the resummation of next-to-
next-to-leading logarithmic (NNLL) soft-gluon terms, calculated using Top-++ 2.0 [48,
249-254], yielding o (tt)yNLo+NNLL = 832 & 51 pb. The inclusive tW cross-section is
corrected to the theoretical prediction calculated at NLO in QCD with NNLL soft-gluon
corrections 255, 256|, o (tW)NLo nNLL = 71.7 £ 3.8 pb.

Single top-quark production Single top-quark production in the ¢-channel and s-channel is
modelled using the POWHEG BOX v2 implementations of these processes [257, 258]. The
t-channel process is generated in the four-flavour number scheme, while the s-channel pro-
cess is generated in the five-flavour number scheme, both using the NNPDF3.0NLO [93]
parton distribution function set. In both cases, the generated events are interfaced
with PyTHIA 8.230. The inclusive cross-sections are scaled to the theoretical predic-
tion calculated at NLO in QCD using HATHOR 2.1 [259, 260|. This results in cross-
sections of o(t,t-chan)xro = 136.0275 39 pb (o(Z, t-chan)yro = 80.957505 pb), and
o(t, s-chan)yr,o = 6.35 035 pb (o(t, s-chan)nr,o = 3.9770 10 pb) for single-top (single-
anti-top) production.

W +jets The W+ jets production events are simulated with SHERPA v2.2.11 [247|, with
a matrix element calculation, which is NLO QCD accurate for up to two additional jets,
and LO QCD accurate for up to five additional jets.

Diboson in single-lepton decay The diboson production process in single-lepton decay is
predicted with SHERPA v2.2.14. The matrix element calculation is performed at NLO
QCD accuracy for up to one additional jet and at LO QCD accuracy for up to three
additional jets.

process also contain events in the dileptonic decay channel. Since this contribution is already described by
the bb4¢ sample, it must be removed from the tt and tW MC sample. This is achieved by requiring at least
one non-prompt electron or muon with the TruthClassification Tool. Addtionally, for the tf component it is
required that not both top-quarks decay into leptons also at the level of the event record. It was checked,
that for the other MC samples, applying this tool does not lead to a reduction of MC events passing the
selection in the LeptonFake category.
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Others Diboson production in multileptonic decay and Z+jets production are grouped
into the Others background category, which accounts for approximately 10 % of the total
background contribution in the signal region. Within this category, the background is
dominated by Z-jets events, which constitute about 70 % of the Others contribution.

e Z+jets The Z-+jet events are simulated with SHERPA v2.2.11 [247] for the Z — ee and
Z — pp decay channels, and with SHERPA v2.2.14 for the Z — 77 channel. The matrix
element calculation is performed at NLO QCD accuracy for up to two additional jets,
and at LO QCD accuracy for up to five additional jets. Off-shell photon contributions
are included in the matrix-element calculation, and separate MC samples are produced
for dilepton invariant masses of my, > 40GeV and 10GeV < my, < 40GeV. All
corresponding Z-+jets MC samples are used in this analysis, but the total predicted
event yield is dominated by the Z — 77 samples with my, > 40 GeV, which contribute
about 92 % of the full Z+jets background. This is plausible, as the Z — (1 — e)(7 — u)
decays naturally produce the ey final state targeted by the event selection.

e Diboson in multileptonic decay The diboson production process in multileptonic decay is
predicted with SHERPA v2.2.12 or SHERPA v2.2.14, depending on the production process.
The matrix element calculation is performed at NLO QCD accuracy for up to one
additional jet and at LO QCD accuracy for up to three additional jets. The dominant
contribution from this set of diboson MC samples in the signal region of the analysis
stems from the pp — ¢lvv production process.

125






CHAPTER [

Analysis strategy

In this analysis, the top-quark mass and decay width are measured using a profile-likelihood
fit to the my, " distribution in the dilepton (eu) decay channel of the WWbb final state.
After describing the object and event selection applied in the definition of the analysis signal
and control regions in Section 7.1, these regions are described in more detail in Section 7.2—
Section 7.4.

7.1 Object definition and event selection

In this measurement, three analysis regions are studied, which provide sensitivity to the
top-quark mass and width variations, to the modelling of the bb4¢ + HF contribution and
to the nuisance parameters parameterising jet energy scale uncertainties. These regions are
defined with the following physics objects:

e Electrons Reconstructed electron objects are required to have pp > 28 GeV and |n| < 2.47.
Additionally, electrons in the pseudorapidity region of 1.37 < |n| < 1.52 are excluded
since this corresponds to the transition region between the barrel and the end-cap ECAL
(refer to Section 4.3.4). The Tight identification and the TightVarRad isolation criteria
need to be fulfilled (refer to Section 4.4.3).

e Muons The same transverse momentum selection of pp > 28 GeV as for electron objects
are applied for muons, while requiring the pseudorapidity to be |n| < 2.5. The Medium
identification working point and the PflowTightVarRad isolation working point are
applied (refer to Section 4.4.4).

e Jets The jets are reconstructed with the anti-k; jet-clustering algorithm, with R = 0.4, us-
ing PFlow objects as the jet constituents (Section 4.4.1). Jets need to satisfy pp > 25 GeV
and |n| < 2.5.
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Chapter 7 Analysis strategy

e b-tagged jets A jet is classified as a b-jet in this analysis, if the tightest b-tagging
working point of the GN2v01 flavour tagging algorithm, with 65 % efficiency, is satisfied
(Section 4.4.2).

In order to reduce the amount of pile-up jets entering the analysis regions, the selected jets
need to pass the Tight working-point of a neural-network-based Jet Vertex Tagger (NNJVT).
This requirement is only applied for jets with pp < 60 GeV, as the pile-up contribution is only
expected to be considerable for low-pr jets. This pile-up jet tagging algorithm is an updated
version of the JVT algorithm [261].

As the reconstruction of physics objects, e.g. muons, electrons and jets, is independent of
each other, an overlap removal procedure is performed in order to avoid double-counting of
final-state particles as multiple (different) reconstructed physics objects. The procedure from
[262] is followed. For example, only one lepton object is retained if an electron and muon
object share an ID track to avoid lepton duplicates. Which lepton object is retained depends
on the specific characteristics of the reconstructed objects. If leptons and jets are within a AR
cone of 0.2, the jet is removed to avoid including the lepton energy in the jet reconstruction.
If the remaining jets and leptons are within a AR cone of 0.4, the lepton is removed since it
is likely to originate from a hadron decay in the jet.

For each event, at least one of the standard ATLAS electron or muon triggers [263, 264| needs
to be trigged and one of the reconstructed electron or muon objects must be matched to
the lepton triggering these single lepton 1:1riggers.1 The additional event selection criteria in
the different regions are summarised in Figure 7.1 and are explained in more detail in the
following.

Event selection in the signal region In the signal region of this analysis, events with a
WWbb final-state in dileptonic eu-decay are targeted by requiring exactly one electron and
exactly one muon of opposite electric charges. Additionally, exactly two b-tagged jets (at the
65 % GN2v01 b-tagging efficiency working point) need to be present in the event. Further,
a veto against a third b-tagged jet is applied at a looser working point with 85 % efficiency
in order to reduce the contribution of bb4¢ + HF events in the signal region. The myg,
observable (see Section 7.2) is studied in the signal region, and all events passing the selection
criteria of the signal region are considered, by including them in the over- and underflow bins

minimax

of the my, distribution.

! Concretely, the 2015 single electron triggers HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium,
HLT_e120_lhloose and the muon triggers HLT_mu20_iloose_L1MU15, HLT mu40 are used, as
well as the 2016-2018 electron triggers HLT_e26_lhtight_nodO_ivarloose, HLT_e60_lhmedium_nod0,
HLT_e140_lhloose_nod0O and muon triggers HLT_mu26_ivarmedium and HLT_mu50.
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7.1 Object definition and event selection

Event selection in the bb4¢ + HF control region To probe a potential mismodelling of
the bb4¢ + HF contribution in the MC prediction, the total number of events in a dedicated
control region enriched in bb4¢ + HF MC events is utilised. While with respect to the signal
region selection, the b-jet requirement is modified to select events with at least three b-jets
(at the GN2v01 65 % b-tagging working point), all other signal region selection criteria are
applied also to the bb4¢ + HF control region.

Event selection in the control region to constrain jet uncertainties To constrain jet energy
scale uncertainties in the measurement, the invariant mass of two b-jets, my;, in an additional
control region is used. This region uses the same b-jet requirements as the signal region,
but different lepton-selection criteria. The same-lepton-flavour dilepton decay channels (ee
and pp) are targeted by requiring exactly two electrons or exactly two muons with opposite
electrical charge. To suppress events with leptons originating from hadron or Z-boson decays,
the dilepton invariant mass is required to satisfy my, > 15 GeV and my, ¢ [80,100]GeV. To
isolate the WWbb production process, in which neutrinos from the W-boson decays lead to
missing transverse momentum in the event, an additional requirement of Ep "> > 60 GeV is
imposed (compare to Section 4.4.5).2 Finally, only events with an invariant mass of the b-jet
pair in the range my, € [60,300] GeV are considered, as motivated in Section 7.4.

Overview of event selection
Leptons (e and p): pr > 28 GeV, |n| < 2.47 (e) or |n| < 2.5 (u)

[ Signal Region [Control Region (HF)] [Control Region (JES)]

N.=1,N,=1,08 ] [Ne:2orNM:2*,OS]

[ N% >3 ] [ ND5% =2, NB5% =2 ]

[ Observable ]

[ migynimax ] [total number of events] [ M ]

* Additional selection criteria in same lepton-flavour region:
mee > 15GeV, myp ¢ [80,100] GeV, EXsS > 60 GeV

Figure 7.1: Sketch of the signal and control region definitions used in this measurement.

> The E¥*-selection requirement is added only in the same-lepton-flavour control region to especially
reduce the Z+jets background contribution, which is found to be small in the signal region due to the
different-lepton-flavour (eu) selection criterion.
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After applying these object- and event-selection criteria, the total number of MC events
per category and the number of Run 2 data events in the three measurement regions are
determined and shown in Table 7.1. All three analysis regions are strongly dominated by
the bb4¢ and bb4l + HF contributions, while the background contributions are significantly
smaller or negligible. The bb4¢ contribution dominates both the signal region and the control
region targeting the reduction of JES uncertainties. In contrast, the bb4¢ + HF contribution is
the dominant process in the control region designed to constrain the modelling of additional
heavy-flavour jet production, as expected. A contribution of bb4¢ events is also observed in
this control region. These events include either a c-jet or a light jet that is misidentified as a
b-jet.

SR (%) JES CR (%) HF CR (%)
bb4s 165000 £ 15000 | 95.4 | 62600 £ 6300 | 94.9 | 149 £ 62 7.5
bb4l + HF 7100 £ 2300 4.1 2810 4+ 980 4.3 | 1720 +£420 | 86.5
tt+boson 560 + 16 0.32 2724+9 0.41 116 £5 5.8
LeptonFakes 150 £ 130 0.08 41 + 37 0.06 | 3.3x3.1 | 0.17
Others 73 £ 37 0.04 250 + 130 0.37 | 1.04 +0.58 | 0.05
Total 172900 £ 15100 | 100 | 66000 4+ 6500 | 100 | 1990 + 430 | 100
Data 169 844 64 246 3107
MC / Data 1.02 +0.09 1.03 £ 0.10 0.64 £0.14

Table 7.1: MC and data event yields in the signal region (SR), JES control region (JES CR) and
bb4¢ + HF control region (HF CR) defined in Figure 7.1. The MC event categories are introduced in
Section 6.2. The quoted uncertainties in the number of events include all systematic uncertainties
described in Section 8.

The implementation of the event selection, the application of correction factors and systematic
uncertainties on the physics objects, and the creation of the final distributions used in
the statistical fit was performed with the Athena [265], TOPCPTOOLKIT [266] and the
FASTFRAMES [267] software packages.

7.2 Event reconstruction in the signal region

The top-quark mass and decay width sensitive observable used in the signal region of this
measurement is the my, " distribution [78|. It is defined as

o = min{max(myg,p, ,Mg,p, ), max(mg,p, , My, ) }- (7.1)
In the signal-region event selection, exactly two leptons (one electron and one muon) and two
b-jets are required. Therefore, any ordering of the leptons and b-jets in Equation 7.1 leads
to the same mp, """ value. In the practical implementation, b; and ¢; are defined as the
leading pp b-jet and lepton, while by and ¢y correspond to the remaining b-jet and lepton.
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7.2 Event reconstruction in the signal region

It was shown in [232], that the off-shell region and the interference region between ¢t and tW
production in the myy % distribution are particularly sensitive to the top-quark decay width.
Using the my, " observable, this region can be isolated in a way that is exact at LO. This
can be understood by first considering the on-shell LO decay of one top quark ¢t — Wb — fvb.
At LO it can be shown that m?b < mf — m%;v, where m; and my;, denote the on-shell invariant
masses of the top quark and the W boson. For the dileptonic decay of a top-antitop quark
pair, and assuming that the decay products could be assigned unambiguously, the following

upper bound would apply:

m? - m12/V = m?lr;da (72)

max(my,p, , Megp;) <

where ¢,b, and £;b; denote the decay products from the top and anti-top quark, respectively.
Experimentally, however, the correct assignment of the £b pairs originating from the same
top-quark decay cannot be determined unambiguously. The construction of the my ™™
observables avoids the need for this assignment, while still leading to the same upper bound
of my,. For illustration, it is assumed that all selected b-jets and leptons in the event are
decay products of a top-quark pair and that, in the notation from Equation 7.1, the decay
products of the top quark are ¢; and b; and of the anti-top quark ¢, and by. The first term

max (1, My,p,) corresponds to the correct pairing and therefore has an upper bound of

d . . . ..
mg at LO. In contrast, the maximum invariant mass of the wrong pairing, max(mg,p, My, b, )

is not constrained by the preservation of invariants related to the decaying top-quark resonance
and can therefore exceed this bound. But, since my, - is defined as the minimum of these
two quantities, max(my,p, , My, ) and max(my,y, , My, ), it follows that for an on-shell LO ¢t

decay

miy " <y fmi —miy = m & 150 GeV. (7.3)

The phase-space region above this kinematic end-point, of approximately 150 GeV, is particu-
larly sensitive to the top-quark decay width I';. In this phase-space region, the contribution
from off-shell top quarks becomes significant and the fraction of non-double-resonant processes,
such as tWb, increases. Since one of the £b combinations in these processes does not originate
from a decaying top-quark resonance, the kinematic bound discussed above does not apply.
The ratio between the t{-dominated phase-space region and the region enhanced in tt/tW
interference contributions is linearly sensitive to the top-quark decay width and independent
of the coupling strength of the ¢ — Wb vertex, g;,;3, as shown for example in [234]. This
sensitivity arises from the different scaling of the double-resonant and the ¢t/tW interference
terms with T';. In the bb4l MC generation, resonance-history projectors assign either a ¢t
or a tWb resonance history to each generated event. In phase-space regions where tt/tW
interference effects are enhanced, the fraction of events assigned to a tWb resonance history is
expected to increase. Figure 7.2 illustrates how the fractions of bb4¢ MC events assigned to
tt and tWb resonance histories depend on the assumed value of the top-quark decay width.
This dependence is particularly pronounced above the end-point around 150 GeV. In addition,
the increasing contribution of the tWb component with increasing my, " can be observed.
These features translate directly into a decay-width sensitivity of the high-my ™" tail, which
is shown for bb4¢ MC events in the signal region in Figure 7.3(a). Thereby, the total event
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Chapter 7 Analysis strategy

yields of the bb4¢ predictions with alternative top-quark decay widths are normalised to the
nominal bb4¢ event yield in the signal region. Since the end-point m%‘d is directly related
to the top-quark mass parameter m;, the region close to this boundary exhibits enhanced
sensitivity to m,. In addition, sensitivity to m, is also observed in the threshold region and
in the bulk of the m?émlmax distribution, as illustrated in Figure 7.3(b). Thus, overall, the
regions of the my, " distribution sensitive to variations of the top-quark decay width and
mass are largely separated.

(7] I B B e -
S . [ Vs=13TeV, 1401’ i
10° - —

o - —bb4l E
- —— bb4l (tt component) 3

10* N — bb4l (tWb component) |

103 E_ 1 =
100 =

5 1E - | | | e
S @ 0.8F----bbAIT=08GeV |  rrreifeecceaenceaaecaacceaeo 5
o2 82: — bb4II'=1.32 GeV T
S g 0.oF - DBAUTEIB GV | oo Seeeeenoeend
1= 4= 'OE i) =
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mIr;;inimax [GeV]

Figure 7.2: Number of bb4¢ MC events in the fully inclusive bb4¢ prediction (including both the bb4¢
and bb4l + HF contributions) that are projected onto a ¢t or a tWb resonance history. The fractions
are shown in the lower ratio panel as a function of the mpjp ™™ distribution in the signal region, and
their variation with different assumptions for the top-quark decay width is illustrated. The kinematic

end-point of the mjp™ ™ distribution for a ¢f LO decay is given by \/mi — miy.

As the bbd¢ MC sample is divided into two categories in this measurement (bb4¢ and bb4¢+HF),
the bb4¢ + HF MC prediction for different top-quark mass and decay widths is also studied.
As shown in Figure 7.4, the sensitivity is reduced in this bb4¢ + HF compared to the bb4/
contribution, but it remains non-negligible for variations of the top-quark mass and is
therefore parametrised in the analysis.3 In the definition of the bb4¢ + HF contribution, the
number of truth-particle jets passing loose kinematic cuts is considered. Consequently, these
additional heavy-flavour truth jets may either not be reconstructed as a physics object, or the
corresponding physics object may not pass the applied object selection criteria. In such cases,
the two b-jets in the signal region still correspond to the two b-jets originating from top-quark

% The necessity to include the bb4f + HF event yield parameterisation in terms of m; and I'; is tested in
Section 9.3.
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7.2 Event reconstruction in the signal region

decay and therefore exhibit the same dependence on the top-quark mass and decay width as
the events in the bb4l category.

» — . T T . T T 2 . T . T . T T
g 5| Al predictions normalised to nominal event yield S ;| All predictions normalised to nominal event yield |
o 19°E signal Region bb4l, m, = 1725 GeV & 10°E signal Region bbdl, T, = 1.32 GeV E
= — I,=1.32 GeV E — m,=172.5 GeV 7
L — I,=1.0 GeV L — m =171 GeV ]
---------- m, =172 GeV
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0.8F = 0.8F =
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
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Figure 7.3: Distributions of the mg, """ observable in the signal region as predicted for the bb4al

contribution for different values of (a) the top-quark decay width and of (b) the top-quark mass. The
total event yield in the signal region is thereby normalised to the total event yield of the nominal
bb4l sample with m, = 172.5GeV and I, = 1.32GeV. The bb4l predictions with varied values of
the top-quark mass are shown in all cases for I'; = 1.32 GeV, obtained in the bb4¢ MC samples with
m, # 172.5 GeV via event reweighting, as described in the text.

o 10* T T T T T T 3 o 10*F— T T T T T T 3
S F All predictions normalised to nominal event yield S E All predictions normalised to nominal event yield
o - Signal Region bbal+HF, m = 172.5 GeV o  Signal Region bb4l+HF, I\ =1.32GeV
L — I,=1.32 GeV B L — m,=172.5 GeV B

— I, =1.0 GeV — m, =171 GeV
100 I,=1.2 GeV —] 100 e m, =172 GeV —
S e I,=1.4 GeV 3 E F &= m, =173 GeV 3
C — I, =1.6 GeV B C — m, =174 GeV B
10%E 3 10° 3
1.2 E 1.2F =
o 1.1 L E o 11= E

© 1E——t o i T = 1 .
T 09F T 09 :
0.8 ‘ ‘ ‘ ) ) 0.8 ) ‘ ) ‘ E
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
mlrginimax [GeV] mlrginimax [Gev]
(a) (b)
Figure 7.4: Same comparison as in Figure 7.3, but for the vb4¢ + HF contribution.
minimax 3. . . . .
The dependence of the my, distribution on the top-quark mass and decay width is

evaluated using dedicated bb4¢ MC samples generated with top-quark masses

m, € {171,172,172.5, 173,174} GeV. (7.4)
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The variation of the top-quark decay width is evaluated in each of these samples using event
weights calculated during the POWHEG generation process. With this procedure, predictions
for the alternative decay widths

I, € {0.5,0.8,1.0,1.2,1.4,1.6,1.8,2.0,2.2,2.4,2.6,2.8,3.0,3.5,4.0} GeV (7.5)

can be generated. The reweighting procedure is validated at NLO-+PS level using two dedicated
bb4¢ MC samples generated with the nominal top-quark mass parameter m, = 172.5 GeV and
modified decay widths of I'; = 1.0 GeV and I'; = 1.6 GeV. The resulting distributions are
compared to those obtained from a reweighted nominal bb4¢ MC sample, applying event weights
determined during the POWHEG generation.4 Good agreement between the distributions
obtained from explicitly generated samples and those obtained with the reweighting procedure
is observed, as shown in Figure 7.5 for two observables sensitive to the top-quark decay width.
The use of event weights significantly reduces the computational resources required to evaluate
bb4/l predictions for alternative top-quark decay widths.
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Figure 7.5: Comparison of bb4¢ predictions with varied top-quark decay widths for (a) the my,
distribution from [78, 268] and (b) the reconstructed invariant top-quark mass, using the definitions
from Section 3.1. The top-quark mass is fixed to m; = 172.5GeV in all bb4¢ predictions. Results
obtained from dedicated MC samples with explicitly set decay widths of I'; = 1.0 GeV and I'; = 1.6 GeV
are compared to those derived using event weights applied to the nominal bb4¢ MC sample to evaluate
the same width variations (reweighted).

