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Introduction

Since the discovery of the Higgs boson in 2012, many of the other open questions in ele-
mentary particle physics remain unanswered. While the standard model (SM) of particle
physics describes many aspects of elementary particles and their interactions precisely, it
fails to describe, for example, the origin of Dark Matter (DM), the gravitational force, the
matter-antimatter asymmetry in the universe, or the non-zero mass of the neutrino. With
the discovery of the Higgs boson, an important puzzle piece has been added to the SM,
explaining the origin of particle masses, but leaving the other questions unanswered.

Many attempts are made at finding hints towards new particles, signatures, or interac-
tions; none of them have been successful as of yet. Measurements can be performed,
that, for example, attempt to find candidates for dark matter particles, or attempt to find
evidence for new types of interactions. A wide range of such searches are performed, rul-
ing out many possibilities that could explain the unexplained. In the last decade, more
and more possibilities are ruled out, making the discovery of something new more and
more difficult. At the collider experiments at the Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN) many such measurements are per-
formed but are only able to access a certain energy range, such that for example poten-
tially undiscovered heavier particles might not be identified in a direct search such as
has been performed for the Higgs boson. A large number of searches for new particles
and interactions are performed, and any new hints towards the unexplained are absent.
This raises the question, are the things that explain the missing pieces within reach or
still very far away? This lack of new discoveries also revives this field of research, mak-
ing the development of new measurement strategies or new theories that can be tested
even more important. In that context, this area of particle physics accelerates towards
indirect search methods, for example using the concept of effective field theories, where
hints for new particles or interactions are searched for in the low-energetic limit of the
actual high-energetic process. For example, an undiscovered heavy particle could alter
the momentum distribution of the Higgs boson or a top quark due to interactions of that
particle that are not resolved at the energies at the LHC.

On the other side of particle physics research, the focus lies on the precise measurement
of the properties of the already established particles of the SM. To date, the interactions
and properties of the particles that are predicted by the SM are not yet all confirmed
by measurements, hence this field of SM physics is still very active. The predictions of
the SM have to be confirmed, and parameters that are not inherently predicted by the
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Introduction

SM have to be measured, such as the interaction strengths of the Higgs boson to itself
or other particles. At the same time, precise measurements of the SM properties might
also reveal hints towards particles or interactions that are not described by the SM, if,
for example, a measurement result shows a significant discrepancy to the SM prediction.
Among the precision measurements of SM predictions, the determination of the coupling
of the Higgs boson to quarks is an important aspect. During Run 2 of the LHC between
2015 and 2018, the coupling of the Higgs boson to bottom quarks has been established
and measured with high precision. The coupling of the Higgs boson to lighter quarks,
such as the charm quark, is predicted to be rarer and has hence not been discovered as of
yet, but is expected to be one of the highlights of the physics program at the LHC in the
coming years. Important for the measurement of both of these Higgs boson interactions
is the Higgs boson production process in association with a top quark-antiquark pair (tt),
together, ttH. This production process gives a unique opportunity to, simultaneously,
probe the coupling of the Higgs boson to the top quark, as well as to the decay particle
of the Higgs boson, for example, the bottom or charm quark (H→bb, H→cc). At the
same time, the signature of two top quarks makes this Higgs boson production process
distinguishable from most processes.

Important for a precise measurement of the ttH production process is the precise knowl-
edge of the remaining processes that are indistinguishable from the ttH production pro-
cess. In cases where the Higgs boson decays into a pair of bottom or charm quarks
(ttH(bb), ttH(cc)), the signature that is recorded in collider experiments such as the
Compact Muon Solenoid (CMS) experiment of the LHC, is indistinguishable from tt pro-
duction in association with additional quarks (ttqq), where the additional quarks are
produced via the strong interaction. Specifically, if these additional quarks are bottom
quarks (ttbb), this yields the same final state of particles as the ttH(bb) process. The
quarks that are produced in the highly-energetic collisions hadronize into sprays of par-
ticles, called jets, which can be reconstructed in the detectors. Previous measurements
of the ttH(bb) process showed that the major limitation in such measurements is the
limited knowledge of the ttbb process due to its challenging description. For future mea-
surements of ttH(cc) production, the expectation is similar; the measurements will be
limited by the ttbb and ttC backgrounds, the latter being the case where charm jets are
produced in addition to the tt system.