* These bb4¢ MC samples with explicitly modified I'; are produced by varying the POWHEG input parameters
twidth and twidth_phsp. The event weights to generate the I';-varied MC samples through reweighting,
were produced by varying the parameter twidth during the reweighting step (after the nominal event
generation). Reweighting both the parameters twidth and twidth_phsp was also tested but resulted in
significantly worse agreement between the explicitly generated and reweighted distributions and is therefore
not used.
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minimax

The comparison of the total MC prediction to data of the my, distribution in the
signal region is shown in Figure 7.6. The displayed uncertainty band includes all systematic

uncertainties described in Section 8. A sizeable disagreement between data and the MC
minimax

prediction is visible in the high-my, tail, which is further discussed in the next section.
2 L L L B B B B LU IR
g 10° e Data [ bb4l
T} Vs =13 TeV, 140 fb” [ bb4l+HF [ tt+boson
M LeptonFake [l Others
10°E" Signal Region 77 Uncertainty

Pre-fit

10*

UL B R I R AL

o v cd vl

250 300 350 400
mlrginimax [GBV]

Data / Pred.

50 100

Figure 7.6: Comparison of the mfj "™ distribution in the signal region as observed in data and as
predicted by MC before the statistical fit. The uncertainty band corresponds to the full uncertainty
in the MC predictions, including the systematic uncertainty estimates discussed in Section 8.

7.3 Controlling the additional heavy-flavour contribution

Since the tt contribution with additional heavy-flavour jets has been observed to be un-
derestimated in several top-quark analyses [78, 269, 270|, the modelling of the bb4¢ + HF
contribution is evaluated and corrected using data in a dedicated control region. In this region,
the normalisation factor of the bb4¢ + HF contribution is determined.” This correction is
particularly important for the top-quark decay width measurement, as the relative contribution
of bb4¢+HF events is enhanced in the high-my, " tail in the signal region, which is sensitive
to variations of the top-quark decay width. Crucially, the shape of the bb4¢ + HF fraction
— i.e. bb4l MC events with more than two particle-level b-jets (see Section 6.2.1) — follows
the shape-variations expected from changes in the top-quark decay width. This behaviour is
illustrated in Figure 7.7(a), which shows the fractions of bb4¢ + HF MC events (bb4/+b-jets)

® The corresponding normalisation factor is free to vary in all analysis regions, with the strongest constraint
expected to arise from the bb4¢ + HF control region described in this section.
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relative to the inclusive bb4/ prediction, meaning the sum of the bb4¢ and bb4¢+ HF predictions.
Additionally, the fraction of bb4¢ events with at least one particle-level c-jet, but no additional
particle-level b-jets, (bbdl+c-jets) relative to the inclusive bb4¢ prediction is shown. In the
following, the motivation for not including bb4¢ MC events with additional particle-level c-jets
in the bb4¢ + HF event category is explained. While the contribution from bb4¢+c-jets MC
events in Figure 7.7(a) exhibits only a mild shape dependence and accounts for approximately
12 % of the inclusive bb4l prediction in the signal region, the bb4¢+b-jets contribution amounts
to about 4% in the bulk of the distribution and increases to approximately 30 % in the
high-mypy ™™ tail. The strong increase of the bbd/-+b-jets fraction at large myy - values
is expected from the definition of the observable. If one of the two reconstructed b-jets
does not originate from a top-quark decay, the corresponding my, combination is no longer
constrained by the kinematic end-point at m??d, which is derived for LO top-quark pair decays.
Consequently, even if the second m,,» combination is correctly formed from a lepton and a
b-jet originating from the same top-quark decay, the use of max(mgy,, m,,/) will frequently
select the my, value that involves the additional heavy-flavour jet.
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Figure 7.7: Comparison of the number of bb4¢ MC events with additional particle-level heavy-flavour
jets and the inclusive bb4¢ MC prediction in the signal region. This comparison is shown using (a) for
the fractions of bb4¢ MC events with more than two particle-level b-jets (bb4¢-+additional b-jets) or
exactly two particle-level b-jets and at least one particle-level c-jet (bb4¢+c-jets). In this measurement,
the bb4l + HF contribution is defined as the bb4f+additional b-jets contribution. The comparison
in (b) is performed by requiring that at least one of the reconstructed b-jets is not originating from
the WWbb process, whose truth type corresponds either to a b-jet (bb4¢-+b-jet match) or to a c-jet
(bb4l+-c-jet match).

It should be emphasized that the number of reconstructed b-jets in the signal region is exactly
two and no explicit c-tagging information is used in the region definition. This means, that
bb4/l events with additional particle-level heavy-flavour jets can only enter the signal region
selection if either

e (I) the additional particle-level heavy-flavour jet is reconstructed and enters the b-jet
object selection, but one of the b-jets from the WWbb hard process does not or
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7.3 Controlling the additional heavy-flavour contribution

e (II) both b-jets from the WIVbb hard process are reconstructed and enter the b-jet object
selection, but the additional particle-level heavy-flavour jet does not.

To study whether the scenario (I) or (II) is more frequent, the fraction of bb4¢ MC events is
examined, in which at least one reconstructed and selected b-jet does not originate from the
top-quark decay, or more precisely not from the WWbb hard process.6 This corresponds to the
scenario (I). For this cross-check, reconstructed b-jets are matched to b-quarks from the hard
process after final-state radiation within a cone of AR < 0.4. The resulting fraction of bb4/¢
MC events in the signal region in which at least one selected (reconstructed) b-jet cannot be
matched to a b-parton from the WWbb hard process, but the truth type of the reconstructed
jet corresponds to either a b-jet (b4l + b-jet match) or a c-jet (bb4l+c-jet match),7 is shown
in Figure 7.7(b). Studying the bb4¢+b-jet match and bb4l+c-jet match fractions allows the
following conclusions:

e The fraction of events in which a particle-level c-jet is matched to a reconstructed b-jet
(scenario (I)) is small, reaching only about 2 % in the high-myg, " tail (Figure 7.7(b)).
Consequently, for the majority of bb4¢ + c-jet MC events defined through the number
of particle-level c-jets (Figure 7.7(a)), the reconstructed b-jets selected in the signal
region do not originate from misidentified additional c-jets. In most cases, the additional
particle-level c-jet is either not reconstructed, the reconstructed jet fails the kinematic
selection requirements or is not misidentified as b-jet and therefore does not enter the
b-jet object selection (scenario (II)). Consequently, and given the small shape dependence
of the bb4l-+c-jet fraction, this contributions is not included in the bb4¢ + HF definition.
Instead, an uncertainty of £50 % is assigned to bb4¢ MC events containing exactly two
particle-level b-jets and at least one particle-level c-jet.

o The bb4l+b-jet (Figure 7.7(a)) and the bb4/+b-jet match (Figure 7.7(b)) contribution in
the high-mp, " region is very similar. This indicates that indeed in this phase-space
region one of the selected b-jets from the bb4¢ + HF MC events, i.e. the bb4l + b-jet
events, is not originating from the hard process. In the bulk of the distribution, however,
significantly more bb4¢ + b-jet MC events than bb4¢ 4 b-jet match MC events are found.
This can be explained similarly to the case of the bb4f+c-jets contribution, since in this
phase-space region most additional particle-level b-jets appear not to be reconstructed

or the reconstructed jet not to enter the object selection used in the analysis.

® The identification of b-partons from the hard process for bb4¢ events projected on a tWb resonance
history relies on the parton status codes in the event record and has been validated for the nominal
PowHEG+PYTHIA 8 bb4¢ MC sample. For events projected onto a tt resonance history, the b-parton from
the hard process is identified as the b-parton originating from the top-quark decay. Since this procedure
depends strongly on the generator-specific event-record and status-code definitions, it is not used as the
nominal bb4¢ + HF classification scheme. This alternative classification requires a complete event record,
corresponding in the bb4¢ MC sample to either a pp — tt or a pp — tWb resonance history. In the rare cases
where the event record is incomplete — amounting to only 0.003 % of SR events — the default classification
based on counting truth heavy-flavour jets is used instead.

=1

The truth-flavour classification of the reconstructed jets is obtained from a centrally provided variable
used in the ATLAS flavour tagging group, which matches truth heavy-flavour hadrons with pr > 5 GeV to
reconstructed jets within a AR cone of 0.3. If both, a D-hadron and a B-hadron are matched to the same
reconstructed jet, the jet is labelled as a truth b-jet.
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Chapter 7 Analysis strategy

In the bb4¢ + HF control region, defined by the selection criteria in Section 7.1, the relative
contribution of bb4¢ MC events with additional particle-level heavy-flavour jets with respect to
the inclusive bb4¢ prediction is also evaluated. These fractions amount to 92 % for events with
additional particle-level b-jets and 6 % for events with additional particle-level c-jets. The
same fractions are obtained when requiring explicitly that at least one of the reconstructed
b-jets is not matched to a b-parton from the hard process, but its truth flavour corresponds
either to a b-jet or c-jet (bb4l-+b-jet match and bbdl+c-jet match). Since the selection in
this control region requires at least three reconstructed b-jets, it is plausible that the same
results are obtained when either requiring additional particle-level heavy flavour jets to be
present in the event or requiring that these particle-level jets are matched to at least one of
the reconstructed b—jets.89 The comparison between the nominal MC prediction and data in
the control region is presented in Figure 7.8. A significant discrepancy between data and MC
is observed, which is accounted for by introducing a free-floating normalisation factor for the
bb4¢ + HF contribution.

[2]
§ 10° ® Data [ bb4l
i} s =13 TeV, 140 fo™ [ bb4l+HF [ tt+boson
[ LeptonFake [l Others
10*E Control Region (HF) 77 Uncertainty

Pre-fit
°

Data / Pred.

#
of Sug nts

Figure 7.8: Same comparison as in Figure 7.6, but for the number of events entering the bb4¢ + HF
control region of the measurement.

8 These fractions could differ if e.g. an additional particle-level heavy flavour jet is not reconstructed or not
selected, but instead a light jet is misidentified as b-jet. The fraction of these events is expected to be
negligble.

9 This comparison should highlight the impact of the bb4¢ + HF truth classification defintion, as the bb4¢ + HF
normalisation factor is predominantly determined in the bb4¢ + HF control region, where using either the
bb4l+-b-jet (Figure 7.7(b)) or the bb4f+b-jet match (Figure 7.7(b)) definitions lead to nearly identical results,
while the corresponding fractions in the bulk of the my, distribution in the signal region will differ

significantly.
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7.4 Controlling jet energy scale uncertainties

As this control region targets only the overall scaling of the bb4¢ + HF fraction, no shape
information is used. Instead, the total number of events in the region is considered. No
dependence on the top-quark mass or decay width is assumed for the event yield, as only
shape differences introduced by m, and I'; variations are considered in the anadysis.lO

7.4 Controlling jet energy scale uncertainties

An additional control region is introduced to constrain systematic uncertainties related to the
jet energy scale (JES), which were found to have a significant impact on the sensitivity of top-
quark mass measurement, as will be discussed in Section 10. To avoid any statistical overlap
with the signal region instead of selecting events in the different-lepton-flavour (ep) decay
channel, the same-lepton-flavour (ee and pu) channels are used, as described in Section 7.1.
To still probe jets with similar kinematic properties, the b-jet requirements are kept identical
to those used in the signal region definition. As an observable sensitive to the jet energy
scale, the invariant mass of the two b-jets, my,, is studied in the control region. An important
design criterion for this region is that it should be largely independent of the top-quark mass
and decay width. This requirement is fulfilled for the chosen range my, € [60,300] GeV. As
shown in Figure 7.9, only a very small dependence on the top-quark decay width is observed
at values of my, > 300 Gev.H Consequently, no dependence of the event yields per my,-bins
on m; and I'; is considered in the statistical fit.'? Figure 7.10 shows good agreement between
data and the nominal MC prediction in this control region within systematic uncertainties.

10 g changing the top-quark mass or the top-quark decay width parameter would lead to differences in the
bb4l + HF modelling and thus to different fractions of events in the signal and the control region, this
constant parameterisation would not be appropriate. That these fractions do not depend on the top-quark
mass and decay width was explicitly checked.

" The dependence on the top-quark mass is evaluated using separate MC samples and is therefore more
strongly affected by statistical fluctuations.

"2 In Section 9.3, it is explicitly shown that including or not including the m, and I'; event yield parameterisation
in the CRs has a negligible influence on the performed closure tests.
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Figure 7.9: Same comparison as in Figure 7.3, but for the predicted bb4¢ contribution in the my,
distribution of the JES control region. The my, range of [60,300] GeV in-between the dotted vertical
lines in the ratio panel is used as control region.

P 1()‘5...|||..|....|...||....§
§ ® Data [ bb4l 3
m i s =13TeV, 140 fo” [ bb4l+HF [l tt+boson -
10 [l LeptonFake [l Others 5
Control Region (JES) 7~ Uncertainty 3
Pre-fit 7
10* E
10°
102
°
2 125
£ 1
P R
8 075
05 : : : :
100 150 200 250 300
m,, [GeV]

Figure 7.10: Same comparison as in Figure 7.6, but for the my, distribution in the JES control region.
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CHAPTER 8

Systematic uncertainties

Several sources of systematic uncertainties are considered in this analysis, which can be
grouped into experimental uncertainties and modelling uncertainties. The experimental
uncertainties are related to the calibration of physics objects and the luminosity measurement,
while the modelling uncertainties are evaluated by variations of parameters in the MC
generation that cannot be predicted from first principles, as well as uncertainties in the
background normalisations. These systematic uncertainty sources are discussed in Section 8.1
and Section 8.2, respectively. The systematic uncertainties affect both the shape and the
normalisation of the total MC prediction, which consists of the signal and background process
predictions.1 Also in the case of background normalisation uncertainties both the shape and
the normalisation of the total MC prediction is affected, since variations of the relative number
of MC events per category, which are described in Section 6.2, lead to shape variations in the
overall prediction.

8.1 Experimental uncertainties

The experimental systematic uncertainties are determined for both, the signal and background
MC predictions and are treated as correlated between the different event categories and
analysis regions. These uncertainties are associated with the correction factors obtained from
the calibration measurements of physics objects as described in the following. Additionally,
a total uncertainty in the calibrated luminosity of the full Run 2 data set of 0.83 % [238] is
adopted.

! The exception is the luminosity uncertainty, which only affects the normalisation of the total MC prediction.
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Chapter 8 Systematic uncertainties

8.1.1 Jet uncertainties

The calibration of PFlow jets [271] is performed through a sequence of steps. First, jets
are calibrated using simulation-based corrections, which include pile-up corrections and the
absolute MC-based jet energy scale (JES) corrections. After these steps, the jets are defined
at the MCJES scale. This is followed by the final MC-based correction, the global sequence
calibration (GSC), which reduces the jet energy scale dependence on the flavour of the parton
initiating a jet and fluctuations in the particle shower development. The simulation-based
corrections are followed by in-situ measurements to account for differences in the jet energy
scale between data and MC and to measure the jet energy resolution (JER). Since systematic
uncertainties associated to the jet reconstruction are among the dominant contributions in
the top-quark mass measurement, the origin and evaluation of the JES and JER uncertainties
derived in [271] are discussed in detail in the following. The impact of using the uncertainties
provided by the central recommendations on the signal region in this analysis is illustrated
for a few cases.

The goal of the JES calibration, discussed first, is to correct the energy of the reconstructed
jets such that it corresponds to the energy of the associated truth jet. These truth jets
are constructed by including all simulated stable particles, except for muons, neutrinos and
particles from pile-up interactions, in the anti-k, jet clustering algorithm with R = 0.4.

Pile-up corrections The first step in the jet energy scale calibration is the pile-up subtraction
based on the jet transverse-momentum density (pp/A). The jet area A entering this density
definition is determined from the number of ghost particles2 clustered into a jet using the
ki-algorithm [272] with a radius parameter R = 0.4.> The per-event pile-up density p is
defined as the median jet-prp density, i.e. the median of all values p]Tet’Z [Ajet ;i for jets with
In| <2 in a given event. Only jets in the central region are considered, as p decreases nearly
to zero in the forward region due to the lower occupancy in this detector region with coarser
segmentation [261]. Jets originating from the hard-scattering process are expected to populate
the high-p tail of this distribution and therefore have only a limited impact on the median
value. Consequently, p predominantly reflects the average transverse-momentum contribution
per unit jet area from pile-up interactions. The pile-up corrected transverse momentum of
each jet is then given by pp' = pp - — p x A. This correction is applied to all jets, not
only the central jets used in the determination of p, by scaling the jet four-momentum by
the ratio p7 /pr  while leaving the jet direction unchanged. An uncertainty associated
with the p-based pile-up subtraction is derived by comparing differences in the calculated p
values between different event topologies (Z-+jets, y+jets and dijets) in MC and data. For
example,

e . . .
A, =" =" e — (077 = 0" ) data (8.1)

% See the definition under Figure 4.14.

® While the anti-k; jet clustering algorithm is typically used in data analyses, the k;-algorithm is employed
here exclusively for the pp-density-based pile-up subtraction due to its increased sensitivity to soft radiation,
see also Section 4.4.1.
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8.1 Experimental uncertainties

This difference is translated into an uncertainty in the calibrated jet transverse momentum
according to

A, =max(|A,]) x CpF° x 7R?, (8.2)

P

where C’gfs is a correction factor used to define the jet pp at the MCJES scale discussed
below, and R is the jet radius parameter. This jet uncertainty constitutes the dominant
systematic uncertainty in the top-quark mass measurement when the jet pre-recommendation
described below are excluded and is discussed further in the corresponding Section B.2.

After the pile-up density correction, a residual dependence of the difference between the
reconstructed jet pp and the truth jet pp on the number of primary vertices (Npy) and the
mean number of interactions per bunch crossing (u) is observed. This behaviour reflects the
sensitivity to in-time and out-of-time pile—up,4 respectively, since Npy is reconstructed using
tracks, which are only sensitive to in-time pile-up [273]. The residual dependence is especially
pronounced for jets at large pseudorapidities (|| > 2), as shown in Figure 8.1(a). This is
plausible, since the p-based pile-up subtraction is derived only in the central regions of the
calorimeter. Including both the pp-density-based and the residual pile-up corrections, the
corrected jet pr is given by

pT =pr —pxA—ax (Npy—1) =8 xpu (8.3)
The coefficients o and 5 are determined from independent linear fits in bins of the truth jet
transverse momentum ptqfum, using geometrical matching between the truth and reconstructed
jets with AR < 0.3, and the absolute pseudorapidity |ng.|, defined with respect to the
geometric centre of the detector. A pp-dependent systematic uncertainty is assigned to these
residual corrections by fitting the observed logarithmic dependence of the o and [S-coefficients

on pt"™ . The nominal o and J values in each |Nqet| region are taken from the logarithmic fit

evaluated at ptqfuth = 25 GeV, where pile-up effects are most relevant. The difference on the
residual pile-up correction in dependence of pp between using this nominal parameterisation
or the full logarithmic dependence of o and 8 on pfrruth is assigned as a systematic uncertainty.
The impact of this uncertainty on the my, - distribution of the bb4¢ contribution in the

signal region is illustrated in Figure 8.1(b).

In addition, two further uncertainties are considered for the pile-up p correction, based on
in-situ measurements of the jet transverse momentum dependence on Npy and p. These
in-situ studies use either jets only reconstructed from tracks, which are largely insensitive to
pile-up, or Z-+jets events, exploiting the pp balance between a reconstructed jet and the Z
boson. The small observed non-closure in the pile-up dependence on Npy, and p between MC
and data is taken as a systematic uncertainty. The impact of these uncertainties on the bb4/¢
contribution in the SR of this analysis is shown in Figure 8.2. The shape of the impact of
these two uncertainties is similar, while the uncertainty associated with the in-time pile-up
dependence correction is larger in magnitude.

* See Section 4.2 for the definition of in-time and out-of-time pile-up.
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Figure 8.1: (a) Dependence of the reconstructed jet pr on in-time pile-up — parameterised through the
number of reconstructed primary vertices Npy — with and without pile-up corrections as a function
of |nget] [271]. (b) Impact of the pp-dependent uncertainty on the JES arising from the residual
pile-up subtraction on the mJi™ ™ distribution of the bb4¢ contribution in the signal region. The
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in Section 9.1, used to reduce the impact of statistical fluctuations in the templates for systematic
variations, is shown as solid lines. Additionally, the effects of top-quark mass and decay width
variations are illustrated by the red and blue shaded bands, respectively.
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Figure 8.2: Same comparison as in Figure 8.1(b), but for the JES pile-up uncertainties parameterising
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Absolute jet energy scale and 7 calibration In the next step, the reconstructed jet energy
E™°° and reconstructed pseudorapidity 7"°° are corrected to the corresponding truth quantities
E™ and ™ as predicted by PyTHIA 8 dijet MC simulations, after the pile-up corrections
described above have been applied. This calibration accounts for the non-compensating
calorimeter response,5 energy losses in passive material, out-of-cone radiation, and biases in
the jet pseudorapidity reconstruction. These latter biases arise mainly due to transition regions
between calorimeter subsystems and from differences in calorimeter read-out granularity. To
correct for the absolute jet energy scale, the jet energy response R is determined in MC as the
mean of a Gaussian fit to the £/ E"™™ distribution in bins of energy and pseudorapidity.6
The jet energy calibration factor is then defined as the inverse of the jet energy response R,
and is applied to the reconstructed jet energy. An additional bias in the reconstructed jet
pseudorapidity is observed, in particular in the detector transition regions of the barrel and
endcap calorimeters (| °°| ~ 1.4) and the endcap and forward calorimeters (|n"°“°| ~ 3.1).
This bias is removed by applying a second correction based on 7™ — ™" derived in bins
of energy and pseudorapidity. The calibration procedure described above only modifies the jet
pr and the jet 7, not the full jet four-momentum. Reconstructed jets, after these corrections
are applied, are defined at the MCJES scale.