Besides the importance of ttbb for a precise measurement of ttH(bb), the modeling of this
process is also an interesting probe of perturbative quantum chromodynamics (QCD) cal-
culations. The precise description of the ttbb process is difficult, as it combines bottom
quarks with non-negligible mass, and top quarks with, in comparison, very large mass.
Hence, the interactions of these particles exist at very different energy scales and have
to be combined in one common calculation. Such calculations of inclusive or differential
production probabilities of processes are performed in perturbation theory, which has to
combine the two energy scales to yield valid predictions. The experimental precision with
the amount of data collected in the recent years is large, which requires higher-order cor-
rections to be included in the calculations and simulations in order to provide a suitable
estimation for the ttbb process. The simulation of the process contains tunable parame-
ters, which have to be adjusted to match the observations from data. The description of
the ttbb process, whether it be the inclusive or differential production probabilities, differ
significantly, depending on the choices made in the modeling of that process in Monte-
Carlo (MC) event generators. The measurements presented in this thesis will provide
important input to the development of new and improved ttbb models which will be a
crucial ingredient for future ttH measurements.
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In this thesis, inclusive and normalized differential cross sections measurements of the
ttbb process are presented. This aims at providing more insight into the ttbb process and
allows for the comparison of the measurements with different modeling approaches and
calculations. This can give insight into the weaknesses and strengths of the modeling
approaches and the choices made for the modeling approaches for an accurate descrip-
tion of the ttbb process in data. In this measurement, observables of the ttbb process
are probed, targeting the global event description, such as jet or b jet multiplicities, and
observables related to the b jets not from tt decay. The latter are especially sensitive to
the description of the ttbb process, as the origin of the b jets differs between the modeling
approaches that are studied in this thesis.

This thesis also contains an extension of the ttbb measurements to the production of tt
in association with quarks of any flavor, tt+jets, aiming to also provide insight into the
quality of the modeling of this process, and the possible origin of the apparent mismodel-
ing of certain quantities. For example, observables are probed which are sensitive to the
modeling of the top quark momentum and the angular distribution of the jets produced
in addition to the tt system.

The measurements of this thesis are performed with events collected between 2016 and
2018 at the CMS experiment at the LHC in proton-proton (pp) collisions at a center-of-
mass energy of

√
𝑠 = 13 TeV. Collision events are selected for data analysis if they contain

exactly one electron or muon, targeting the decay channel of the tt system in which one
top quark decay includes an electron or muon, and the other does not. Events further are
required to have a certain number of jets and b-tagged jets in order to be selected, thereby
targeting the high jet multiplicity final state of ttbb production.

This thesis is structured as follows. First, in Part I, the foundations necessary for the inter-
pretation of the measurements of this thesis are introduced. This includes a brief review
of the SM of particle physics, the experimental environment at the LHC, the reconstruc-
tion of events recorded at the CMS experiment, the concept of cross section measure-
ments, a review of event simulations, and lastly an overview over corrections applied
to simulated events. Afterward, the measurements of the ttbb process are discussed in
Part II. This includes a review of related measurements and the current state of the mod-
eling of the ttbb process, a detailed description of the measurement strategy and the
associated selections, object definitions and uncertainties considered in the measurement.
Then, in Part III, the measurements of the tt+jets process are discussed, including a brief
review of the modeling of tt+jets production. Finally, a conclusion is drawn, summariz-
ing the results and giving an outlook on the future.
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Foundations
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1 The standard model of particle physics

The standard model (SM) of particle physics describes the theoretical framework in which
the work of this thesis is interpreted. The SM encompasses a description of all particles
and interactions on an elementary level, except for gravitational interactions. Some open
questions in high energy physics, like the non-zero mass of neutrinos, the origin of Dark
Matter (DM), or the incorporation of gravitation into the SM motivate a precise and re-
dundant measurement of all parameters of the SM. This either validates the theory or en-
ables the uncovering of discrepancies with the theory prediction that might be explained
with some of the aforementioned open questions. The work in this thesis focuses on one
aspect of SM physics, namely the precise measurement of the production of a pair of top
quark and antiquark (tt) in association with jets. These processes are well established in
the SM, such that the measurements performed here are considered precision measure-
ments to improve the understanding of this area of top quark physics. In the following,
the theory of the SM will be introduced in short to set the framework in which the re-
sults of this thesis are interpreted. In Section 1.1, first a brief overview of the particles
of the SM is given. The interactions and properties of these particles are described by
gauge theories which are discussed in Section 1.2. As an example, the derivation of the
Lagrangian density of quantum electrodynamics (QED) will be sketched in this section.
The electroweak unification is an important aspect of the SM and will be discussed briefly
in Section 1.2.1. Based on these discussions, an open question of the SM is the origin of
particle masses, which will be discussed in Section 1.3. In Section 1.4, quantum chromo-
dynamics (QCD) and running masses will be discussed. In Section 1.5, the concepts of
cross sections and Feynman rules are introduced. Finally, as the measurements of this
thesis all involve a tt pair, in Section 1.6, the physics of the top quark will be emphasized.
The explanations in this chapter are loosely based on Refs. [1–4], where also additional
details to the (only briefly) reviwed topics can be found.