Global sequential calibration Even after the application of the previous JES calibrations
steps, the jet energy response can still vary for a given jet pp and 7 due to differences in
the properties of quark- and gluon-initiated jets. Quark-initiated jets often contain hadrons
carrying a high momentum fraction of the jet momentum and therefore traverse large parts of
the calorimeter system. In contrast, gluon initiated jets tend to consist of a larger number
of lower-p particles, resulting in broader shower shapes. To account for these differences,
the global sequential calibration applies a sequence of multiplicative corrections based on
observables sensitive to the jet shape and constituent composition. In total, six variables
are used to parameterise the jet response. For each observable, a correction to the jet four-
momentum is derived in bins of pp and 7, similar to the method in the MCJES calibration.
The GCS does not change the average jet energy response, but instead improves the jet energy
resolution (JER) 0. The resolution is defined as the standard deviation of a Gaussian fit to

the jet py response, which is given by ph<® /pittth,

Jet energy scale in-situ calibration After the MCJES and GSC calibration steps, the in-situ
jet calibration corrects for differences in the jet energy response in data and the calibrated
simulation. This is achieved by correcting the jet energy scale in data using measurements
that compare the jet pp to that of well-calibrated recoiling reference objects or system. The jet

> A non-compensating calorimeter response means that the calorimeter does not measure hadronic and
electromagnetic shower components equally, leading to a reduced response for hadrons compared to
electromagnetic energy deposits. Consequently, the fraction of energy carried by the hadronic component is
underestimated. See also the discussion in Section 4.3.5.

® Instead of deriving R in bins of the reconstructed energy and pseudorapidity, R is derived in bins of the
truth particle energy and reconstructed pseudorapidity, as the response follows a Gaussian distribution in
the latter but not in the former. A numerical inversion procedure is applied to obtain R in bins of the
reconstructed quantities.
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. . . data MC : :
response measured in data and MC is compared via ¢ = Ry, ¢iu/Rin—situ, Where the in-situ

calibration consists of applying the derived correction factor ¢! formulated in terms of the jet
pr (and jet  where applicable) to data. The analysis presented in this thesis uses reprocessed
Run 2 data, for which no dedicated in-situ jet calibrations are available yet. Instead, the
Run 2 in-situ calibration derived with the previous ATLAS reconstruction software release is
applied. Additional preliminary, conservative (pre-recommendation) uncertainties [274] are
included to cover differences between the two reconstruction formats.

Three in-situ measurements are performed sequentially. First, the n intercalibration corrects
the energy scale of forward jets to match that of the more precisely calibrated central jets
using the pp balance in dijet events. Systematic uncertainties are derived to account for mis-
modelling of physics objects, detector and event topology effects impacting the dijet momentum
balance. These uncertainties are parameterised in bins of pp and 7 and combined into a
single systematic uncertainty per bin. The dominant contribution to the n intercalibration
uncertainty arises from modelling uncertainties and is estimated by comparing the calibration
results obtained with POWHEG-+PYTHIA 8 and SHERPA dijet samples. Statistical uncertainties
are considered due to the finite size of the data and MC samples. In addition, a non-closure
uncertainty is assigned by comparing the jet response in data and MC after applying the
71 intercalibration. Since the 7 intercalibration derived with the previous reconstruction
software version is also used for the reprocessed Run 2 data, an additional pre-recommendation
non-closure uncertainty is included to account for differences between the two reconstruction
versions [274]. The impact of the modelling and pre-recommendation non-closure uncertainties
on the my, "** distribution of the bb4¢ contribution in the signal region is shown in Figure 8.3.
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Figure 8.3: Same comparison as in Figure 8.1(b), but for (a) the JES in-situ # intercalibration modelling
and (b) the 7 intercalibration non-closure pre-recommendation uncertainty.

The second in-situ measurement uses the missing- E projection fraction (MPF) method in
7 /y+jets events. This method measures the full hadronic recoil of an event relative to the pp
of a calibrated photon or leptonically decaying Z boson. By using the full hadronic recoil
instead of a single jet, the sensitivity to pileup, the underlying event — as on average the
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total pp of these contributions cancels out directionally — and jet definitions is reduced. This
technique only uses central jets, but through the 7 intercalibration the derived corrections
can also be applied to forward jets. Thereby, the calibration is derived for jets in a pr
range of 17GeV < pr < 1.2TeV. The third and final in-situ measurement targets high-pr
jets by comparing the pr of a single high-pt jet to that of recoiling low-p jets, which
have already been well calibrated by the preceding steps. This method extends the jet pr
calibration to 2.4 TeV. For both of these in-situ measurements, modelling uncertainties are
estimated through generator comparisons, comparing the corrections derived either with
POWHEG+PYTHIA 8 or PYTHIA 8, depending on the physics process, to the corrections
obtained using the SHERPA generator. Additional systematic uncertainties account for the
dependence on analysis selection cuts, event topology, statistical uncertainties and calibration
uncertainties of the reference physics objects, such as leptons and photons. The independent
systematic uncertainties from the in-situ calibrations, each parameterised as a function of jet
pr, are combined using an eigenvector decomposition [275] in the category reduction scheme
based on their origin (detector, statistical, modelling or mixed). Among these uncertainty
components, the eigenvector associated to the generator modelling uncertainty in the in-situ
measurements is the most important in the analysis presented in this thesis and is discussed
further in Section B.2.

Additional pre-recommendation uncertainties are considered for the in-situ jet systematic
uncertainties when using reprocessed Run-2 data [274]. Compared to the earlier reconstruction
software version, the reprocessed data use updated topo-cluster noise thresholds and a modified
primary-vertex reconstruction algorithm (see Section 4.3.3). To account for these changes,
systematic uncertainties are derived from differences in jet response when varying only the
noise thresholds or only the vertexing algorithm in the reprocessed data. Furthermore,
in-situ non-closure uncertainties are applied by comparing the jet-energy response between
samples reconstructed with the two software versions. These pre-recommendation uncertainties
currently represent the dominant systematic uncertainty in the top-quark mass measurement
and are discussed further in Section 10.1.

Finally, three additional uncertainties are included to account for the dependence of the
jet response on the flavour content of a jet: the flavour composition, the flavour response
uncertainty, and a dedicated uncertainty considered for b-quark initiated jets. The flavour
composition uncertainty accounts for differences in the jet response between gluon and quark-
initiated jets by considering an uncertainty in the simulated gluon-to-quark jet fraction. The
flavour response uncertainty captures differences in the jet response of gluon jets simulated
with PYTHIA and HERWIG, while no dedicated uncertainty is assigned for light-quark jets
due to their similar response when varying the parton shower model. For heavy-flavour
jets (b, c), these two uncertainties are replaced by a dedicated uncertainty accounting for
response differences for light (u, d, s) and heavy-flavour jets. While the light-quark and gluon
jet uncertainties have negligible impact on the measurement presented in this thesis, the
uncertainty in the b-jet energy scale response is significant. While in the signal region its
influence on the bb4¢ prediction induces a shape effect, similar to the shape effect expected
from top-quark mass variations, in the JES control region the b-jet energy scale response
uncertainty leads mainly to a normalisation effect and cannot be strongly constrained, as
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shown in Figure 8.4.
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Figure 8.4: Same comparison as in Figure 8.1(b), but for the impact of the b-jet energy scale (BJES)
response uncertainty on the bb4¢ prediction in (a) the signal and (b) the JES control region.

The origin of the flavour uncertainties has been studied in [276] and an alternative evaluation
scheme was introduced in [277]. This was found to reduce the flavour uncertainty in a recent
top-quark mass measurement in ATLAS [125]. Applying this new scheme to evaluate the
flavour uncertainties in the jet-calibrations of reprocessed Run 2 data is expected to further
reduce the uncertainty in the measurement presented in this analysis. Finally, additional
uncertainties in high-pt jets [278] and jets with punch-through [279] are considered, which do
not have a large impact in this analysis.

Jet energy resolution In simulation, the JER o is corrected to match the resolution
observed in data with in-situ measurements. Correction factors depend on the jet transverse
momentum and pseudorapidity. A precise determination of the JER is important for data
analyses involving jets or missing transverse momentum. The JER is measured using the dijet
balance method relying on an approximate scalar balance between the transverse momenta
of the two leading, i.e. highest p, jets in dijet events is assumed ( Tetl ~ {ftz). The JER is
determined both in MC and data in bins of pp and 7. If the JER measured in data is larger
than in MC, the jets in the MC sample are additionally smeared until their average resolution
matches the one observed in data. If the JER in MC is larger than in data, no smearing is
applied, as the data should not be modified. Instead, the full difference ogys = gdata _ ;MC
is taken as a systematic uncertainty. Systematic uncertainties in the JER determination
are estimated by varying the dijet selection criteria, using alternative MC generators and
by modifying the noise term that contributes to the transverse momentum dependence of
the resolution o(pr)/pt as 1/pp. The noise term is determined using a separate in-situ
method and varied within uncertainties evaluated with this method. These uncertainties are
propagated to physics analyses by applying an additional Gaussian smearing to the jets pr
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8.1 Experimental uncertainties

with the width o defined as

smear?

Gs2mear = (Gnominal + |Usyst|)2 - Ur210mina17 (84)
where 0y,6minal corresponds to the nominal JER determination, and oy denotes the variation
in resolution when considering a given systematic. If oy, > 0, the smearing is applied to jets
in simulation. If o4, < 0, this is instead performed in data. As this procedure is only used to
evaluate the systematic uncertainty, the nominal data sample remains unchanged. In practice,
instead of smearing the data sample, a pseudo-data sample constructed from simulation can
be smeared to evaluate the effect of the uncertainty. This latter recommendation is used in
the present analysis. In total, 13 independent uncertainties related to the JER measurement
are included in this analysis. Thereby, an eigenvector decomposition similar to the case of the
JES uncertainties is applied to reduce the number of final independent uncertainties, which
need to be considered. Additionally, a JER pre-recommendation uncertainty is added, which
takes into account the changed noise threshold of the software version used in reprocessed
Run 2 data and the reconstruction software, which was used to perform these JER in-situ
measurements [274]. In general, the impact of the JER uncertainties on the top-quark mass
and decay width measurement is found to be small.

NNJVT tagger The calibration of the NNJVT hard-scatter jet efficiency is performed based
on the procedure used for the JVT tagger [261]. The efficiency measured in simulation is
compared to that observed in data using Z(— pp)-+jets events, and the resulting scale factors
are applied to simulated events. Systematic uncertainties in the calibration measurement
related to pile-up modelling, variation of selection criteria and different generator choices are
accounted for by varying the scale factor applied to simulation.

8.1.2 Flavour tagging uncertainties

Due to imperfect modelling in the MC event generation and in the simulation of the detector
response, differences arise between data and simulation in the input variables to the GN2v01
flavour-tagging algorithm, and consequently in the classifier response. These differences are
accounted for by deriving correction factors for each GN2v01l working point [188], which
are applied to simulated events to align the tagging efficiencies of b-jets and mis-tagging
efficiencies of c-jets and light jets between data and simulation [280-282|. These correction
factors are derived in bins of jet pp. The calibration of b-jets and c-jets is performed
using ¢t events in dilepton and single-lepton (W — cs) final states, respectively. In both
calibration measurements, the dominant systematic uncertainty arises from the modelling of
tt production. The calibration of light jets is carried out using Z+jets events. Due to the
strong background rejection of light jets by the flavour-tagging algorithm, the fraction of light
jets in the calibration regions would be small compared to the contributions from b-jets and
c-jets, making the calibration challenging. To address this, an alternative tagger based on
transformed track variables is employed, which reduces the b-jet and c-jet efficiencies while
leaving light-jet efficiencies approximately unchanged. The mis-tagging rate of light jets is
derived using this alternative tagger and dedicated uncertainties are introduced to account for
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Chapter 8 Systematic uncertainties

the extrapolation to the nominal GN2v01 tagger. These extrapolation uncertainties lead to
the most dominant source of systematic uncertainties in the light jet calibration. To reduce
the number of systematic uncertainties related to the flavour tagging efficiency calibration in
data analyses, an eigenvector decomposition is performed, similar to the case of the JES and
JER uncertainties, with 129 uncorrelated systematic uncertainty components: 55 from the
b-jet calibration, 24 from the c-jet calibration, 42 from the light jet calibration and 8 from
the extrapolation of the calibration results to high transverse momentum jets. Additionally,
MC-to-MC scale factors are determined to align the efficiencies in alternative generators
to the nominal generator POWHEG+PYTHIA 8 used in the calibration. The uncertainty
corresponding to the first eigenvector of the systematic uncertainty decomposition of the b-jet
efficiency is further discussed in Section 10.2.

8.1.3 Lepton uncertainties

Systematic uncertainties associated with the reconstructed lepton objects include uncertainties
in the determination of the trigger, reconstruction, identification and isolation efficiencies, as
well as uncertainties related to the lepton energy or momentum scale and resolution. The
impact of these systematic uncertainties on the extraction of the top-quark mass and the
decay width in this thesis is generally found to be small.

Electron calibration and uncertainties The calibration of the electron energy scale and
resolution is performed using Z — ee events [190]. The thereby derived energy scale correction
is applied to data, while a resolution correction is applied to simulated events. System-
atic uncertainties in the derivation of these correction factors arise from pile-up modelling,
calorimeter-layer inter-calibration, and an uncertainty estimated by applying an alternat-
ive correction factor extraction method. These uncertainties are propagated as systematic
variations on the electron energy scale and resolution. Scale factors correcting the trigger,
reconstruction, identification and isolation efficiencies [190, 263] are measured by comparing
data and MC simulation in Z — ee and J/1) — ee events and are applied to simulated events.
Systematic uncertainties associated with the determination of these correction factors are
accounted for in the analysis presented in this thesis by applying the provided scale factor
variations.

Muon calibration and uncertainties The muon momentum scale and resolution in simulated
events are corrected as derived from the comparison of J/1 — pp and Z — pp decays in data
and in simulation [283]. Uncertainties in the correction factors are considered in this analysis
and include uncertainties related to the event selection, observable definitions, background
contributions, and modelling of the decay and final state radiation in the calibration procedure.
In addition, residual detector misalignment effects, which introduces a charge-dependent bias on
the muon momentum measurement, are corrected in data events, while simulated events assume
ideal alignment. Scale factors correcting the reconstruction, identification, isolation, vertex
association and trigger efficiencies of simulation events [192, 264| are derived by comparing
efficiencies in simulation and data using Z — pu and J/v — pp events. Uncertainties in
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8.2 Modelling uncertainties

the determination of these scale factors are accounted for by applying alternative correction
factors to the muon objects in the analysis presented in this thesis.

8.1.4 Missing transverse momentum uncertainties

Systematic uncertainties in the Eq 5% determination [193] are derived from the uncertainty in
the p calculation for both the hard term, calculated with the reconstructed physics objects,
and the soft term reconstructed with charged tracks (see Section 4.4.5). The systematic
uncertainties described above, related to the energy or momentum scale of the lepton and
jet objects, are propagated to the ET™° calculation. Dedicated systematic uncertainties for
the soft term are derived using Z — up events with no additional jets, in which the total
transverse momentum of the hard process (52 )" should be balanced by the soft term (ﬁfOft)
in case of perfect detector resolution and full phase space coverage. Systematic uncertainties
in the E7™° response and the resolution are derived by comparing data to MC simulation.
Three systematic uncertainty components are derived, considering the offset of the soft pp
component w.r.t. the axis of the hard (Z) pr component, as well as a resolution smearing

along both the longitudinal and the perpendicular axis of this projection.

8.2 Modelling uncertainties

Systematic uncertainties estimated with variations in the MC generator settings are evaluated
for the WWbb signal process, while normalisation uncertainties are assigned to the background
processes. These uncertainties are described in Section 8.2.1 and Section 8.2.2, respectively.

8.2.1 Signal modelling uncertainties

As the definition of the modelling uncertainties in the b64¢ MC simulation was discussed in
detail in Section 3, only a brief description of the considered uncertainties is given here. The
modelling uncertainties of the bb4¢ and bb4¢ + HF contributions are treated as uncorrelated in
the statistical fit. The modelling uncertainties with the largest impact on the top-quark mass
fit are the colour reconnection uncertainty and the pp matrix element variation of the bb4¢
contribution. For the top-quark decay width measurement, modelling uncertainties dominate
the total systematic uncertainty. Among these, the most important are the alternative
HERWIG 7 parton-shower uncertainty for both the bb4¢ and bb4¢ + HF contributions, as well
as the pp and pup matrix-element scale variations of the bb4¢ contribution. The impact
of the dominant modelling uncertainties in the signal region is discussed in more detail in
Section 10.

” The transverse momentum vector pr is defined as (p,,p,)-
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Hard-process generation: matrix-element scale variation The uncertainty due to missing
higher-order corrections in the perturbative calculation is estimated by varying the central
scale i of the renormalisation (up) and factorisation (up) scales by factors of 0.5 and 2. The
variations are performed independently for the two scales. The pp uncertainty is evaluated
with predictions obtained with (ug, up) € {(0.5,1.0),(2.0,1.0)} o, while the pp uncertainty
is evaluated with predictions for which (g, pp) € {(1.0,0.5),(1.0,2.0)} pg. These variations
are evaluated using event weights.

Hard-process generation: hg,n,p, variation Changing the POWHEG h,y,, parameter affects
the modelling of the hard emission generated in the POWHEG simulation. The variation to a
larger hqam;, value of 3my,,, compared to the nominal value of 1.5my, used in the bb4¢ MC
sample, leads to a larger fraction of POWHEG real-emission events generated according to the
POwHEG formula of Equation 2.60 rather than according to the real-emission matrix element
squared.

Hard-process generation: PDF variation PDF uncertainties are evaluated using the
PDF4LHC21 PDF set [113]. The 30 eigenvector variations are propagated via event weights.

Parton-shower matching: p!'rard variation The uncertainty associated with the matching of

the hard production process to the parton shower is evaluated by varying the parton-shower
matching scale through the PyTHIA 8 p}fard parameter, which is varied from its nominal value
P = 0 to pi™ = 1. The p3™ = 1 variation introduces holes and overlaps in the emission
phase-space which is covered by the POWHEG hard process generation and the PYTHIA 8

parton-shower emissions.

Parton-shower matching: scale-resonance-veto Similarly, the matching uncertainty in
the top-quark decay subprocess is evaluated by using the PYTHIA 8 pt definitions in the
parton-shower vetoing, instead of the (correct) POWHEG pt definition. This again results in a
mismatch in the emission phase space covered by the two generators.

Parton shower: Herwig7 The prediction obtained with the nominal POWHEG+PYTHIA 8
bb4¢ MC sample is compared to the prediction obtained when using the alternative HERWIG 7
parton shower. It should be noted, that for the HERWIG 7.3.0 version used in the bb4l
MC generation, no dedicated b-tagging MC-to-MC-scale factors are available. Instead, the
corresponding scale factors derived for the HERWIG 7.2.3 version are applied. The impact of
the absence of dedicated scale factors requires further investigation in future studies.
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8.2 Modelling uncertainties

Parton shower: Recoil uncertainty An uncertainty in the modelling of parton-shower
emissions from the top-quark decay is assessed by changing the PYTHIA 8 recoil scheme
from the nominal recoil-to-top configuration to the recoil-to-colour option. This modifies
the assignment of the colour-connected recoil partner for gluons emitted in the top-quark
decay subprocess, which would be colour-connected to the top quark, and affects the emission
pattern from the top-quark decay.

Parton shower: Pythia 8 splitting kernel variation Uncertainties in the modelling of ISR
and FSR emissions in the PYTHIA 8 parton shower are evaluated by varying the scale at which
the strong coupling constant in the PYTHIA 8 splitting kernels is evaluated by factors of 0.5 and
2, as well as varying the non-singular terms in the splitting kernel parameterisation (cyg) from
their nominal value of zero to £2. These variations are evaluated via event weights. Currently,
no dedicated bb4¢ MC sample® is available within the ATLAS Collaboration describing the
ag(My) variations in the POWHEG Sudakov. As discussed in Section 3.4, this uncertainty
is closely related to the FSR pp Q@ — Qg splitting kernel variations. Since these variations
are not found to have a large impact in the present analysis, the POWHEG ag(M ) variation
uncertainty is not expected to constitute a large systematic uncertainty. This should be
verified once the corresponding bb4¢ MC samples are available.

Parton shower: Underlying event The underlying event modelling in the PYTHIA 8 A14
tune is varied according to the A14Varl prescription [95].

Parton shower: Colour reconnection Three different PYTHIA 8 colour reconnection mod-
els [142]| are compared: the nominal CRO model and the alternative CR1 and CR2 models.
Dedicated ATLAS PYTHIA 8 tunes are applied to ensure the validity of the comparison.

Additional uncertainty: bb4f + ¢ contribution An additional uncertainty is assigned to
the bb4f contribution containing truth c-jets. Events containing exactly two truth b-jets and
at least one truth c-jet are assigned a normalisation uncertainty of +50 %. This uncertainty
is introduced since the normalisation of the bb4¢ + ¢ contribution is not constrained using
data in a dedicated control region in this analysis.

® While a MC sample with a relatively small number of events at NLO+PS level is available, which was
studied in Section 3.4, no large MC samples including detector simulation and reconstruction have been
produced so far, as for this uncertainty the production of new LHE requires significant computational
resources, it is expected not to be dominant in this data analysis and in collaboration with the authors
of [2] new recommendations for the nominal MC generation settings are being developed. With the new
recommendations, more number of events of the POWHEG aig (M) bb4{ variations will be generated including
also the detector simulation and reconstruction.
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8.2.2 Background normalisation

Background normalisation uncertainties are considered following the conservative uncertainty
estimates used in recent ATLAS measurements in the ¢ dilepton channel at /s = 13 TeV [102,
284]. The background categories are described in Section 6.2.2.

tt+boson normalisation A normalisation uncertainty of 13.3 % is considered for the ¢£-+boson
templates, following the prescription used in recent ATLAS measurements in the ¢t dilepton
final state at /s = 13 TeV [102, 284]. This corresponds to the largest theoretical uncertainty
associated with the total cross-section predictions of the ¢t+boson processes.

Other normalisation The Other background category includes diboson and Z+jets events.
A conservative normalisation uncertainty of 50 % is assumed. Previous ATLAS ¢ dilepton
analyses have employed 40 % [284] or 50 % [102]| uncertainties to the diboson contribution
to cover possible mismodelling of the diboson normalisation in events with additional jets
[285].

LeptonFake normalisation The MC prediction of the LeptonFake contribution is not con-
strained in this analysis using a dedicated control region. Therefore, a conservative normal-
isation uncertainty of 90 % is applied. In the recent ATLAS WWhbb unfolding measurement
in the dilepton channel at /s = 13 TeV [102] a 50 % normalisation uncertainty was applied
for this background. It has been verified in [102] that the data—MC disagreement is indeed
covered by this uncertainty, by studying a validation region defined with similar kinematic
selections as the signal region in the measurement, but requiring two same-sign leptons instead
of opposite-sign leptons to increase the fraction of MC events with fake leptons.
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Fit strategy

In this section, first the likelihood function used in the profile likelihood fit is described in
Section 9.1, followed by a brief introduction into the numerical parameter optimisation methods
and uncertainty estimation techniques used in this measurement in Section 9.2. Finally, the
parameterisation of the event yields per bin of the sensitive my, distribution in the signal
region in terms of the top-quark mass and decay width is described in Section 9.3.

9.1 The likelihood function

In this analysis, a binned profile likelihood template fit is used. First, the likelihood function is
discussed, when only including the sensitive distribution my, in the signal region. Later,
additional terms will be introduced to account for the bb4¢ + HF and JES control regions.
The my, " histogram can be regarded as the result of a single measurement — namely,

in this analysis the full ATLAS Run 2 data taking — which measures an Ny,,-dimensional

minimax

random vector [286] with Ny, being the number of bins in the my, histogram. The
joint probability density function (p.d.f.) for an observed bin count of (N{)ii?ff o ,Ngﬁ“fﬁ)

given the model parameter 0, is constructed as the product of the Poisson distributions
Pois(Nfata|Nfred(9)) in each bin i. The model parameter , which maximizes this joint
likelihood given the measured data, is called the maximum likelihood estimator (MLE) and
corresponds to the central parameter estimate in this analysis, as will be further detailed
below. The profile likelihood fit model in this thesis is build using the HISTFACTORY [287]
and TREXFITTER [288]| software packages.
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Parameters of interest If the sensitive distribution is well-chosen, the expected number of
events per bin N} red will have a significant dependence on the parameters of interest: the
top-quark mass m, and top-quark decay width I'; in this case. The likelihood L, i.e. fixing
the measured event counts Ndata in the joint p.d.f., is then given by

Nbins Nbins

_ . data| nrpred 7med (my,Iy) Nipre (mt7 Ft)
L(my,Ty) = H Pois(N; N (my, I'y)) = H € Ndatay - (91)
i=1 =1 % :

Ndata

The expectation values N red are obtained with MC simulation. Additionally to the WWbb
production process (the bb4¢ MC simulation), also other production processes lead to back-
ground events which are included in the measurement as described in Section 6. The expected
number of events in bin ¢ can thus be written as

pred pred
Ni - § : Ns,i

S
= Ng)bzfédz + le;;fé(iHF % + Nﬁfﬁosons 7 + NOpl‘rciirs % + Nl?zgftlonFakes ) (9'2)
where N} pred denotes the predicted number of events in bin ¢ per MC event category s, which
are deﬁned in Section 6.2. The parameterisation of the top-quark mass and decay width
dependence of N} rd(m,, T,) is discussed in Section 9.3. Only an m;- and T';-dependence of
the bb4¢ and bb4l +HF templates is considered.

Nuisance parameters In a profile likelihood fit, systematic uncertainties are directly in-
cluded in the likelihood via nuisance parameters & with Gaussian constraints, such that
the expectation values read N, Pred(mt, I';,@). This dependence is again evaluated via MC
simulation: For each systematic uncertainty o, a MC template, i.e. in this case the mjp
histogram in the signal region, is constructed, with the parameters in the simulation associated
to this systematic uncertainty varied by ilaa,l while all other parameters are kept at their
nominal value. For each systematic uncertainty «, there are therefore three MC templates: the
nominal template, the +10,, and —10,, templates. But to maximize the likelihood function
w.r.t. to these parameters, a continuous parameterisation of the dependence of the expected
number of events on these systematic variations is needed. This is achieved by interpolating
between these three points: In HISTFACTORY, this is technically done by first splitting
the effect of the systematic uncertainty into a normalisation and a shape component. The
normalisation component is derived for the full distribution, interpolating between the total
event yield from the down to the up variation. The shape component is then parameterised
by interpolating between the bin content in each bin, when the total yield of the (+10,) and

! These variations are not always available, in particular for two-point modelling systematics: One example is
the parton-shower uncertainty, which is evaluated by comparing a MC template generated with the nominal
PyTHIA 8 or alternative HERWIG 7 parton shower. This uncertainty is included in the profile likelihood fit
by defining it as a +10, uncertainty and symmetrizing it, i.e. adding the same variation with opposite sign
as the —1o, uncertainty. This is not justified from a statistical point of view, but is meant as a proxy to
capture variations of further samples that have not been considered. Recently, the possibility to derive
statistically meaningful theory-nuisance parameters is being discussed, see e.g. [289)].
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(—1o,) variations are normalised to the nominal yield. For the normalisation component
an exponential interpolation is used, and thus avoiding negative normalisations, while the
shape components are interpolated piece-wise linear. These different interpolation options are
illustrated in Figure 9.1.
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Figure 9.1: Visualisation of the piece-wise linear and piece-wise exponential interpolation options for
nuisance parameter parameterisation in HISTFACTORY. These two interpolation options are shown for
two different input values I(a = 1) = I'" and I(a = —1) = I". The parameterisation is scaled such
that the nominal template I(« = 0) always equals 1. Graphic similar to visulation in [287].

The estimation of the uncertainty associated with a given systematic uncertainty is (ideally)
obtained from a different measurement, e.g. a jet energy scale calibration measurement, see
Section 8.1.1. Instead of including the full statistical model of these measurements into the
likelihood used in this analysis, a Gaussian constraint term G(a|a, 0, ) is added to describe
the auxiliary measurement a. Conventionally, these parameters are scaled such that before the
fit, @ = apominag = 0 and the £1¢ variations correspond to o = £1. The likelihood including
nuisance parameters o and their Gaussian constraints is given by

Nbins
L(mta Ft) 62) = H POIS(Ngﬁt,ﬂNgfr{ej(mb Fta &))G(6|&7 T) (93)
i=1
Nbins 1 QQ,
= Pois(N& | NP4 (1, T, & e T, 9.4
11:[1 ( SR,’L‘ SR,z( tr+t ))1;[\/% ( )
Not only the auxiliary measurements, but also the m?;,inimax bin yields are used to further

constrain the nuisance parameters and reduce the corresponding systematic uncertainty. Since
the physics object calibrations are performed in a wide phase space region to be applicable
to most physics analyses, the estimation of systematic uncertainties can be improved in the

concrete physics analysis phase space by the inclusion of the nuisance parameters in the
likelihood.
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Smoothing The histograms to parameterise the effect of systematic uncertainties & are
obtained from a finite set of MC generated events and thus are subject to statistical fluc-
tuations. Consider the case of a systematic uncertainty «, in which one of the bins of the
histogram corresponding to the +10,, variation shows a significant statistical fluctuation.
When performing the profile likelihood fit with this nuisance parameter «, the uncertainty
associated with this parameter would be constrained through this particular bin, since there
is a strong disagreement of the +10, variation w.r.t. data. This constraint is correct for this
specific bin, but since it is propagated to the full distribution, it would lead to an overconstraint
of this systematic uncertainty, leading to a smaller total uncertainty in the parameters of
interest and an unreliable uncertainty estimate. To prevent these kinds of overconstraints, the
MC templates corresponding to systematic variations are modified, smoothed, to reduce the
impact of statistical fluctuations before the parameterisation of the bin content dependence
on « is calculated. Several smoothing algorithms exist, and they are chosen in this analysis
by comparing the smoothed histograms with the original input histograms. Statistical uncer-
tainties in the MC templates, which are used to evaluate the systematic uncertainties, are not
taken into account in the fit model.

Monte Carlo statistical uncertainties For the nominal signal and background MC templates,
uncertainties due to statistical fluctuations in the MC predictions can be taken into account.
This is done in the HISTFACTORY framework by introducing a nuisance parameter v for each
bin to account for the statistical uncertainty associated with the total event yield of the bin.
This approach is a simplification w.r.t. the original Barlow and Beeston method [290], in
which a nuisance parameter in each bin is assigned to each individual sample, which would
lead to a significant increase of parameters in the fitting procedure. As the MC statistical
uncertainty in all bins considered in this analysis is well below 1%, no dedicated uncertainty
term is included in the likelihood.

Unconstrained normalisation factors Lastly, factors modifying the total event yield obtained
from the bb4¢ and the bb4¢ + HF sample are introduced: the normalisation factors ¢y, and
Opparrur- In this case, no constraint term is added, such that in the likelihood maximisation
no penality term is included when deviating from ¢ = 1. These normalisation factors are
thus free to vary. Instead of correcting the WWbb production process total cross-section to
higher order calculations, the normalisation factor is determined from data. In data analyses
focussing on the ¢t on-shell production process, it was found that the t¢ +HF prediction
is underestimated [78, 132]. Thus, a separate normalisation factor is introduced for this
contribution and measured through a dedicated bb4¢ + HF control region, as described in

-,

Section 7.3. The full likelihood function L(my,T';, &, ¢) used in this analysis is thus given by
Nbins

L(my,Ty,d,¢) = [ Pois(N{**NP**(m,, T, & ¢))G(0]a, 1) (9.5)
=1

158



9.2 Parameter optimisation and uncertainty estimation

with

—, —,

NP (m, Ty, d,6) = Y NE(my,Ty,d,9) (9:6)

= ZNf,ged’nom ) 5s,i(mtvrt) Hai(%‘)n(%)@f’s (9.7)
s J

where Ny, now also includes the single bin in the bb4¢ + HF control region and the bins
in the my, distribution of the JES control region, which was described in Section 7.4. The
function &, ;(my, ') describes the modification of the nominal event yield of bin i for the
samples s € {bb4/,bb4l + HF} as a function of m; and I'; and will be discussed in Section 9.3.
The functions o;(c;) and n(c;) describe the modification of the nominal event yield due to
the shape impact of the uncertainty corresponding to «; in the bin ¢ and due to the overall
normalisation impact of the uncertainty a;, respectively. The normalisation factors ¢, only

apply for the bb4¢ and bb4¢ 4+ HF contribution.

9.2 Parameter optimisation and uncertainty estimation

-,

After having defined the likelihood function L(my,I';, @, ¢) in the previous section, this section
summarises the methods used to determine its local maximum and to estimate the uncertainties
of the corresponding best-fit parameters.

~
.

Negative log-likelihood minimisation The best-fit parameters (mt,ft,§, ) are obtained by
maximising the likelihood function with respect to all parameters
(mb ftv 32, qg) = argmax L(mta Ft7 627 &) (98)

my 7Ft :E‘E’Kb

In the TREXFITTER framework, this is achieved through the numerical minimisation of the
negative log-likelihood using the MIGRAD minimiser of MINUIT [291]. Starting from an initial
parameter vector T, = (mt’o,Ft,O,o_Zo,ggo), the gradient G = Az(—In L(Z;)) is numerically
computed. A line search along the direction opposite to the gradient is performed to approach
the minimum of —In L. Parameter correlations are accounted for via the covariance matrix
V', which is the inverse of the Hessian matrix H ~! built from the second derivatives of the
negative log-likelihood function:

g 9*(—In L(Z))

Initially, the Hessian is set to the identity matrix. Assuming the Hessian matrix at the point
Z; is known, the change in gradient can be expressed as G;,1 = G; + H;(Z;,1 — Z;). Setting
this expression to zero — since G,;,1 = 0 is the target — leads to the step

G+ H(Zi41 — %) =0 Ty =7; — Hi_lGi =1, - V,G,. (9.10)
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Since the Hessian is initially approximate, the actual step is determined via a line search
along this direction by finding an « that minimises

Computing the change in gradient AG and the change in the parameter values Ax, the
estimation of the covariance matrix V is updated, as the estimated curvature must be able to
explain the gradient change seen after updating the parameters Z through the line search step.
This procedure is repeated until the estimated distance to the minimum (EDM) is smaller
than 0.001. The EDM can be calculated by using the Taylor expansion of —In L around its
minimum, which is given by

" " L. o \Ty= =
- lnL(x) = - lnL(xmin) + i(x - xmin) H(x - 'Tmin)a (912)
if the negative log-likelihood —In L(x) is well approximated by a quadratic form around the
minimum, where in the Taylor expansion the first derivate is zero. Expressing the quadratic
term in terms of the gradient G and the covariance matrix V', the EDM for F' = —In L(Z) is

given by
S . 1. o Te = T 7
F(l’) - F(xmin) = 5(‘7: - xmin) H((E - xmin) = §G VG. (913)

Pruning Performing the numerical minimisation of the negative log-likelihood in the O(100)-
dimensional parameter space is computationally expensive. To reduce computation time and
improve fit stability, nuisance parameters « associated to systematic uncertainties that have
negligible effect on the distributions considered in the statistical fit can be neglected, i.e.,
pruned. The pruning is performed by evaluating the effect of each nuisance parameter o on
both the shape and normalisation of the distributions:

e Shape variation: The histograms corresponding to @ = +1¢ are first normalised to
the nominal event yield (corresponding to o = 0). The rescaled varied histograms
are then compared to the nominal histogram bin by bin. If in any bin, the deviation
between nominal and rescaled varied histogram exceeds 0.01 %, the corresponding shape
systematic o, is retained; otherwise, it is removed from the likelihood function.

e Normalisation variation: The total event yield of the nominal and the varied histograms
are compared. The normalisation systematic 7, is dropped from the likelihood function,
if the difference between the nominal event yield and the yield from the varied histogram
is smaller than 0.1 %.

This pruning procedure is applied separately for each sample and each analysis region (the
signal and the two control regions). Applying these pruning thresholds, the number of
considered systematic uncertainties is reduced from 388 to 274.
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9.2 Parameter optimisation and uncertainty estimation

Uncertainty estimation in a profile likelihood fit The uncertainties on the best-fit parameters
are estimated using the properties of the profile-likelihood ratio. The profile likelihood ratio
is defined as

L(u,0,)
L(i6)

where the denominator is constant and corresponds to the maximum of the likelihood function
L defined above. Instead of writing out the parameters of interests and the nuisance parameters

separately, these are grouped into the factors p and 0, respectively. The numerator is obtained
by maximising the likelihood function with respect to 6 for a fixed value of . The thereby

M) = , (9.14)

determined nuisance parameters are denoted as 0. By construction, the maximum of A(p) is
one, which occurs at p = fi. The reason to introduce the profile likelihood ratio is that, while
the likelihood function L has arbitrary normalisation and no probabilistic meaning by itself,
A(p) has a known asymptotic distribution. According to Wilk’s theorem, the logarithm of the
profile-likelihood ratio asymptotically follows a x* distribution [292]:

2l A(u) = M +O1/VN), (9.15)

o
which allows the construction of confidence intervals, with A(—2In)\) = 1 corresponding
to a 68 % (lo) confidence interval on p. The uncertainty o can be evaluated in two ways,
which are equivalent if —21In A(u) is exactly quadratic around the minimum. Expanding the
logarithm of the profile-likelihood ratio around the minimum gives

; o 10WL(wb,)
o= MLk, 0,)],=p — I L(f5,0)] + 5 ———5—

— 2 o
=0

In () alp— i)’ (9.16)

where the first derivative vanishes at the minimum. Comparing to Equation 9.15, the
identification

1 & InlL
— = - o 9.17
. o2 () (9-17)
can be made. For multiple parameters &, this can be generalised in terms of the covariance
matrix
9*InL -
Vii=| —>"—"1, ) 9.18
K ( 90,00, ‘9> ( )

The diagonal elements V;; correspond to the variance of the parameters 6;. The off-diagonal
elements V;; describe correlations between parameters ¢; and 6;. If the likelihood factorises
with respect to all parameters, the mixed derivates of V;; vanish and the covariance matrix
becomes diagonal. Non-zero off-diagonal elements indicate that variations in a parameter 6,
can be partially compensated by variations in another parameter 6;, leading to tilted likelihood
contours in the (6;,6;)-plane. The strength of this correlation is described by the correlation
coefficient p;; = V;;/1/V;;V;;. The second method to evaluate uncertainty estimates on the
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Chapter 9 Fit strategy

best-fit values is to calculate the parameters ' for which
—2In (') =1, (9.19)

as this would correspond to the values of (y' — ﬂ)Q / 0> =1« 4/ = i+ 0. In this analysis, the
uncertainty in the nuisance parameters @ and on the normalisation factors q? are evaluated
according to Equation 9.17 as implemented in MINUIT with HESSE, which per definition leads
to symmetric estimated uncertainties 0. For the parameters of interest, the top quark mass
m, and the top quark decay width I';, the formula from Equation 9.19 is used, implemented
in MINUIT with MINOS, which can produce asymmetric uncertainty intervals.

9.3 Parameterising the top-quark mass and decay width
sensitivity

While in Section 7.2 the variation of the bb4¢ MC predictions for different top-quark mass
and decay width values of the my,  distribution in the signal region was discussed, a
continuous prediction of the event yield per bin as a function of the top-quark mass and
decay width is required for the statistical fit. This is achieved by fitting a two-dimensional
quadratic polynomial &; (m,, ;) to the template yields in each bin i, obtained from the
bb4l and bb4¢ + HF MC predictions for varied m, and I';, i.e. s € {bb4/, bb4l + HF}.23 The
number of events per bin is then given by N;(m,,T}) = Nf’nomlnal5f (m;,T,).* For this
procedure, all bb4¢ MC predictions are normalised to the total event yield of the nominal bb4¢
prediction in the signal region, as only shape differences induced by the parameter variation
are considered. Since the absolute my, """ distribution is used in the fit, a free-floating
normalisation factor is added, as discussed previously. Furthermore, as the mass-varied
bb4l samples are only available with the ATLFAST 3 detector simulation, these samples are
compared, for the purpose of deriving the parameterisation N;’(m,,T), to the nominal bb4¢
MC sample (m, = 172.5 GeV, T, = 1.32 GeV) also simulated with ATLFAST 3.> This procedure
is performed separately for both the bb4¢ and for the bb4f + HF contribution. In Figure 9.2,
two examples of the NP (m,,T)) parameterisation of the event yield in the mpEmImA hing
of (a) mg " € [140,150] GeV and of (b) my, T € [230,400] GeV are shown. These
particular bins exhibit high sensitivity to the top-quark mass and decay width, respectively.

? This fitting procedure is implemented in the TREXFITTER framework [288], where the method Fit of the

class TGraph2DErrors provided by the RooT framework [293] is used. This corresponds to a x° fitting

procedure using the MINUIT minimiser. The statistical MC uncertainties on the template event yields

in each bin are thereby taken into account. It should be noted, that the mass-varied bb4¢ predictions

are obtained by separate MC sample generations and thus have uncorrelated MC statistical errors, while

the decay-width varied bb4f predictions are obtained through reweighting and therefore have correlated

statistical uncertainties for predictions with the same top-quark mass parameter.

No smoothing procedure is thereby applied to the bb4¢ or bb4l + HF template distributions with varied m;

and I';.

Please note that &; (m,,T';) does not need to equal 1 for the nominal parameters of interest m, = 172.5 GeV

and I'; = 1.32 GeV.