All discussions and results in this thesis are presented using natural units, following the
convention 𝑐 = ~ = 1. To this effect, energies, momenta, and masses all have units of
energy, commonly expressed in electronvolt, 1 eV = 1.6 · 10−19 J. Similarly, electric charge
is given in elementary units, 1𝑒 = 1.6 · 10−19 C.

1.1 The particles of the standard model
In this section, a short review of all fundamental particles and interactions contained
in the SM of particle physics is given. Generally, all particles can be classified either
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1 The standard model of particle physics

Table 1.1: Bosons and forces of the standard model. Gauge bosons are listed separately
from the Higgs boson. All Gauge bosons have spin 1, while the Higgs boson has spin 0.
The charge is given in units of elementary charge 𝑒. All values are taken from Ref. [1].

Force Gauge boson Multiplicity Charge Mass (GeV)

Electromagnetic Photon (γ) 1 0 0
Weak (charged) W bosons (W±) 2 ±1 80.377 ± 0.012
Weak (neutral) Z boson (Z) 1 0 91.188 ± 0.002
Strong Gluons (g) 8 0 0

Higgs boson 1 0 125.25 ± 0.17

as fermions or bosons, depending on their spin. Fermions carry half-integer spin and
adhere to Fermi-Dirac statistics [5, 6], which does not allow two particles to occupy the
same quantum state (Pauli exclusion principle) [7]. This principle allows fermions to
build complex structures such as atoms or nuclei, which are organized in varying energy
levels governed by the quantum state of the particles. Bosons carry integer spin and
adhere to Bose-Einstein statistics [8, 9], which allows multiple bosons to occupy the same
quantum state. Bosons are the force carriers of the SM and as such are responsible for the
interactions of fundamental particles like electromagnetic (EM) interactions.

1.1.1 Bosons and interactions

In the SM, three of the four fundamental forces are described, the EM force, the weak
force, and the strong force. The gravitational force cannot be described by the SM. In
Table 1.1 the bosons of the SM and some of their properties are summarized.

The EM force is mediated by photons γ. Photons are massless spin–1 particles without
any charge. Their interactions are described in quantum electrodynamics (QED) as will
be introduced in Section 1.2. The weak interaction is responsible for the decay of particles
and is mediated by W± and Z bosons. The W± bosons have a charge of ±1 and are the
only known particles to change the flavor of fermions. Both, the W and Z bosons are
massive, which is explained via the Higgs mechanism, introduced in Section 1.3.1. The
W boson was introduced to describe the 𝛽-decay, which first was postulated by E. Fermi
as a four-point contact interaction, but was not able to describe divergences in the cross
section of the process [10]. The divergences were resolved by R. Feynman and M. Gell-
Mann [11], introducing a Vector–Axialvector (V–A) theory [12], postulating the existence
of massive, charged W bosons. The term V–A theory refers to the coupling structure of
the theory, which encompasses a superposition of vector-like and axialvector-like inter-
actions1, which is a result of the electroweak unification. The EM and weak forces can
be unified to the electroweak force via the Glashow-Salam-Weinberg model [13–15]. This
unification describes all three bosons (W boson, Z boson, photon) and both forces, as will
be explained in Section 1.2.1. The unified theory could not explain the origin of the mass
of W and Z bosons, which was resolved by introducing the Higgs mechanism2 as detailed

1A vector-like coupling is invariant under parity transformation which changes the space-time coordinates
𝑥 to −𝑥, contrary to axial vector fields which change sign under parity transformation.

2The name of this mechanism is sometimes extended to give credit to further contributions to the
concept. For example, Ref. [2] refers to the mechanism as NGAEBHGHKMP mechanism (Nambu-
Goldstone-Anderson-Englert-Brout-Higgs-Gilbert-Hagen-Kibble-Migdal-Polyakov mechanism) [16–28].
While many publications contributed to the mechanism as it is described today, it will be referred to as
Higgs mechanism in this thesis for readability purposes.
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1.1 The particles of the standard model

Table 1.2: Leptons of the standard model. The charge is given in units of elementary
charge 𝑒. The third component of the weak isospin 𝐼3 is indicated for the left-handed lep-
tons. Right-handed leptons are isospin singlets with 𝐼3 = 0. For each of the listed leptons,
a corresponding antilepton exists with opposite charge. For antileptons, the right-handed
component carries the indicated isospin while the left-handed component has 𝐼3 = 0. All
values are taken from Ref. [1].