® The implicit assumption made in this procedure is that the top-quark mass and decay width dependence of
the mp, - distribution is identical for distributions obtained with ATLFAST 3 and GEANT4 simulations.
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9.3 Parameterising the top-quark mass and decay width sensitivity
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Figure 9.2: Comparison of the fitted Nib bu(mt, T';) dependence and the template yields of the mass-
and width-varied bb4¢ predictions, normalised to the total event yield of the nominal bb4¢ MC
prediction in the signal region. These template yields are used as inputs to derive the (5? bM(mt, )
parameterisation. The comparison is shown for bin i = 10 (mj™™* e [140, 150] GeV) and bin i = 14

(mgmimax ¢ 1930, 400] GeV). The y-axis displays the ratio of the N;(m;,T;) predictions to the nominal
bb4/l template yield (m, = 172.5 GeV and I';, = 1.32 GeV).

To test the quality of the mass and decay width parameterisation, pseudo-data tests are
performed: A pseudo-data set is constructed by adding the bb4¢ and bb4¢+ HF MC predictions
with varied top-quark mass and decay width paraurlrleters6 and the nominal background
predictions. A fit including only statistical uncertainties is then performed to this pseudo-data
set to test whether the input top-quark masses and decay widths can be correctly extracted

when applying the N; (my,T';) parameterisation described above. If the Nibbu(mt,Ft) and
Nf)MHHF(mt,Ft) parameterisation would exactly reproduce the input template yields of

the bb4/ and bb4¢ + HF predictions for all m, and T, perfect closure of this test would be
expected. In practice, the parameterisation does not reproduce the template input points
exactly. This behaviour is expected due to the finite number of MC events, which leads to
statistical fluctuations in the predicted event yield per bin relative to the underlying theoretical
prediction that would be obtained with unlimited number of generated MC events.

The results of these pseudo-data tests are shown in Figure 9.3. The cross-markers indicate
the input values of the top-quark mass and decay width used to produce the pseudo data,
while the points indicate the corresponding fitted values obtained from the pseudo-data test.
The error bars represent the uncertainty estimate from the statistical fit without including
systematic uncertainties to the extracted m,; and I'; values. All tested pseudo-data mass
and decay widths are recovered within the uncertainty of the fitted parameter. It should
be noted, that the parameterisation is derived by shifting the top-quark mass parameter by

% If the bb4¢ mass-varied predictions were available with the GEANT4 simulation, these predictions could be
directly used to build the pseudo-data set. Instead, as these MC samples are only available in ATLFAST 3, the
ratios of the event yields per bin in the mg; " distribution of the mass-varied ATLFAST 3 bb4¢ prediction
and the nominal ATLFAST 3 bb4/ prediction are used for each bin in the nominal bb4¢ GEANT4 prediction.

This procedure is performed again for both the bb4¢ and the bb4¢ + HF contributions separately.
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Chapter 9 Fit strategy

(m; — 170) GeV in the parameterisation, leading to a similar order of magnitude for the m;
and I'; parameters. The improvement of the parameterisation due to this choice and further
tests of alternative parameterisation of N; (m,,T';) are presented in Appendix A.

140 fb~%, 13 TeV, Full m; & s templates, Stat.-Only
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Figure 9.3: Closure test of the parameterisation. The input top-quark mass and decay width of the
pseudo data (cross markers) are compared to the fitted values (point markers). The fit includes only
statistical uncertainties, using the nominal two-dimensional parameterisation N;(my,I';). The colour
flmitom g -

stat.-only stat.-only *
m Ir
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of the error bars on the fitted parameters indicates the corresponding values o
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cHAPTER 10

Estimating the top-quark mass and decay
width sensitivity

In this section, the sensitivity of the top-quark mass and decay width measurement is evaluated.
This is achieved by testing the profile likelihood fit model using a data set representative
of the MC simulation, the Asimov data set, in Section 10.1, and by examining the best-fit
normalisation factors and nuisance parameter values obtained from the fit to ATLAS Run 2
data in Section 10.2. All systematic uncertainties described in Section 8 are taken into account,
including in particular the bb4¢ modelling uncertainties discussed in detail in Section 3. The
development of these modelling uncertainties was crucial to obtain a realistic estimate of the
achievable precision in this measurement.

10.1 Profile likelihood fit using the Asimov data set

The statistical fit model described in Section 9 is studied using an Asimov data set Nf [292]
constructed from the nominal signal and background predictions. The nominal signal prediction
corresponds to the event yields per bin obtained with the parameterisation N} red(mt =
172.5GeV, I, = 1.32GeV). As discussed in Section 9.3, this prediction does not need to
correspond exactly to the nominal bb4¢ signal MC templates. The use of the Asimov data set
allows the evaluation of the expected uncertainty in the top-quark mass and decay width. This
evaluation is performed for the case when all nuisance parameters are evaluated to be exactly
zero, i.e. they correspond to their nominal values, the bb4¢ and bb4¢ + HF normalisation
factors are unity, and the input parameters of interest are retrieved. The uncertainties in
the nuisance parameters can be reduced with respect to their pre-fit value, reflecting the
constraining power of the data if it were the Asimov data set. This is taken as an estimate
for the constraining power expected in the ATLAS Run 2 data set.
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Chapter 10 Estimating the top-quark mass and decay width sensitivity

First, the impact of introducing the control regions used to correct the normalisation of the
bb4¢ + HF' contribution and to constrain JES uncertainties on the expected sensitivity to the
top-quark mass and decay width is evaluated by comparing three different Asimov fits:!

(a) 1D Asimov fit: Profile likelihood fit of the m%inimax distribution in the signal region.

(b) 2D Asimov fit: Profile likelihood fit corresponding to (a), additionally including the
total number of events in the heavy-flavour control region. This region is expected to
reduce the uncertainty in the bb4¢ + HF normalisation factor and the top-quark decay
width.

(c) 3D Asimov fit: Profile likelihood fit corresponding to (b), additionally including the
my,, distribution of the JES control region, which is expected to constrain in particular
the JES pre-recommendation uncertainties and therefore improve the sensitivity to the
top-quark mass parameter.

The uncertainty estimates in the top-quark mass and decay width, as well as in the norm-
alisation factors of the bb4¢ and bb4¢ + HF contributions, obtained from the three different
Asimov fits, are shown in Figure 10.1. All systematic uncertainties discussed in Section 8 are
included. The sensitivity to the top-quark mass and decay width is found to be dominated by
systematic uncertainties. When not including systematic uncertainties in the 3D Asimov fit,
the expected uncertainties amount to 0.07 GeV for the top-quark mass and 0.04 GeV for the
top-quark decay width.

8- 3D Asimov -©-2D Asimov —+ 1D Asimov

——
Nyoy $ 1,007 1.00°% 1,007
Nopase % 1.0, 1.007,, 1.00575
I, [GeV] -3 13245 1.3207) 1.3275
G N = e T
0 2 ) 6 8 10

Figure 10.1: Estimated uncertainties in the normalisation factors of the bb4¢ and bb4¢+HF contributions
(Nppae and Nypap i pr), the top-quark mass (m;—170 GeV), and the top-quark decay width (T';), obtained
from the three Asimov fits discussed in the text. The post-fit parameter values and uncertainties are
listed below the fit labels (3D Asimov, 2D Asimov, and 1D Asimov).

The inclusion of the bb4¢ + HF control region significantly reduces the uncertainty in the
bb4¢ + HF normalisation factor and in the top-quark decay width, while having only a
minor impact on the top-quark mass and the bb4¢ normalisation. Prior to introducing the
bb4¢ + HF control region, the parameters Ny o gy and I'; are strongly correlated. From the
correlation matrix obtained in the negative log-likelihood minimisation of the 1D Asimov

! While in the following, the nomenclature 1D, 2D and 3D is used, this corresponds to the profile likelihood
fit to either one, two or three one-dimensional histograms, instead of to a one-, two- or three-dimensional
observable.
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10.1 Profile likelihood fit using the Asimov data set

fit, the correlation coefficient is estimated to be approximately —88 %. This behaviour can
be understood from the shape of the bb4¢ + HF contribution in the signal region, shown
in Figure 7.7(a), which demonstrates that variations in the bb4¢ + HF normalisation factor
have a similar effect to changes in the top-quark decay width. By including additional
information about the bb4¢ + HF contribution through the dedicated control region, the
correlation between Nyyypypgp and I'; is reduced drastically to approximately 2 %. This is
achieved since the bb4¢ + HF control region is highly sensitive to Nyp4pgr, while having no
sensitivity to variations in I.

The introduction of the JES control region, on the other hand, has negligible impact on the
uncertainty in Ny gr and in the top-quark decay width, but a significant effect on the
top-quark mass measurement. This behaviour is partly due to a reduction in the correlation
between the top-quark mass parameter and the nuisance parameter describing the JES
VertexingAlg pre-recommendation uncertainty, which is associated with the change in the
primary vertexing algorithm between the reconstruction software versions used in the in-
situ JES calibration and used in this measurement. In the 2D Asimov fit, the correlation
coefficient between these parameters is approximately 72 %, which decreases to about 36 %
after introducing the JES control region. Figure 10.2 illustrates the impact of the JES
VertexingAlg pre-recommendation uncertainty. In (a), the effect of this uncertainty in the
signal region is compared to variations of the top-quark mass and decay width, demonstrating
the strong correlation with m,. In contrast, (b) shows that the JES control region is sensitive
to the JES VerteringAlg pre-recommendation uncertainty. As discussed in Section 7.4, the
JES control region is not sensitive to variations of m;.
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Figure 10.2: Impact of the JES VerteringAlg pre-recommendation uncertainty on the bb4¢ prediction
in (a) the signal region and (b) the JES control region. The MC predictions corresponding to the £1o
variations of this uncertainty are shown as dashed lines, while the output of the smoothing algorithm
is shown as solid lines. Additionally, in (a) the influence of the top-quark mass and decay width
variations in the signal region are illustrated by the red and blue bands, respectively.
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Chapter 10 Estimating the top-quark mass and decay width sensitivity

The constraining power estimated in the Asimov fit for a subset? of the considered nuisance
parameters — those which are most relevant for this measurement — evaluated with the
three Asimov fits is shown in Figure 10.3. After the introduction of the JES control region,
additionally to reducing the correlation of the JES VerteringAlg pre-recommendation uncer-
tainty and the top-quark mass variation, the corresponding nuisance parameter uncertainty
can be more strongly constrained. While slightly increased constraints in the 3D compared
to the 1D Asimov fit are also observed in the bb4¢ modelling systematic uncertainties, the
dominant expected constraining power is indeed originating from the signal region. This is
also the case for the significantly constrained bb4¢ +HERWIG 7 nuisance parameter, and will
be further discussed in Section 10.2.

The correlation coeflicients, evaluated in the 3D Asimov fit, between nuisance parameters, the
parameters of interest (the top-quark mass and the decay width) and the normalisation factors
are shown in Figure 10.4. Only quantities that exhibit at least one correlation coefficient above
20 % with another quantity are retained. As shown in this figure, the normalisation factor
Nypag is strongly correlated with the uncertainty associated to bb4¢ MC events with additional
particle-level c-jets (bb4¢ soft c-jets in Figure 10.4). This is expected, as in Figure 7.7(a) the
fraction of bbdl events with additional c-jets was found to be approximately flat across the
full mp, ™™ distribution, corresponding nearly to a pure normalisation effect with negligible
impact on the shape. For the bb4¢ + HF normalisation factor, the strongest correlations are
observed with the nuisance parameters describing variations of the FSR g — ¢q splitting
kernel. This modelling uncertainty directly affects the number of events with additional b-jets
through variations in the description of g — bb splittings, and is therefore expected to have a
significant impact on Nypyp i yp-

While the largest correlation coefficients between nuisance parameters #; and the parameters
of interest pu € {m;,I';} are also shown in Figure 10.4, the dominant sources of systematic
uncertainties affecting i can be identified with the uncertainty breakdown based on the
covariance matrix [294| shown in Figure 10.5.% Thereby, the impact of each systematic
uncertainty in p is evaluated in the Gaussian approximation through

tot
Agz = 0’/"’0 peivuaei’ pe,“,u, = ‘/9“;1,/ %i76ivu7u (101)

where pj. , is the correlation coefficient built with the covariance matrix V', oy, the (post-fit)

uncertainty in the nuisance parameter 6;, and afft the total uncertainty in the parameter of

interest p. In case of asymmetric uncertainties — which are possible when performing the
uncertainty estimation using MINOS— in Equation 10.1 double-sided Gaussian distributions
o'P £ 9o are used instead, which can thus lead to asymmetric impacts. The final fit model
is studied by using the covariance matrix, as the covariance matrix is built at the best-fit
point in the full likelihood parameter space (meaning the parameters of interest, normalisation
factors and nuisance parameters) and all systematic uncertainty sources are considered. These

% This is not shown for all 274 nuisance parameters entering the fit model after pruning for better visibility,
instead the focus lies on the nuisance parameters related to the bb4¢ and bb4¢ + HF modelling, jet, BT >
and flavour-tagging b-jet efficiency uncertainties in this figure.

® It was verified that the conclusions from Figure 10.4 do not change when using either MINOs to evaluate all

parameter uncertainties in the likelihood or the global shifted observables approach [294].
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10.1 Profile likelihood fit using the Asimov data set
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Figure 10.3: Post-fit values and uncertainties for a subset of nuisance parameters (bb4¢ and bb4¢ + HF
modelling, B3, and most impactful jet and flavour tagging b-jet efficiency uncertainties) used in
the 3D, 2D and 1D Asimov fits. The best-fit and the pre-fit values for the nuisance parameters are
given by 6 and 0y, respectively. For the Asimov data set, it is always 6 = 0. The pre-fit uncertainty
is given by A# and is shown — applied to the pre-fit value 8, — by the green band. In the case of the
1D and 2D Asimov fit (which do not include the JES control region), the nuisance parameters related
to the B uncertainties are pruned and thus are not visible in the figure.
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Figure 10.4: Correlation coefficients between nuisance parameters, the top-quark mass and decay
width parameters, and the normalisation factors with at least one coeffiecent > 20 % as determined in

the minimisation procedure of the 3D Asimov fit.
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10.1 Profile likelihood fit using the Asimov data set

impacts of systematic uncertainty contributions can be added in quadrature to obtain the

total systematic uncertainty estimate on m, and I.
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Figure 10.5: Impact of systematic uncertainties evaluated with the uncertainty decomposition based
on the covariance matrix for (a) the top-quark mass and (b) the decay width. The 15 systematic
uncertainties with the highest impact on the respective parameter of interest in decreasing order of
their impact are shown. The numerical values of these impacts on A7, and AL, can be read from
the upper z-axis.

The impact of the JES VertezingAlg pre-recommendation uncertainty on the mass measurement
is strongly reduced after the introduction of the JES control region, which is by the dominant
uncertainty component in the case of the 2D Asimov fit. In the 3D Asimov fit, a further
JES pre-recommendation uncertainty is important in the mass fit, which accounts for the
non-closure of the in-situ corrections, when using the reconstruction software version in this
measurement or in the JES in-situ calibration. Its impact on the bb4¢ prediction in both the
signal region and the JES control region is shown in Figure 10.6. In contrast to the JES
uncertainty related to the primary vertexing algorithm, the in-situ non-closure uncertainty
induces only a small variation in the JES control region and can therefore not be constrained
as effectively. As a consequence of introducing the JES control region, uncertainties related
to the muon trigger efficiency and to the missing transverse momentum enter the fifteen most
impactful systematic uncertainties affecting m,, which instead are not important in the 2D
Asimov fit. The dominant jet-related uncertainties on the mass measurement are further
discussed in Appendix B.2.

The systematic uncertainty contributions to the top-quark decay width measurement are
generally dominated by modelling uncertainties on the bb4¢ and bb4¢ + HF contributions. In
particular, the most important systematic uncertainty sources are the matrix-element scale
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Figure 10.6: Same comparison as in Figure 10.2, but for the JES pre-recommendation uncertainty
covering the JES in-situ non-closure.

variations in the bb4/¢ contribution, as well as the parton-shower uncertainty in the bb4¢ and
bb4¢ + HF predictions. The impact of matrix-element renormalisation (ug) and factorisation
(up) scale variations on the bb4¢ prediction in the signal region are shown in Figure 10.7. The
resulting variations closely resemble the shape changes induced by variations of the top-quark
decay width, explaining their significant influence on the I'; measurement.
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Figure 10.7: Same comparison as in Figure 10.2, but for the matrix-element scale variation pp (a) and
pp (b) variation uncertainty in the bb4¢ prediction in the SR.

The impact of the parton-shower uncertainty on both, the bb4¢ and bb4¢+ HF contributions, in
the signal and the JES control region is shown in Figure 10.8. While the effect of the parton-
shower uncertainty in the bb4¢ prediction in the signal region differs from variations of I'; in
the bulk of the my ™™ distribution, the pronounced shape variation of the bb4/+HERWIG 7
uncertainty in the tail of the distribution resembles the variations expected for a change in the
I'; parameter — when shifting the overall normalisation. The correlation coefficient between
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10.1 Profile likelihood fit using the Asimov data set

the top-quark decay width variation and the parton-shower uncertainty is thereby significant,
—51%, as seen in Figure 10.4. Furthermore, the parton-shower uncertainty evaluated for
the bb4l + HF contribution corresponds to a large normalisation change of approximately
30 %, as observed also in the JES control region. Interestingly, the parton-shower uncertainty
in the bb4¢ + HF prediction decreases at large values of my, . This indicates that,
while the modelling of additional soft b-jets differs significantly between bb4¢ + PYTHIA 8
and bb4l + HERWIG 7, these differences are less pronounced for additional b-jets with higher
transverse momenta. This interpretation is further supported by the observation that the
normalisation difference due to the parton-shower uncertainty in the bb4¢ + HF contribution
is reduced to about 6 % in the bb4¢ + HF control region, in which at least one additional
b-jet is required to have substantial transverse momentum. Further studies, comparing the
simultaneous and independent top-quark mass and decay width profile likelihood fits and
the impact of excluding the jet pre-recommendation uncertainties, which are expected to be
reduced significantly with the upcoming JES and JER recommendations, can be found in
Appendix B.1 and Appendix B.2, respectively.
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Figure 10.8: Same comparison as in Figure 10.2, but for the bb4/+HERWIG 7 uncertainty evaluated for
the bb4/¢ ((a),(c)) and bb4l + HFE ((b), (d)) contribution.
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Chapter 10 Estimating the top-quark mass and decay width sensitivity

10.2 The blinded fit

To further study the fit model, ATLAS Run 2 data is used in the statistical fit, but the
best-fit values of the parameters of interest — the top-quark mass and the decay width —
are concealed, i.e. the fit is blinded. This approach is useful to study the behaviour of the
model in the fit to data, in particular the post-fit values and uncertainties of the nuisance
parameters, without biasing the choices made in the analysis set-up due to known best-fit
values of the parameters of interest for different fit configurations.

The estimated uncertainty in the blinded parameters of interest and the measured value for
the bb4¢ and b4l + HF normalisation factors in the fit to Run 2 ATLAS data are given by

iy =1y 08 GeV, Ty = Ty oog GV, Nypasimp = 173+ 041, Ny = 0.96 £ 0.07. (10.2)

Compared to the expected uncertainties evaluated with the Asimov data set, the uncertainty in
the top-quark mass parameter is reduced, while the uncertainty in the top-quark decay width
parameter increased in the fit to ATLAS Run 2 data. As expected from the large data—MC
discrepancy observed in the bb4¢ + HF control region prior to the fit, the normalisation factor
Nbb4£ . pr differs substantially from unity. Its value is consistent with the comparison of the
bb4¢ predictions to unfolded data shown in Figure 3.17(b). The normalisation factor of the
bb4¢ contribution is compatible with unity.

Taking into account the fitted normalisation factors for both, the bb4¢ and bb4¢ + HF contri-
butions, the inclusive NLO+PS bb4¢ prediction in the signal region is effectively scaled by
approximately —2 %. As the inclusive K-factor onni,o/0nLo for off-shell ¢ production was
calculated to be approximately 10.8 % [295], this might be surprising. However, it should
be noted, that the inverse width corrections discussed in |2| are not applied to the nominal
bb4¢ MC prediction in this analysis. Including these corrections leads to a reduction of the
bb4¢ normalisation of approximately 6 %, as described in Section 3.2. Their application has
been recommended to the ATLAS Collaboration in private communication with the authors
of [2] and will be included in future MC productions of bb4¢ samples, both for the nominal
prediction and for systematic variations.

To assess whether the post-fit model Ly, g¢ provides an adequate description of the data, a
goodness-of-fit test based on the saturated model [296] is performed. The saturated model
L, introduces one free parameter per data point, allowing it to reproduce the data perfectly.
The test statistic,
Lost-
Y2 =—2In\ = —21p —Rostfit (10.3)
Lsat
follows asymptotically a X2 distribution according to Wilks’ theorem. The corresponding
p-value,

2 2 2 2 2
b= p(X > Xobs) =1 _p(X < Xobs) =1- F(Xobs7Nd0f)7 (1O4>
is computed using the cumulative distribution function F' of the X2 distribution with Ny, =

Ngata — Npar = 27 — 4 degrees of freedom, where N,,,, includes the two parameters of interest
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10.2 The blinded fit

and the two free-floating normalisation factors. This p-value quantifies the probability of
observing a X2 value, which is at least as large as the one obtained, assuming the post-fit
model is correct. A goodness-of-fit probability of 43.7 % is obtained using the saturated
model, indicating good agreement between the post-fit model and the data. The good post-fit
description of the ATLAS Run 2 data in the analysis regions is shown in Figure 10.9.
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Figure 10.9: Comparison of the ATLAS Run 2 data in (a) the signal region, (b) the bb4¢ + HF control
region and the (c) JES control region with the total MC prediction in these regions, in which the
best-fit parameters of interest i, I';, the best-fit normalisation factors Nyy,, and Nbb4é+HFv as well
as the best-fit nuisance parameter values 6 and corresponding uncertainties A6 as obtained from the
blinded fit to data are employed to obtain the predicted event yields per bin. The blue uncertainty
band shows the post-fit uncertainty in the MC prediction, and the green error bars on the data points
represent the statistical uncertainty in these.