Gen. Particle Charge 𝐼3 Mass (MeV)

1
Electron (e) −1 −1/2 0.511
Electron neutrino (𝜈e) 0 1/2 < 1.1 · 10−6

2
Muon (µ) −1 −1/2 105.7
Muon neutrino (𝜈µ) 0 1/2 < 0.19

3
Tau lepton (𝜏 ) −1 −1/2 1776.86 ± 0.12
Tau neutrino (𝜈𝜏 ) 0 1/2 < 18.2

in Section 1.3.1 [16–28]. With the Higgs mechanism, the Higgs boson is introduced to the
SM, which is a neutral scalar (spin–0) boson. By construction, the W and Z bosons ob-
tained their masses through interactions with the Higgs field. From the same mechanism
also the Higgs boson itself obtained its mass, which was first successfully measured at the
LHC experiments ATLAS and CMS in 2012 [29, 30], thereby proving the existence of the
Higgs mechanism. Finally, the SM also describes the strong interaction, which is responsi-
ble for the hadronization of particles and the formation of atomic nuclei. The force carrier
of the strong force are gluons, which are massless particles carrying color charge and an-
ticharge. The strong force is described via quantum chromodynamics (QCD), which is
introduced in Section 1.4.

1.1.2 Fermions

The fermions of the SM can be classified into two groups, leptons and quarks. These
groups are distinguishable via their interactions. For both groups three generations of
particles are known, each consisting of two particles and two corresponding antiparticles.
The distinction between particle and antiparticle is via the electric charge, which have
opposite signs but the same absolute values. An overview of leptons (quarks) is given in
Table 1.2 (Table 1.3).

Leptons are fermions that interact via the electroweak force, but not the strong force as
they do not carry color charge. A generation of leptons consists of a charged lepton
(electron, muon, tau), and a corresponding neutrino. The charged leptons all carry a
charge of −1, while the neutrinos are all neutral. Furthermore, all charged leptons have
non-zero mass, while in the SM, the neutrinos are considered massless. The lepton of the
first generation, the electron, is the lightest of the charged leptons, and is the only charged
lepton that is stable. The other, heavier, leptons (muon and tau) decay into electrons
via the charged current of the electroweak interaction (e.g. µ− → 𝜈µ(W− → e−𝜈e))3.
Hence, electrons are one of the fundamental particles in atomic physics, responsible for
the generation of atoms.

3This notation indicates the decay of a muon (µ−) into a muon neutrino (𝜈µ ) and a W boson (W−). The W
boson then decays into an electron e− and an electron antineutrino (𝜈e ).
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1 The standard model of particle physics

Table 1.3: Quarks of the standard model. The charge is given in units of elementary
charge 𝑒. The third component of the weak isospin 𝐼3 is indicated for the left-handed
fermions. Right-handed fermions are isospin singlets with 𝐼3 = 0. For each of the listed
quarks, a corresponding antiquark exists with opposite charge. For antiquarks, the right-
handed component carries the indicated isospin while the left-handed component has
𝐼3 = 0. All values are taken from Ref. [1].

Gen. Particle Charge 𝐼3 Mass (GeV)