In Figure 10.10, the impact of the highest ranked systematic uncertainties in the best-fit
top-quark mass and decay width value in the blinded fit to ATLAS Run 2 data is shown.
Significant deviations between the post-fit and pre-fit nuisance parameter values are observed
for several bb4f modelling uncertainties, including the PYTHIA 8 recoil-scheme uncertainty, the
colour reconnection CR2 uncertainty and the matching uncertainty in the top-quark decay
(scale-resonance-veto). As expected from the Asimov fit studies in Section 10.1, the HERWIG 7
uncertainty is strongly constrained. Moreover, in the blinded fit, the corresponding nuisance
parameter is shifted such that it remains compatible with the nominal parton shower model
at slightly above 1o.

For the estimation of these modelling systematics, the nominal prediction is compared to
a single alternative prediction, which defines the +1¢ variation in the pre-fit model. The
corresponding —1¢ variation is obtained by symmetrising the uncertainty, i.e. by applying a
mirrored shift with respect to the nominal prediction. For the recoil, scale-resonance-veto, and
HERWIG 7 uncertainties, the fit does not prefer the alternative prediction itself, but rather the
mirrored variation. A preference in the profile likelihood fit for the mirrored variation therefore
does not correspond to a concrete physics model, but instead more strongly disfavours the
alternative prediction.
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Figure 10.10: Same comparison as in Figure 10.5, but for the systematic uncertainties with the largest
impact on the best-fit /i, and I'; value in the blinded fit to ATLAS Run 2 data.

To investigate which analysis regions have the largest impact on these shifts, the corresponding
systematic uncertainties are decorrelated across the signal region, the JES control region, and
the bb4f + HF control region, introducing a separate nuisance parameter for each region. The
pre- and post-fit values and uncertainties when correlating or decorrelating these nuisance
parameters across analysis regions are compared in Figure 10.11.

The largest shifts in the post-fit nuisance parameters for the bb4/¢ recoil, scale-resonance-veto,
and colour reconnection (CR2) uncertainties originate from the signal region, and the reduction
in the HERWIG 7 uncertainty is also predominantly driven by the signal region. For all of
these uncertainties, the post-fit trends are similar for nuisance parameters in the signal and
JES control region, whereas the bb4¢ + HF control region does not constrain or shift these
parameters. Thereby, differences between data and MC predictions in the single-bin bb4¢+ HF
control region, lead to a change of the bb4¢ + HF normalisation factor Ny, L ur, rather than
leading to a shift of a nuisance parameter, which would include a likelihood penalty.

With the future consolidated JES and JER recommendations for reprocessed Run 2 data and
MC, it may become possible to remove the JES control region, eliminating the need for these
decorrelation studies. Still, since the dominant changes between pre-fit and post-fit nuisance
parameter values corresponding to these uncertainties arise from the signal region, they must
be scrutinised further. The effects of these uncertainties on the bb4¢ distribution in the signal
region are shown in Figure 10.12.
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Figure 10.11: Same comparison as in Figure 10.3, but for the blinded fit to data when either correlating
(default) or decorrelating (decorr. regions bb4/ syst) systematic uncertainties in the bb4¢ prediction,
whose nuisance parameters show the largest deviations between their pre-fit and post-fit values, per
region. These systematic uncertainties are the bb4¢ recoil, colour reconnection (CR2), scale-resonance-
veto and HERWIG 7 uncertainties. Therefore, in the default fit, one nuisance parameter for these
uncertainties is defined (bb4¢ recoil-to-colour, bb4¢ CR2, bb4l scale-resonance-veto, bb4¢+HT7) and
shown in the figure, while for the fit decorr. regions bb4f syst three separate nuisance parameters are
introduced per uncertainty (bb4¢ recoil-to-colour (region), bb4¢ CR2 (region), bb4/ scale-resonance-veto
(region), bb4d¢+HT (region)) with region € {Signal Region, Control Region (JES), Control Region
(HF)}.
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Chapter 10 Estimating the top-quark mass and decay width sensitivity

An interesting observation concerns the recoil uncertainty: its impact on the top-quark
mass measurement is small in this analysis, despite being one of the dominant uncertainties
in the most recent ATLAS top-quark mass measurement in the dilepton channel [124].
The measurement used an my, distribution up to 140 GeV as the mass-sensitive observable.
In the bulk of the mp ™™ distribution, the recoil uncertainty affects the shape of the
observable similarly to mass variations, but near the endpoint around 150 GeV these two
shape variations differ distinctly, allowing the recoil uncertainty and the mass variations to be
largely uncorrelated. In the current analysis, this results in a correlation coefficient of only
7% in the profile likelihood fit to Asimov data, as shown in Figure 10.4.

The matching uncertainty in the top-quark decay subprocess (scale-resonance-veto) is expected
to be replaced by a more targeted uncertainty definition, as the current implementation
introduces a mismatch between the scales used in POWHEG and PYTHIA 8 to quantify
this uncertainty. As indicated by the corresponding post-fit nuisance parameter value, the
alternative prediction is indeed disfavoured by the data in the signal region. Nevertheless,
the associated degree of freedom is still actively used in the fit. Therefore, understanding
the impact of an improved definition of the matching uncertainty will be important for this
analysis.

Finally, the colour-reconnection uncertainty is mostly influencing the low my, —  region,

while its evaluation in the high—7’11??,111“118LX tail is limited by MC statistical uncertainties, as
seen in Figure 10.12(c). It should be noted however, that this uncertainty does not have a
large impact on the top-quark decay width measurement, as seen in Figure 10.10. With the
current uncertainty estimate, the data in the signal region favours the alternative CR2 model

over the CRO colour reconnection model.*

It is explicitly verified in the blinded fit that the top-quark mass and decay width measurements
are largely independent. In Figure 10.13, the blinded best-fit values of m, and I'; obtained from
the simultaneous fit are compared to those from separate fits extracting only the top-quark
mass or decay width, as described in detail in Appendix B.1. Excellent agreement is observed
between the best-fit values of the parameter of interest across the different fit models. Further,
the comparison of MC predictions and data in distributions, which were not used in the profile
likelihood fit, can be found in Appendix B.3.

* In a recent ATLAS top-quark mass measurement [125], which employed a profile likelihood fit, the data
likewise favoured the CR2 model. However, the use of the single-lepton ¢ channel and the focus on high
transverse-momentum top quarks in [125], prevents a direct comparison with the measurement presented in
this thesis.
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Figure 10.12: Same comparison as in Figure 10.2, but for the impact of the (a) PYTHIA 8 recoil
uncertainty, (b) the matching uncertainty in the top-quark decay (scale-resonance-veto) and (c) the
colour reconnection uncertainty CR2 on the bb4¢ prediction in the signal region.

10.3 Future developments

Some aspects of the analysis presented in this thesis can be further improved. For the
top-quark mass measurement, the updated JES and JER in-situ calibrations, derived using
reprocessed Run 2 data and simulation, are expected to reduce the associated uncertainties.
To estimate the expected improvement, the top-quark mass uncertainty is re-evaluated without
taking the jet pre-recommendation uncertainties into account. This leads to a reduction on the
uncertainty in the top-quark mass of approximately 100 MeV with respect to the uncertainty
obtained in the nominal fit, which includes the jet pre-recommendation uncertainties. Once
these calibrations are applied, the need for a dedicated JES control region will be reassessed,
potentially simplifying the analysis strategy and the understanding of constraints and post-fit
shifts of the bb4¢ modelling uncertainties. In collaboration with the authors of [2], the nominal
MC generation settings for the bb4¢ sample are under final review. One anticipated change
is the adoption of a lower central renormalisation and factorisation scale in the NLO QCD
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and decay width sensitivity

Default

Blinded Fit

Blinded Fit

Default

Only m

Only T,

L P P n n N N PRI | N M P P L i |
08 -06 -04 -02 0 02 04 06 08 -03 -02 -0.1 0 0.1 0.2 03
A m [GeV] AT [GeV]

Figure 10.13: Comparison of the blinded best-fit values for (a) the top-quark mass and (b) decay
width as determined in the simultaneous (my, I';)-fit (Default) or by independent fits of either the
top-quark mass or decay width, as described in Section B.1. The green band indicates the uncertainty
in the blinded parameter of interest in the default fit.

matrix-element calculation, which is particularly relevant since the matrix-element scale-
variation uncertainty was found to significantly affect the top-quark decay-width measurement.
Additionally, the systematic-uncertainty prescription is being refined, including potentially an
alternative evaluation of the matching uncertainties. The top-quark decay-width measurement
will benefit from a more detailed understanding of the observed discrepancy between data and
MC in the number of additional b-jets. Studies are ongoing to validate the bb4¢ + HF truth
definition and the application of the normalisation factor for the bb4¢ + HF contribution in the
signal region, which is largely determined from data in the corresponding bb4¢ + HF control
region. The MC modelling of additional heavy-flavour jets is also being actively investigated
in collaboration with the authors of [2].
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Conclusions

In this thesis, the achievable precision in a simultaneous top-quark mass and decay width
measurement using the ATLAS Run 2 dataset has been studied. Using simulated data, the
expected sensitivity is found to be 0.73 GeV for the top-quark mass and 0.14 GeV for the
top-quark decay width. This constitutes a significant improvement in the top-quark decay
width sensitivity compared to the currently most precise measurement with an uncertainty of
0.3 GeV [232]. This improvement is driven by several factors, including the use of the full Run 2
data set, advanced object reconstruction techniques and, in particular, an analysis strategy
that exploits the enhanced sensitivity provided by improved MC predictions generated with
the bbdl MC generator [1, 2]. A substantial part of this work focused on making these MC
predictions suitable as a nominal signal model within an ATLAS measurement. This required
the detailed study and implementation of all relevant modelling systematic uncertainties. As
many top-quark measurements in ATLAS are limited by modelling uncertainties, their reliable
estimation is essential for a robust uncertainty evaluation. The nominal bb4¢ ATLAS MC
sample developed in this work therefore provides a central contribution to future top-quark
analyses within the ATLAS Collaboration. Indeed, MC samples produced during this thesis
have already been utilised in several publications [102, 104, 297]. The studies presented
here demonstrate the significant impact of the modelling of additional heavy-flavour jets on
the top-quark decay width measurement, as well as the influence of jet pre-recommendation
uncertainties in the top-quark mass determination. The latter is expected to be significantly
reduced with the availability of updated jet calibrations. In contrast, the former requires a
more detailed understanding of the modelling of additional heavy-flavour contributions in the
bb4¢ MC, which were found to differ from those in the ¢t MC simulation. Further studies are
ongoing in collaboration with the authors of [2] to investigate these effects in more detail and
to refine the systematic uncertainty model. These efforts are expected to further improve the
robustness of future measurements.
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APPENDIX A

Testing alternative parameterisations of the
top-quark mass and decay width
dependence

Several alternative parameterisations of the top-quark mass and decay width parameterisation
per bin N;(m,,T';) are presented in this appendix, while the nominal parameterisation used in
the measurement is described in Section 9.3. These alternative parameterisations are used to
study the impact of several general choices made in the alternative parameterisation, as well
as the impact of using a different functional for N;(m,,T').

The following general choices are made in the nominal parameterisation: First, the dependence
of both the bb4¢ and the bb4l + HF contribution is parameterised, resulting in two paramet-
erisations Nibbu(mt, I';) and NibeJrHF (my,I';), which are used in the statistical fit. Second,
the top-quark mass parameter is shifted by (m; — 170) GeV in the parameterisation in order
to obtain a similar order of magnitude for the m; and I'; parameters. Finally, the m, and
I', dependence of the event yields per bin in the control regions is not parameterised. The
impact of these choices is shown in Table A.1.

To compare the different parameterisation choices, the absolute difference between the fitted
top-quark mass and decay width values (m?t, F?t) and the values used to generate the pseudo-
data set (m}", T'}") is divided by the uncertainty in the fitted parameter values obtained in
the fit without systematic uncertainties,

jme’ — m"| LA v
<A/U)mt = stat.-only and (A/U)Ft = stat.-only ° (Al)
T, op,

The average and the maximum values of (A/0),, and (A/o)r, are evaluated for input top-
quark masses m, € {171,172,172.5,173,174} GeV and input top-quark decay widths of T'; €
{0.8,1.0,1.2,1.4,1.6,1.8,2.0} GeV. In addition, the maximum deviations in Am, = \m?t —my |
and AT, = |I™ — | within the same m!" and I'" range are compared in Table A.1.
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Appendix A Testing alternative parameterisations of the top-quark mass and decay width
dependence

(Sme (S (Shm (IE (A [GeV]  (A)F™ [GeV]
default 0.13 0.47 0.38 0.89 0.02 0.04
no bb4¢ + HF param. | 0.42 0.54 0.74 1.39 0.06 0.07
incl. CR param. 0.13 0.47 0.39 0.88 0.03 0.04
no m; shift 0.14 0.49 0.36 1.15 0.03 0.05

Table A.1: Comparison of the average absolute differences (A/0),,, = Im® — mi* /o and (AJo)r, =

T — 1| /o between the input values (m!”, T'") and the fitted values (m?", T1") obtained from the
fits including only statistical uncertainties to pseudo-data sets. The averages are shown for different
choices in the derivation of the parameterisation N;(m,,I';). In the default parameterisation, the
bb4l + HF contribution is parameterised like the bb4¢ contribution, the control-region yields are not
parameterised and the top-quark mass parameter is shifted to m, — 170 GeV. The impact of these
choices is tested by altering the described parameterisation choices in the tests labelled (no bb4¢ + HF
param.), (incl. CR param.), and (no m, shift), respectively. The average and maximum values of
(A/d)y,, and (A/o)r,, as well as the maximum deviations Am, and AL';, are computed over the
ranges m, € {171,172,172.5,173,174} GeV and T, € {0.8,1.0,1.2,1.4,1.6,1.8,2.0} GeV.

First, it was explicitly tested whether neglecting the m; and I'; dependence in the bb4¢ + HF
contribution affects the closure of the fit (no bb4¢ + HF param.). For this test, only the

bb4l component is parameterised in terms of m; and I';, Nib bu(mt, I';), while the bb4¢ + HF
parameterisation Nib bACHHE (my,T) is fixed to unity for all m, and T'; values. For the nominal

fit model, which includes the m, and I', parameterisation of the bb4¢ + HF contribution, an
average deviation of 0.130 between the fitted and input mass values is observed. When the
bb4l¢ + HF parameterisation is omitted, this deviation increases to 0.420. The effect is less
pronounced for the width extraction: the average deviation amounts to 0.47¢ in the nominal
fit model and increases slightly to 0.54c when the bb4¢ + HF dependence is not parameterised.
This behaviour is expected, as the bb4f + HF contribution predominantly exhibits sensitivity
to variations of the top-quark mass, as shown in Figure 7.4.

It is further verified that not parameterising the m,;- and I';-dependence in the control regions
has a negligible influence on the closure of the pseudo-data tests (incl. CR param). Only
negligible differences in the metrics shown in Table A.1 are observed between the default
parameterisation, which does not include the control-region m,;- and I';-parameterisation, and
the alternative parameterisation where the control-region yields are also parameterised. It
should be emphasised that in these pseudo-data tests the pseudo data are generated from the
same MC prediction that is used to derive the parameterisation. Consequently, the statistical
fluctuations in the pseudo data correspond exactly to the fluctuations present in the MC
templates used to construct the parameterisation.

Finally, the influence of parameterising N;(m;, ;) in terms of m; or m; — 170 GeV is studied
(no my shift), while the latter choice is used in the nominal parameterisation. While no
significant change in the average deviations (A/o)® and (A/ a)%:g is observed, omitting the
mass shift leads to more pronounced deviations for pseudo-data points with m; = 171 GeV
and I'y < 1.2 GeV, where (A/o)p, > 1 is observed.
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The results of a different kind of pseudo-data test are shown in Figure A.1. In this test, instead
of using the nominal parameterisation N;(m,, I';), which is derived from all available template
distributions of varied top-quark masses and decay widths, the event yield parameterisation
N} (my,T}) is derived by omitting all template distributions that have the same top-quark mass
or decay width (or both) as the pseudo-data set. This pseudo-data fit therefore tests whether
top-quark mass and decay width values that are not used in the parameterisation can still be
correctly recovered. As seen in Figure A.1, this is indeed the case if the (my, I';)-dependence is
interpolated. In contrast, extrapolating to masses outside the range of template values — this
is the case in the pseudo-data tests with m, = 171 GeV and m, = 174 GeV — leads instead to
a larger discrepancy between fitted and input mass and decay width values, as expected.

140 fb~1, 13 TeV, no m,I'; templ. with mpseude Pseudo giat -Only

201 %, "i" + o .x .
= I 1.2
§ 181 %, + He s X o
e % 6 S S ¢ X 3
i 1.4 1 ’5}4 "i" *{e ’i“ X 06:§
(:%1.2- X%, £ ra e * 048
L 10/ e c SR Y W % '

081 % 5 S VR ¢ % o

0.0

171.0 1715 172.0 1725 173.0 173.5 174.0
Top-quark mass m; [GeV]

X Pseudo-data e Fit (Am: & AT < 10) e Fit(AmyorAlly =10)

Figure A.1: Same comparison as in Figure 9.3, but using the parameterisation N;(m,,T,) instead
of the nominal N;(m,,T;). For each tested pseudo-data point (m,,T;), Ni(m;,T;) is rederived by
excluding all template points with the same top-quark mass or decay width as the pseudo data. For
example, when testing m, = 172 GeV and I'; = 2.0 GeV, all bb4¢ predictions with m; = 172 GeV (for
all T;) and with T', = 2.0 GeV (for all m,) are excluded during the derivation of N;(m,,T}).

Alternative parameterisations of N;(my, ;) were also tested using linear, cubic, or quartic
polynomials instead of the default quadratic form. Similar comparisons as made in Table A.1
for different parameterisation choices are also performed for the different polynomial orders
in Table A.2. Using a lower-order polynomial reduces agreement between input and fitted
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m; and T'; values when all template distributions are used (full templates), but improves
the agreement when the parameterisation must be extrapolated (removed templates). It
was confirmed, that the worse agreement in the average and the maximum (A/c),, and
(A/o)r,, in the test where templates were removed, is indeed dominated by the extrapolated
mass points m; = 171 GeV and m; = 174 GeV. The quadratic parameterisation is chosen
as a default, since the improvement from a linear to quadratic parameterisation in the
closure tests — when using all template values — is sizeable, while going to even higher-
order polynomials the improvement is less pronounced, especially in the case of a cubic
parameterisation. Furthermore, the quadratic parameterisation is more robust compared to
the cubic and quartic parameterisation in the extrapolation tests. Although extraction of a
parameter outside the range of template m; and I'; values would require the generation of
additional template points to ensure correct parameterisation, the improved extrapolation
behaviour of the quadratic form compared to higher-order polynomials indicates that it is a
more robust parameterisation.

Full templates Removed templates
(Dme (DIEE Shmes (DI | Shme (DIFF (Dhme (S

linear 0.22 0.48 0.48 1.19 0.27 0.61 0.55 1.44

quadratic | 0.13 0.47 0.38 0.89 0.52 0.69 1.22 1.51

cubic 0.13 0.47 0.37 0.86 6.12 1.19 15.20 3.51

quartic 0.09 0.48 0.20 0.79 6.02 1.42 18.19 4.37
Table A.2: Comparison of different functional forms of the parameterisation N;(m,,T';) — linear,
quadratic, cubic, or quartic — similar to Table A.1. In the first pseudo-data test (Full tem-

plates), all available MC templates of m; and I'; are used, and the average deviations between
fitted and input values are computed over the ranges m, € {171,172,172.5,173,174} GeV and
I, € {0.8,1.0,1.2,1.4,1.6,1.8,2.0} GeV. In a second test (Removed templates), all MC templates with
my = mitn and I';, = I‘;‘fn are excluded when deriving the alternative parameterisation N;(m,,T';), and
the averages are computed over the same parameter ranges as in the (Full templates) test.
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APPENDIX B

Further studies of the top-quark mass and
decay width measurement

B.1 Simultaneous or independent extraction of the top-quark
mass and decay width

An important question in this analysis is whether the measurement of the top-quark mass and
decay width significantly influence each other in a simultaneous fit. As discussed in Section 7.2,
the phase-space regions sensitive to variations in m; and I'; only slightly overlap. Therefore,
the correlation coefficient between these two parameters of interest in the simultaneous fit in
Figure 10.4 is found to be small with approximately 6 %. To test this explicitly, independent
Asimov fits of the top-quark mass and decay width are compared to the simultaneous
Asimov fit. In the independent fits, either only the top-quark mass or top-quark decay
width dependence of the my, " bin yields in the signal region is parameterised, which
corresponds to the new parameterisations N;(m;) and N;(T';), respectively, while setting
I', =1.32GeV or m; = 172.5 GeV. Therefore, this approach not only tests the independence
of the m; and I'; extraction, but also compares the one-dimensional parameterisation of the
event yield per bin, which is only dependent on either m; or I';, against the two-dimensional
N;(my,T';) parameterisation. In all cases, a quadratic polynomial is used to derive these N,
parameterisations.

In Figure B.1, the uncertainties on the top-quark mass and decay width, as well as on the
normalisation factors Ny, and Nypp g, are compared between the independent and the
simultaneous my- and I';-Asimov fits. Only a marginal change in the m; sensitivity is observed.
This difference might be due to the use of the one-dimensional parameterisation N;(m;) in
the independent fit, as opposed to the two-dimensional parameterisation N;(m,, ;) employed
in the simultaneous fit.
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Figure B.1: Same comparison as in Figure 10.1, but for the Asimov fit including the signal, bb4¢/+HF and
JES control region when extracting simultaneously the top-quark mass and decay width parameter, or
when extracting either the top-quark mass or top-quark decay width in separate Asimov fits. Thereby,
also the parameterisations N;(my,I'y), N;(m,) and N,(T';) are separately derived in each Asimov fit.

The good agreement in the uncertainty estimate between the simultaneous and the independent
Asimov fits of the top-quark mass and decay width is also reflected in the shape of the
negative logarithm of the profile likelihood ratio around its minimum of m,; and ft, as shown
in Figure B.2. These distributions, commonly referred to as profiled likelihood scans, are
obtained by profiling all other free parameters in the likelihood for fixed values of m, or
I';. The values of m; and I'; at which —In A(m;) = 0.5 and —In A\(T';) = 0.5 define the 1o
confidence intervals, as discussed in Section 9.2. Good agreement is found when comparing
the likelihood scans obtained from the simultaneous and independent fits, both including all
systematic uncertainties. In addition, the likelihood scan for the simultaneous fit without
including systematic uncertainties is shown, illustrating the strongly reduced uncertainty in
the statistical-uncertainty-only Asimov fit, particularly in the case of the top-quark mass
measurement. It was explicitly verified, that the impacts of the most dominant systematic
uncertainties in the simultaneous or independent measurements of the top-quark mass and
decay width are very similar.

The independence of the top-quark mass and decay width measurements is further assessed
with the two-dimensional likelihood scan obtained from the simultaneous Asimov fit, shown in
Figure B.3. The shape of the likelihood in the (my, T';)-plane exhibits no significant correlation
between the two parameters, as indicated by the absence of a pronounced tilt in the confidence
contours. This observation is consistent with the previous results and confirms that the
simultaneous extraction of m; and I'; does not introduce a notable mutual dependence. It
is therefore demonstrated that using the off-shell WWbb predictions, which introduce a top-
quark decay width sensitivity in the high mg, """ tail, the dependence of the top-quark decay
width measurement on the assumed top-quark mass could be significantly reduced compared
to measurements utilising t¢ MC to evaluate the signal predictions (refer to Section 5.2).
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Figure B.2: Negative logarithm of the profile likelihood ratio, —In A, as a function of (a) the top-quark
mass and (b) the decay width. The likelihood scans are shown for the simultaneous fit including all
systematic uncertainties and only statistical uncertainties, as well as for the independent Asimov
fits including all systematic uncertainties. The position where —In A = 0.5 corresponds to the lo
confidence interval.
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Figure B.3: Two-dimensional distribution of the negative logarithm of the profile likelihood ratio, —In A,
as a function of the top-quark mass m, and decay width T';, obtained from the simultaneous (m,, ;)
Asimov fit including all systematic uncertainties. The shape of the likelihood contours indicates no
significant correlation between the two parameters.
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Appendix B Further studies of the top-quark mass and decay width measurement

B.2 Influence of jet pre-recommendation uncertainties

As discussed in Section 10.1, the precision of the top-quark mass measurement is strongly
affected by the jet pre-recommendation uncertainties. These uncertainties are currently
considered for reprocessed Run 2 data, as the in-situ JES and JER calibrations derived
with previous reconstruction algorithms are still used. With the upcoming jet uncertainty
recommendations, which will include newly derived in-situ JES and JER calibrations, these
pre-recommendations are expected to be reduced significantly. Therefore, the sensitivity of
the measurement is evaluated using the Asimov data set and removing these uncertainties
from the fit model.

In Figure B.4, the uncertainties on the top-quark mass and decay width, as well as on
the normalisation factors, are compared between fits including the jet pre-recommendation
uncertainties and those excluding them (NoPreRec). This comparison is performed both for
Asimov fits including the signal region, the bb4¢ + HF control region, and the JES control
region (3D), and for Asimov fits excluding the JES control region (2D).

- 3D-© 3D (NoPreRec)+ 2D (NoPreRec)+ 2D

Nyoa g 1.005s  1.005e 10005  1.0055
N S 10055 1009% 10095 10035
I\ [GeV] $ SRR SRR
(m-170) [GeV] | $ 25005 25058 25098 25072

0 2 4 6 8 10

Figure B.4: Same comparison as in Figure 10.1, but for Asimov fits either including or excluding
(NoPreRec) the JES pre-recommendation uncertainties and either using the signal region, the bb4¢+HF
and the JES control region (3D) or only the signal and the bb4¢ + HF control region (2D).

The exclusion of the jet pre-recommendation uncertainties, as well as the inclusion or omission
of the JES control region, has a negligible impact on the uncertainties of the normalisation
factors and only a minor effect on the top-quark decay width. This is expected, as these
uncertainties are neither strongly correlated with the normalisation factors nor among the
dominant contributions to the decay width uncertainty, which is instead driven primarily by
bb4l and bb4l + HF modelling uncertainties. A slight reduction in the decay width uncertainty
is observed in the 3D fit compared to the 2D fit, likely due to the stronger constraint on the
bb4¢ modelling uncertainties when including the JES control region.

In contrast, the uncertainty in the top-quark mass is significantly affected by the jet pre-
recommendation uncertainties. This effect is most pronounced in the 2D fit, where the JES
control region is not included, and the pre-recommendation uncertainties remain weakly
constrained by data while being strongly correlated with variations of m;. In this case,
removing the pre-recommendation uncertainties reduces the uncertainty in the top-quark
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B.2 Influence of jet pre-recommendation uncertainties

mass by approximately 35 %. In the 3D fit, where the JES control region provides additional
constraints, the reduction is smaller, around 15 %.

When the jet pre-recommendation uncertainties are included, the JES control region is crucial
for the top-quark mass measurement, improving the precision on m; by about 42 %. This
improvement decreases to roughly 24 % when the pre-recommendation uncertainties are
excluded. The most dominant systematic uncertainties in the top-quark mass measurement,
when excluding the jet pre-recommendation uncertainties, are shown in Figure B.5, when
either (a) including or (b) excluding the JES control region in the Asimov fit.
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Figure B.5: Same comparison as in Figure 10.5, but for uncertainty estimate on the top-quark mass
obtained in the (m,, T';)-Asimov fit, in which the jet pre-recommendation uncertainties are excluded
and (a) all analysis regions are considered or (b) only the signal and the bb4¢ + HF control region are
considered in the profile likelihood fit.

In both the 3D and 2D fits, the leading contributions arise from JES uncertainties related
to pile-up subtraction, in-situ calibration, and flavour response. When including the JES
control region, additional uncertainties — primarily associated with the normalisation in
this region, such as muon trigger efficiency and soft-term calibration affecting the missing
transverse momentum —— become relevant.

While the introduction of the JES control region could drastically decrease the correlation
between the top-quark mass and the JES VerteringAlg pre-recommendation uncertainty, and
further constrain the latter additionally through data in the JES control region, this is not
the case for the most dominant JES uncertainties, when excluding the pre-recommendation
uncertainties. As illustrated in Figure B.6 and Figure B.7, the variations induced by the
JES p-topology pile-up subtraction uncertainty and the JES in-situ calibration modelling
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Appendix B Further studies of the top-quark mass and decay width measurement

uncertainty in the signal region closely resemble those from changes in m,, while their impact
in the JES control region is comparatively weak. Consequently, the JES control region provides
limited additional constraint on these dominant systematic uncertainty sources.

These observations suggest that, once updated in-situ jet calibrations for reprocessed Run 2
data become available, the current JES control region could be replaced by an observable
with enhanced sensitivity to the dominant JES uncertainties, or potentially be removed. This
would simplify the analysis setup and avoid influencing the nuisance parameter best-fit values
related to bb4¢ modelling uncertainties through data in this JES control region, as further
discussed in Section 10.2.
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Figure B.7: Same comparison as in Figure 10.2, but for the nuisance parameter 1 from the eigenvector
decomposition of sources to the JES in-situ modelling uncertainty.
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B.3 Compatibility in validation regions

The post-fit model discussed in Section 10.2 is further studied by comparing both the pre-fit
and the post-fit predictions to ATLAS Run 2 data in observables that were not directly used
in the profile likelihood fit. To construct the post-fit model, the fitted parameters of interest,
normalisation factors and nuisance parameter values are applied to the MC prediction. This
allows testing whether the derived corrections are specific to the observables used in the
analysis regions or whether they represent more general improvements to the MC modelling.
The pre-fit comparisons additionally provide insight into the general agreement between the
nominal ATLAS bb4¢ MC prediction (as well as smaller background contributions) with Run 2
data.

In Figure B.8, the transverse momentum distribution of the leading b-jet and the charged
lepton in the signal region are shown. For both the pre-fit and the post-fit models, the
spectra in simulation are harder than those observed in data. These transverse momentum
distributions are sensitive to the modelling of the reconstructed top-quark py, for which several
ATLAS and CMS measurements of the ¢ process have reported a similar mismodelling [298-
300]. This data-MC discrepancy is generally attributed to missing higher-order corrections, as
applying NNLO QCD reweighting based on the invariant mass and pr of the ¢t system [57, 90,
91] improves the agreement with data for NLO+PS ¢¢ predictions. Currently, no differential
NNLO QCD predictions are available for the pp — bb¢" 7,0 v, process. The question of
whether and how NNLO QCD corrections derived in the on-shell ¢£ process can be consistently
applied to the bb4¢ MC simulation remains under active discussion. Consequently, no NNLO-
based reweighting is applied to the nominal bb4¢ prediction in this analysis. Nevertheless,
within uncertainties, both the pre-fit and post-fit models show reasonable agreement with the
data.

More inclusive event properties, such as the jet multiplicity and the scalar sum of jet transverse
momenta are shown in Figure B.9. Also for these observables, good agreement between data
and MC predictions is observed within uncertainties, both before and after the fit. Studying
such global event properties — without direct sensitivity to the discriminating observable
myy % — is particularly important for validating the new bb4¢ ATLAS MC sample.
Lastly, the angular distance AR between the lepton-b-jet pair with the smallest separation,
as well as the missing transverse momentum, are shown in Figure B.8. Since the AR(¢,b)
distribution has a more direct impact on the shape of the my, observable, the post-fit model
yields a slightly improved description of the data. For the JES control region, a requirement
of BT > 60 GeV is imposed — therefore, the modelling of the missing transverse momentum
is also validated, and good agreement between data and MC is observed.
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Figure B.8: Comparison of the transverse momentum of the leading — i.e. the highest pp— b-jet
(top) and charged lepton (bottom) in the signal region of ATLAS Run 2 data with the total MC
prediction, using either the nominal model (Pre-fit, left) or the model, in which the best-fit values m,,
Ly, Nypass Nbb4g+HF, and the best-fit nuisance parameter values 6 with corresponding uncertainties Af
are applied as determined from the blinded fit (right). The blue uncertainty band shows the post-fit
uncertainty in the MC prediction, and the green error bars on the data points represent the statistical
uncertainty in these.
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Figure B.9: Same comparison as in Figure B.8, but the jet multiplicity (top) and the scalar sum of all
jet transverse momenta (bottom) in the signal region.
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Figure B.10: Same comparison as in Figure B.8, but for the angular distance AR between the charged
lepton and the b-jet pairs, which are closest in AR (top), and the transverse missing momentum
(bottom) in the signal region.
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ArPENDIX C

High-pt jet tagging using a Boosted
Decision Tree

The efficiency of flavour-tagging algorithms to correctly classify b-jets significantly decreases
as the transverse momentum of the jet (p]ft) increases. With the extensive data set collected
by the ATLAS experiment and the anticipated increase of the data set in the High-Luminosity
LHC, high—pJTet physics searches are becoming feasible to probe Beyond the Standard Model
theories. For these physics analyses, a b-tagging algorithm optimized for the high—pjTet region
is highly desirable. But, two main difficulties diminish the b-tagging efficiency at high jet py.
As shown in Figure C.1, the number of fragmentation tracks per b-jet grows with increasing
pjft. Thereby, all reconstructed tracks, which were produced by light hadrons in the detector,
are classified as fragmentation tracks, whether the light hadrons originate from the hard
process directly or are generated during the parton shower evolution. Furthermore, the track
reconstruction efficiency is reduced at high p’{ft and fewer tracks originating from B-hadron
decay are reconstructed, even though the true number of heavy-flavour decay tracks stays
constant due to Lorentz-invariance. Consequently, the influence of tracks from B-hadron
decay in b-jets at high pjft is reduced in those jet variables, which are reconstructed using the
properties of the whole track ensemble of the jet.

To mitigate the problem of the increasing multiplicity of fragmentation tracks at high pjTet,
the strategy presented in this study is to select only those tracks as input to the b-tagging
algorithm, which are most likely to originate from a B-hadron decay. This is achieved through
the Track Classification Tool (TCT), which assigns to each track a weight, indicating whether
the track originates either from a heavy-flavour hadron decay, from fragmentation or from other
sources as pile-up or material interaction. The optimisation of the TCT as a tool, which is used
during jet classification is described in Section C.2; while details about the used reconstructed
objects and truth definitions are given in Section C.1. Only those three reconstructed tracks
of a jet, which are assigned the highest heavy-flavour hadron decay weight from the TCT, are
used as input to the Classified Track Tagger (CTT) b-tagging algorithm. This procedure is
further described in Section C.3, where also a study regarding the number of input tracks to
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Figure C.1: Average number of B-hadron decay tracks (blue) and fragmentation tracks (red) in b-jets
as a function of b-jet pp. The corresponding root mean squared error (RMS) is shown with the shaded
region.

the CTT is presented. Both the TCT and the CTT use as underlying multivariate machine
learning tool a Boosted Decision Tree (BDT). A reconstructed physics object, in case of the
TCT, a reconstructed track and in case of the CTT, a reconstructed jet, is represented to the
BDT through several input variables, which are found to have discrimination power for the
classification problem at hand. In a single decision tree, a sequence of one-dimensional cuts
on the sensitive distributions is applied, to achieve the best separation into the classification
categories, e.g. for the CTT the separation into the signal (b-jets) and background (light jets)
class. The optimal cut values are determined during the BDT training. In a BDT, not only
one decision tree is trained, but instead multiple. The general idea is to focus on those events
in a new decision-tree training, which where misclassified in the previous one. This is done by
assigning a higher weight to these misclassified events. The final BDT score is calculated by
using a weighted sum of the output of the individual decision trees, where higher weights are
given to the output of decision trees, which have the lowest classification error. The BDT
training performed in this study, for both the TCT and the CTT BDT, was done with the
TMVA software package [301]. The final CTT b-tagging performance and a comparison to the
performance of the ATLAS b-tagging algorithm DL1r [302], as well as the influence of b-jets
without any reconstructed heavy-flavour decay tracks on the CTT classification performance is
shown in Section C.4. Lastly, the Conclusions are presented. In the following, a few quantitive
statements will be made, while the focus lies in the qualitative study of important input
features for high pt b-tagging.
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C.1 Monte-Carlo samples and object definitions

Monte-Carlo samples For the b-tagging studies presented in this Appendix, Monte-Carlo
samples are needed which provide a source of light and 0-jets over a wide range of transverse
momenta. For the lower pk' range of 0.02 — 0.5 TeéV, these jets are mainly provided by a
POWHEG-+PYTHIA 8 NLO t¢ sample [59, 85, 303|, in which the top quark decays either in the
dilepton or single lepton channel. In the generation of this sample, the A14 PYTHIA 8 tune’
[95] was used and the POWHEG parameter influencing the generation of the hardest emission
hgamp Was set to 1.5my,, with the ATLAS default setting of my,, = 172.5 GeV. The PDF set
NNPDF3.0NLO [93] was used in the MC sample generation. Jets with higher transverse
momenta are obtained from a Z’ simulation sample. These Z’ events are simulated at LO
in QCD with PyTHIA 8 also using the Al4 tune and the NNPDF2.3LO PDF set [243]. In
order to obtain a broad pp spectrum of the jets produced in the decay of the Z’ resonance, an
event-by-event reweighting is applied to increase the natural width of the resonance. Further,
to ensure a balanced amount of light, b- and c-jets in the MC sample, the branching fractions
of the Z' to bb, cc and to two light jets are each set to one-third [302].

Selection criteria on reconstructed objects The jets analysed in this study are formed
by clustering particle-flow objects using the anti-k; jet clustering algorithm with a radius
parameter of R = 0.4 (see Section 4.4.1). To meet the selection criteria, a jet must have a
transverse momentum pr larger than 20 GeV and absolute value of pseudorapidity || less
than 2.5. Additionally, the jet must not be identified as pile-up jet by the Jet Vertex Tagger
(JVT) [304]. Jets are also excluded in the selection, if an electron or muon? falls within a AR
cone of 0.2 of the jet’s direction. Further, the jet is required to have at least three associated
tracks.> Also, the reconstructed tracks need to pass selection cuts based on the number of
hits in the ID, the impact parameters and the quality of the track reconstruction, as specified
in Table C.1. As listed in this table, the transverse momentum of the track needs to be larger
than 700 MeV and is not allowed to be larger than the jet pp. This corresponds to a rather
loose track selection, especially compared to the selection applied in the DL1r [302] and graph
neural network taggers [188| in ATLAS.

! For both the ¢ and the Z' MC sample described in the following, the A14 PyYTHIA 8 tune, which was derived
using the NNPDF2.3LO PDF set [243] was used.

2 Both, the reconstructed electron and the reconstructed muon need to pass the identification working point
Medium [190, 192]. Compare also to Section 4.4.3 and Section 4.4.4.

® In this study, reconstructed tracks are matched to a jet, if they are within a AR = 0.4 cone around the jet
direction. At least three associated tracks are required per jet, since the CTT will need three input tracks.
Also passing default values as input to the CTT for missing tracks (i.e. in the case of jets with less than
three tracks) is possible, but would lead to spikes in the CTT discriminant distribution, of which the origin
is well understood though. In fact, during the CTT BDT training with higher number of input tracks in
Section C.3, the jet selection criterion still requires only more than three reconstructed tracks per jet.
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Npixel hits >0
NscT nits >3
Npixel + SCT hits >6
N, shared hits <2
20 —15mm < z5 < 15mm
dy —5mm < dy < 5mm
pipack 700 MeV < pif <pit
i 2 /nof< 5
03D >1
2 2
(o4 + O'R > 1

Table C.1: Analysis cuts applied on reconstructed tracks. Selection criteria are based on the number
of hits in the inner detector pixel (Npixel nits) and the silicon strip detector (Ngcr pits), as well as
to the sum of the hits in pixel and strip detector (Npixel + sCT hits)- Further, the number of shared
hits between two reconstructed tracks is also considered. Requirements on the longitudinal (zy) and
transverse (dy) impact parameters are set, as well as on the track transverse momentum (pr). Loose
requirements on the track quality are placed by setting a threshold on the x2 obtained in the track
reconstruction fit. Finally, selection criteria on the signed impact parameter significances are applied,
which reject tracks, which are likely to originate from the primary vertex.

Jet truth definitions The true jet flavour is inferred by a AR matching of truth heavy-
flavour hadrons to reconstructed jets. If a b quark or a B-hadron is found within a AR
cone of 0.3 around the direction of a reconstructed jet, this jet is declared a b-jet. The same
D-hadron-to-jet-matching procedure is performed for c-jets, if the corresponding jet has not
been declared as a b-jet. This ensures that b-jets, in which a B-hadron decays into a D-hadron
are still included in the b-jet category. All other jets are classified as light jets.

Track truth definitions Reconstructed tracks are divided into three categories in this study:
B-hadron decay tracks (also called in the following heavy-flavour (HF) tracks), fragmentation
and garbage tracks. A reconstructed track is classified as B-hadron decay track, if it is
associated to a truth hadron in the event record that has a B-hadron as ancestor. Thereby,
the decay chain is traced back for four steps. The broader class of garbage tracks consists of
tracks, which have been produced by GEANT4 [235|, which includes tracks from long-lived
particle decays and tracks from particles that have been produced in the interaction of particles
from the pp collision with the detector material. Additionally, pile-up tracks are included in
the garbage category, which are identified by not being associated to the hard-process primary
vertex. Tracks that do not fall in the B-hadron decay or garbage track categories are classified
as fragmentation tracks.
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C.2 Track Classification Tool

The aim of the Track Classification Tool (TCT) is to determine the physics process from which
a reconstructed track originates. Underlying this multivariate analysis tool is a multi-class
BDT, which assigns to each track a weight of stemming either from B-hadron decay, from
fragmentation or from the garbage category. The interpretation of these weights, respectively
called wgtB, wgtL and wgtG, as probabilities is natural, since they add up to one. As input to
the three-category BDT, ten input variables are used, which describe properties of the track
and of the jet to which the track is assigned. These variables are summarised in Table C.2.

input variable description
o3p signed 3D impact parameter significance
OR signed transverse impact parameter significance
o, signed longitudinal impact parameter significance
dy transverse impact parameter
prbp transformed transverse track momentum perack

. jet
w.r.t. transverse jet momentum pJT

cut

prbp = Lhac_p. = P T with pcut = 700 MeV

1+prac \/E
P transverse component of p™** w.r.t. p/
p'.Tet transverse momentum of the jet to which the track was assigned
(jet-track assignment through AR cone of 0.4)
Niits 1BL number of hits in the innermost B-layer
Nits BL number of hits in the next-to-innermost B-layer
Nirack pseudorapidity of the track

Table C.2: Input variables in the BDT training of the Track Classification Tool.

For the purpose of incorporating the TCT track-classification output into the CTT jet-
classification algorithm, in this study, the multi-class BDT of the TCT was retrained. Com-
pared to the BDT training of the previous TCT model, the retraining is performed with
increased training statistics. Additionally, rather than training a single BDT over the entire
p]T range as in the previous approach, five separate BDTs were trained, each optimized for
one of five distinct p]T regions. The number of training Ntraln and testing events Ni. per
track category used in these p'T regions is listed in Table C. 3.4 Additionally, in Table C.3 the
TCT classification power of heavy-flavour decay tracks against the other two track categories
is shown through the area under the ROC curve (AUC) value. The ROC (Receiver Operating
Characteristic) curve thereby indicates how the true positive and the false positive rate
depend on the decision threshold x of e.g. the heavy-flavour decay track classifier output wgtB.

4 Thereby, it was ensured that the p JEt distribution is identical for the different track categories by using the

down-sampling method ie. selectmg the same amount of HF, fragmentation and garbage tracks in each bin
of a finely binned pT histogram. This is important in order to ensure that the track classification is not
dependent on the jet pp, which may differ in the MC samples used in the BDT training between light and
b-jets, of which only the latter is a source of HF tracks.
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Thereby, a reconstructed track with a BDT output of wgtB > z is classified as an HF track.
While an AUC value of 1 corresponds to perfect classification, an AUC value of 0.5 indicates
a random classifier. As expected, for increasing values of pj{ft the separation power between
the different track categories decreases since the dense jet core at high pp degrades the track
reconstruction.

ot e 0.02,0.2] TeV | [0.2,0.5] TeV | [0.5,1] TeV | [1,2] TeV | [2,7] TeV
Nirain = Niost 33 M 5.2M 41 M 6.7 M 6.3M
AUC 0.937 0.927 0.912 0.898 0.876

Table C.3: AUC value (HF vs. other tracks) and number of training and testing events per track
category in the BDT training of the retrained TCT model.

This can also be seen when comparing the ROC curves® in Figure C.2 directly. Thereby, the
heavy-flavour track efficiency is shown against the other track rejection, which includes both
fragmentation and garbage tracks for the different pjft ranges. Besides the performance of the
newly trained BDT, also the comparison to the previous TCT BDT model is shown in this
figure. For all plf’ ranges an improvement in the classification power is found.
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Figure C.2: Comparison of the ROC curves of the previous TCT BDT and the newly retrained TCT
BDT model in different quft ranges. The ROC curves presented in this figure are, as in the remainder
of this Section, obtained by evaluating the BDT only on the testing events.

® In this Appendix, several figures will be described as displaying ROC curves, while thereby the standard
procedure in the ATLAS community is followed of showing as rejection (on the y-axis) the inverse of the
false positive rate. This rejection power can be easily interpreted, as e.g. a rejection power of 100 indicates
that 1 out of 100 tracks are misidentified.
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To gain deeper insights into the most critical input features for track classification, an
importance ranking of the input variables is generated using the TMVA framework. This
ranking is determined by analysing how frequently a decision tree splits based on a specific
input variable and assessing the significance of each split in distinguishing between signal and
background [301]. For all p]{ft ranges, the highest ranked variable is the transformed track
momentum prbp. Further, for all pJ{ft ranges the three following highest ranked variables
contain the transverse component of the track w.r.t. the jet three-momentum pff?l, the
transverse impact parameter dy and the signed transverse impact parameter significance o R.6
The distributions of these variables for an example p' range of plt* € [1,2] TeV is shown in
Figure C.3 for heavy-flavour (HF, blue), fragmentation (red) and garbage tracks (green) truth
matched either to a light (dashed) or a b-jet (solid).

The highest ranked variable, the transformed track momentum prbp, describes how much of
the total transverse momentum of the jet is carried by the reconstructed track (Figure C.3(a)).
The prbp distribution obtained from reconstructed tracks from B-hadron decay shows a
clear peak toward large values of this variable. This is understood since a b quark, being a
heavy quark, radiates less collinear partons due to the dead-cone effect and thus retains more
of its initial momentum after parton showering. Furthermore, b quarks typically originate
from the primary interaction vertex and initiate a b-jet, thereby carrying a large fraction
of the jet momentum. In contrast, g — bb splittings in the parton shower — which would
result in smaller values of prbp — are relatively rare. In Figure C.3(a), it is additionally
shown, that the fragmentation tracks in light and b-jets show a different behaviour in the
prbp distribution.” Due to the large B-hadron mass, the three-momenta of the B-hadron
decay products can have a sizable transverse component prq?l w.r.t. the jet three-momentum
also after boosting from the B-hadron rest frame to the laboratory frame. This effect is
shown in Figure C.3(b), while fragmentation and garbage tracks tend to smaller values of
pffl. Further, in the lower two plots in this figure the distributions of the transverse impact

® The transverse impact parameter dy is defined as the transverse distance of the point of closest approach
of the reconstructed track to the primary vertex. The signed impact parameter significance is defined as
the impact parameter divided by its estimated uncertainty. The location of a possible secondary vertex
w.r.t. the primary vertex is indicated by the sign of oz. While a secondary vertex after the primary vertex
— in the direction of flight of the particle — leads to a positive sign, a negative sign of og would signify
a secondary vertex before the primary vertex. While HF decay tracks (and garbage tracks from material
interaction) will tend to have positive signed impact parameter significance values, fragmentation tracks
have a symmetric distribution of o around zero due to resolution effects. See e.g. [305] for a nice graphic
representation.

1

This difference is not completely unexpected, since in light jets, the hadron tracks labelled as fragmentation
tracks can originate, i.e. can retain a large momentum fraction from the primary parton produced in the
hard process. If fragmentation tracks from light and b-jets have considerably distinct TCT input features,
a decision has to be made during the TCT training, if fragmentation tracks only from light or from light
and b-jets should be used. This was tested by trying to separate fragmentation tracks from light and
from b-jets through a BDT, using the same input parameters as for the TCT BDT. Thereby, only small
separation power between the two classes was found (AUC values between 0.54 and 0.64 depending on the
pJTet range). Further, two trainings of the jet-classification algorithm CTT were compared using either a
TCT training with fragmentation tracks from light jets or from both light and b-jets. As anticipated, no
large differences were found between the CTT training results, amounting only to a few percent differences
between the rejection curves over the entire b-jet efficiency range. Thus, the default TCT training, in which
the fragmentation tracks in the BDT training are obtained from both light and b-jets, is left unchanged.
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Figure C.3: Distributions of the four highest ranked variables prbp (a), P (b), dy (c) and op (d) in
the TCT BDT training for pls* € [1,2] TeV.

parameter dy (Figure C.3(c)) and the signed transverse impact parameter significance og
(Figure C.3(d)) are shown. As expected, the HF and garbage tracks tend to larger impact
parameters compared to fragmentation tracks, as only the latter originate from the primary
vertex. Two additional input variables to the TCT were studied, the primary vertex weight,
which is determined during the primary vertex fitting procedure (compare to Section 4.3.3)
and is a measure of how compatible a given track is with the reconstructed primary vertex
of the hard process, and the minimum distance min;; AR(7, j) between the track i to any
other track j # ¢ in the same jet. The primary vertex weight has a large correlation to the
impact parameter distributions, which are already included in the TCT BDT training and its
inclusion as input variable to the TCT BDT did not lead to an improvement neither in the
TCT nor the CTT performance, when using a retrained TCT model including the primary
vertex weight. Some improvement in the TCT classification was found using additionally
the min,,; AR(4,7) input variable. The motivation to include this per-track-variable was
that b quarks were expected to radiate less collinear partons due to the dead-cone effect and
thus the min, ,; AR(4, ) distribution would tend to larger values than e.g. for fragmentation
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C.2 Track Classification Tool

tracks. Indeed, the opposite was found. This could be explained with a high correlation of
this variable with prbp, meaning that the jet direction follows closely the B-hadron track
direction and thus the B-hadron track is often located in the dense jet core. Even though,
some improvement in the TCT track classification was found including the min;.; AR(3, 5)
variable, it did not translate to a significant improvement in the CTT jet classification and
thus this variable was not used in the default TCT BDT model. As an example, the BDT
discriminant distribution for the three categories of HF tracks wgtB (a), fragmentation tracks
wgtL (b) and garbage tracks wgtG (c) for tracks from the different track categories is shown in
Figure C.4.

X L S B A B — X = T T — T
= [ ~— HF trks. ] = - — HF trks.
% 14 l 4/ Frag. trks. A % 12 K| 4 Frag. trks.
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Figure C.4: BDT discriminant distributions for classification as heavy-flavour (HF) (wgtB, (a)),
fragmentation (wgtL,(b)) or garbage (wgtG,(c)) track for the different track categories from jets with

'TCt € [1,2] TeV. No overtraining of the BDT is observed, as the discriminant distributions for both
training and testing events are very similar.

Thereby only those tracks are considered in the training and testing of the TCT model
shown in Figure C.4, which are assigned to a jet which satisfies pjft € [1,2] TeV. Figure C.4
demonstrates, that the BDT can separate better fragmentation and garbage tracks from the
other track categories than it can separate heavy-flavour (HF) tracks from fragmentation
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Appendix C High-pr jet tagging using a Boosted Decision Tree

and garbage tracks. In conclusion, it was shown that the performance of the TCT could be
improved by increasing the training statistics and through training dedicated BDT models
in five different p]ft ranges. Both the retrained and the previous TCT BDT model are used
in the following to study the performance of the CTT. In this way, the propagation of the
performance improvement of the retrained TCT to the CTT can be studied.

C.3 Structure of the Classified Track Tagger

As described in the Introduction, the general idea behind the Classified Track Tagger (CTT)
is to consider only those tracks in the jet-classification algorithm, which have the highest
probability of originating from a B-hadron decay. This probability is quantified by the wgtB
output of the TCT described in Section C.2. In the default set-up of the CTT, the three
tracks inside a jet with the highest values of wgtB are used. Of these three input tracks,
the three weights (wgtB, wgtL, wgtG) obtained from the TCT are used as input variables
for the underlying CTT BDT, namely the weights of the track being a B-hadron decay,
fragmentation or garbage track. Additionally, the track multiplicity information is added
through the input variable N,/ pJTet, since it was found to improve the jet-classification
performance. Thereby, the most important, i.e. the highest ranked input variable, to the CTT
BDT is the highest wgtB value of all tracks inside the jet. The structure of the CTT BDT is
graphically represented in Figure C.5. A single BDT over the full pj;t range is trained for the
CTT jet-classification algorithm. Still, in the following, the CTT classification performance
will be presented in separate pj{ft ranges to emphasize the difficulty of high pjf‘t tagging and to
compare the jet properties of high and low pp jets.

[ \ (wgtBi, wgtLi, wgtGi \

_ & . &
a ji=Q ———— §
3 v
v . 2
iz ——— §
— & v
2 j=2 ——m t§
8
; racks. v | oem >/
/ i S input
with [} p .
highest - " % variables #tracks/_pt!ef
PV J N (track multiplicity
k J wotB k ) information)

Figure C.5: Graphic representation of the CTT algorithm. From each jet those three tracks with the
highest wgtB TCT output are selected and the three TCT weights of each of the three tracks used
as input variables in the TCT training. As an additional variable the track multiplicity information
inside the jet is added in the BDT training.
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C.3 Structure of the Classified Track Tagger

Number of input tracks A fundamental design choice concerning the CTT BDT structure
is the number of input tracks used for the jet classification. To this end, in Figure C.6 the
performance of the CTT trained with different number of input tracks is shown for jets in
two different ]OJTet ranges.
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Figure C.6: ROC curves obtained with the CTT trained and tested with jets satisfying 117JT‘°‘t €
0.2,0.5] TeV (a) and pis* € [1,2] TeV (b) and different number of input tracks in the CTT BDT.

o
w

As expected, the jet classification is improved when using a higher number of input tracks,
since more information is provided to the BDT. On the other hand, the relative increase in
performance decreases with a growing number of input tracks. This can be well understood,
when considering Figure C.1 in the Introduction, as only a limited amount of tracks from the
B-hadron decay are actually reconstructed, especially when focusing on the high p]Tet region.
This is reflected in the wgtB distributions shown in Figure C.7, in which the wgtB value is
shown for the highest (left) or second highest ranked(right) wgtB track inside either a light
(red) or a b-jet (blue).

For jets with p];t in the range [1,2] TeV (Figure C.7, bottom), a reduction in separation power
between light and b-jets becomes apparent when considering lower-ranked wgtB tracks, such
as those with the second-highest wgtB value within a jet. In contrast, for jets in lower pJTet
intervals (Figure C.7, top), the wgtB distributions of these lower-ranked tracks continue to
show pronounced shape differences between tracks originating from light jets or b-jets. This
difference leads to a larger performance gain in jet classification in the lower p]{ft ranges, when
including more input tracks, as illustrated in Figure C.6, where the ROC curves of the CTT,
trained on jets within the p' ranges of [0.2,0.5] TeV (a) and [1,2] TeV (b), are compared for
different numbers of input tracks. A 20% increase in light jet rejection is found at a b-jet
efficiency of 70 % in the {ft € [0.2,0.5] TeV case, when using six instead of three input tracks
in the BDT training and testing, while for jets with p]Tet € [1,2] TeV this increase of light jet
rejection at the same b-jet efficiency amounts only to ~ 6 %. Even though the BDT training is
still feasible even with a larger number of input tracks, a reduced number might be beneficial
in view of systematic variations of the input features to the BDT. In order to make a more
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Figure C.7: Distribution of wgtB of the first (left, (a) and (c)) and the second (right, (b) and (d))
track inside a jet, when ordered according to wgtB for light jets (red) and b-jets (blue) within the
range p' € [0.2,0.5] TeV (top, (a) and (b)) and pit* € [1,2] TeV (bottom, (c) and (d)).

informed choice in this matter, a study of the systematic uncertainties would be needed. Since
the CTT should in particular be aimed at b-tagging at high plt* and the improvement in
performance through the inclusion of additional input tracks is reduced in this kinematic
region, the number of input tracks is fixed to three tracks.

C.4 Results

In the following, the comparison of the CTT performance using either the previous or the
retrained TCT model is discussed, as well as the comparison to the ATLAS b-tagging algorithm
DL1r. Since a significant fraction of b-jets without any reconstructed heavy-flavour tracks was
found at high p'*, the CTT jet-classification performance on these jets is also described.
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C.4 Results

Improvement through TCT retraining First it is validated, that the increase in TCT
performance through retraining of the BDT described in Section C.2 propagates to an
improvement of the CTT jet-classification power. In Figure C.8, the light jet rejection vs.
b-jet efficiency for different pJTet ranges is shown, using as input variables to the CTT BDT
the weights obtained with the previous or the retrained TCT model.
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Figure C.8: The light jet rejection vs. b-jet efficiency obtained with the CTT using as input variables
either the TCT weights from the previous TCT BDT or the retrained model.

In fact, the CTT performance can be improved by using the retrained TCT model in all p]Tet
ranges. This is expected, since as seen in Section C.2 the TCT performance also improved
through retraining for all pit' ranges. As discussed in Section C.3, in lower pl' ranges the
TCT performance is improved compared to the high plft range. This is directly reflected also
in the CTT BDT discriminant distributions, which are shown in Figure C.9 for the two pj{ft
ranges pJTet € [0.2,0.5] TeV and pj{ft € [1,2] TeV.

Comparison with DL1r In Figure C.10, the comparison of the light-jet rejection vs. the
b-jet efficiency obtained with the CTT using either the output of the retrained or the previous
TCT BDT or with the DL1r b-tagging algorithm is shown. For the lower qu?t ranges, the
CTT is clearly not competitive to the DL1r algorithm.8 On the other hand, in the higher
p]{ft ranges, the performance is comparable, even though the CTT structure is much simpler.
The neural network which underlies the DL1r uses as input variables the output of several
low level taggers, which focus on secondary vertex finding and track origin classification [302].
The training statistics and the time for training this machine learning model are considerable

8 Note that the lowest pjTec range shown in Figure C.10 is between [0.5,1] TeV.
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Figure C.9: The CTT BDT discriminant distributions for jets with p* € [0.2,0.5] TeéV (a) or
It € [1,2] TeV (b).

and further, retuning of the low-level taggers requires ideally also a retuning or retraining of
the neural network of the DL1r. The BDT underlying the CTT depends only on the TCT
and further through the relatively simple BDT structure used, the training statistics and the
training time is moderate.

Influence of b-jets without reconstructed heavy-flavour tracks At high b-jet pp, a consid-
erable fraction of b-jets without any reconstructed heavy-flavour (HF) decay tracks was found,
as shown in Figure C.11. For b-jets at 2 TeV, this fraction amounts to approximately 28 %.
Since the strategy of the CTT builds upon identifying tracks from the B-hadron decay, the
influence of these HF-trackless b-jets on the jet-classification performance is investigated.

In Figure C.12(a), the CTT performance is shown for all b-jets, as well as for b-jets with and
without reconstructed tracks from B-hadron decay. Since the fraction of HF-trackless b-jets
grows with pjft, only b-jets with high transverse momenta of p];t € [1,2] TeV are considered
in Figure C.12(a). Clearly, the classification power of the CTT is reduced for b-jets without
B-hadron decay tracks, but a (small) separation from light jets is still possible. This is
because the features of fragmentation tracks in b-jets differ from those in light jets, and
the CTT algorithm is able to exploit these differences. To illustrate this, Figure C.12(b)
shows the highest ranked input variable in the CTT BDT training — the maximum wgtB
value among all tracks in a jet — for b-jets without any reconstructed heavy-flavour tracks
and for light jets. This can be compared to the corresponding distribution of all b-jets in
the same pjft € [1,2] TeV range in Figure C.7. Fragmentation tracks in light jets are more
likely to be classified as B-hadron decay tracks than fragmentation tracks in b-jets, which is
consistent with the discussion of differences in fragmentation tracks between light and b-jets
in Section C.2. These differences appear to be captured by the CTT BDT. It was verified that
training a BDT specifically on b-jets without heavy-flavour tracks improves the classification
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Figure C.10: Comparison of the b-jet-efficiency vs. light jet rejection using either the CTT (with
underlying previous (dashed) or retrained (solid) TCT model) or the DL1r (dotted) b-tagging algorithm
for three different plt' ranges.
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performance on these jets.9
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Figure C.12: (a) Comparison of b-jet-efficiency vs. light jet rejection using the CTT b-tagging algorithm,
which is trained on all b-jets, but evaluated either on all b-jets (solid) or only on b-jets without (dashed)
or with (dotted) reconstructed tracks from B-hadron decay products in a pls* € [1,2] TéV range. (b)
Distribution of the highest wgtB TCT score of all reconstructed tracks in light (red) and b-jets without
any reconstructed B-hadron decay track (blue) within the range ;t € [1,2] TeV.

C.5 Conclusion

A new b-tagging algorithm, the Classified Track Tagger, was developed with particular focus
on the classification of jets at high pp. For this purpose the Track Classification Tool was
retrained, which is used to select interesting tracks for the jet classification and additionally
provides the sensitive input distributions to the CTT BDT. The improved TCT performance
due to increased training statistics and the BDT training in five separate p]T bins was
demonstrated in Section C.2. The improvement in the track classification was shown to be
directly beneficial for the CTT b-tagging algorithm in Section C.4. The number of input tracks
used in the CTT was fixed to three tracks, as especially for the high plft range, the inclusion
of more input tracks does not lead to a significant improvement in b-tagging performance.
Compared to the b-tagging algorithm DLIr used in ATLAS, the CTT is not reaching the
performance of the former for the low pJT range. But, in the high p]T range the performance of
the two b-tagging algorithms is comparable. This is the case, even though the DL1r algorithm
is much more complex. The simplicity of the CTT with respect to DL1r could be beneficial
regarding systematics and in retraining the algorithm, which could be necessary e.g. due
to changes in the ATLAS track reconstruction. On the other hand, the new generation
of graph neural network flavour tagging algorithms in ATLAS do not depend on input of

? To make a more quantitive statement, the AUC values are compared: While the default CTT BDT training
for jets with pls® € [1,2] TeV leads to an AUC value of 0.76 when tested on all b-jets and an AUC value of
0.65 when tested only on jets without HF tracks, an AUC value of 0.82 could be achieved for b-jets without
HF tracks with a dedicated CTT BDT training only including b-jets without HF tracks.
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C.5 Conclusion

lower-level taggers and can be easily retrained to suit particular physics purposes, as e.g. high
pr b-tagging [188, 306]. Additionally, b-jets without any reconstructed B-hadron decay tracks
were investigated, and it was studied, that they can be to some extent distinguished from
light jets due to different properties of their associated fragmentation tracks.
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