1
Up quark (u) 2/3 1/2 (2.16+0.49

−0.26) · 10−3

Down quark (d) −1/3 −1/2 (4.67+0.48
−0.17) · 10−3

2
Charm quark (c) 2/3 −1/2 1.27 ± 0.02
Strange quark (s) −1/3 1/2 (93.4+8.6

−3.4) · 10−3

3
Top quark (t) 2/3 −1/2 172.69 ± 0.30
Bottom quark (b) −1/3 1/2 4.18+0.03

−0.02

Quarks are fermions that interact both with the electroweak and the strong force and are
the only known fundamental particles that carry color charge. A generation of quarks
consists of an up-type and down-type quark, where the up-type quarks have charge +2/3
and the down-type quarks charge −1/3. The first generation of quarks consists of the up
quark and the down quark, which can be considered as ground states of the quark sec-
tor and primarily make up the nucleons (protons and neutrons), the building blocks of
atomic nuclei. The second generation of quarks consists of charm and strange quarks, and
the third generation consists of top and bottom quarks. The quarks of each generation
are increasingly heavier, with the top quark being the heaviest fundamental particle of
the SM carrying around the same weight as a gold atom. Quarks hadronize into hadrons,
which are color-neutral combinations of quarks and antiquarks. At least two types of
fundamental hadrons exist, mesons, which are a combination of a quark and antiquark
(such as pions), and (anti)baryons, which are combinations of three (anti)quarks (such
as protons and neutrons). This hadronization is explained through the color confine-
ment property of QCD, discussed in Section 1.4. The top quark is special in this regard,
as its large mass results in a short lifetime, shorter than the time scale of hadronization
(∼10−24 s). Hence, the top quark never hadronizes and decays as a free particle. Up-type
quarks can be converted into down-type quarks (and vice-versa) via the electroweak in-
teraction (e.g. t → b(W+ → qq ′)). With the introduction of the Higgs mechanism, the
flavor and mass eigenstates of quarks are distinct, resulting in a mixing of quark flavors.
This also allows for transitions of one generation into another generation, governed by
the Cabibbo-Kobayashi-Maskawa matrix (CKM) [31, 32]. This matrix is a unitary 3×3 ma-
trix and describes the transition probabilities of quarks to quarks of any of the three gen-
erations. This mechanism exhibits an intrinsic hierarchy, where transitions in the same
generation are by far dominant relative to transitions into other generations. As a con-
sequence, the top quark almost exclusively decays into a bottom quark, as especially the
transition probabilities of the third generation (top and bottom quark) to the other gener-
ations are seen to be strongly suppressed. Due to the large mass difference, the bottom
quark cannot decay into a top quark, and hence exhibits a (relatively speaking) long life-
time. This feature can be exploited for b tagging as described in Section 3.3.2. Some more
aspects of the top quark will be discussed in Section 1.6.
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1.2 The standard model as a gauge theory

1.2 The standard model as a gauge theory

Mathematically, the SM of particle physics is formulated as a relativistic quantum theory
in which the elementary particles are described as quantum fields (quantum field theory).
The quantum fields are described by Lagrangian densities

ℒ = ℒ[𝜓, 𝜕𝜇𝜓] . (1.1)

These Lagrangian densities include the dynamics of the quantum fields and their inter-
actions. Particles in the SM are described as excitations of the quantum fields, repre-
sented by quantum field operators 𝜓[𝑥], where 𝑥 are four-dimensional space-time coor-
dinates4. The Lagrangian density is also a function of the gradient of the field 𝜕𝜇𝜓[𝑥],
where 𝜕𝜇 = 𝜕/𝜕𝑥𝜇 is the four-dimensional partial derivative w.r.t. 𝑥 with 𝜇 = 0, 1, 2, 3.
The principle of stationary action, a fundamental principle in physics, describes the idea
that nature always chooses the path which requires the least amount of energy. Mathe-
matically, this is the path that minimizes the action 𝒮 , i.e. yields 𝛿𝒮 = 0. The action of a
Lagrangian density is defined as its integral,

𝒮 =
∫︁

d4𝑥ℒ[𝜓, 𝜕𝜇𝜓] . (1.2)

This is equivalent to the requirement that the Lagrangian density satisfies the Euler–
Lagrange equation,

𝜕ℒ
𝜕𝜓

− 𝜕𝜇

𝜕ℒ
𝜕(𝜕𝜇𝜓) = 0 . (1.3)

The components and features of the Lagrangian density can be illustrated based on the
example of quantum electrodynamics (QED).

QED describes the dynamics and EM interactions of electrically charged particles and
the photon. The description of QED was first formulated in works of S. Tomonaga [33],
J. Schwinger [34, 35], R. Feynman [36–38], and F. Dyson [39, 40]. The Lagrangian density
of a free fermion field (which can for example be an electron or a quark) with particle
mass 𝑚 can be postulated as [41]

ℒDirac = 𝜓(𝑖𝛾𝜇𝜕𝜇)𝜓 −𝑚𝜓𝜓 . (1.4)

Here, 𝛾𝜇 is the four-dimensional vector of Dirac matrices and 𝜓 = 𝜓†𝛾0 is the adjoint field.
Essentially, the first term of the Lagrangian density describes the kinematic behavior of
the field 𝜓, while the second term describes the particle at rest, quantified via its mass 𝑚.
Using the Euler–Lagrange equation (1.3), this yields the Dirac equation [41] for a free
fermion with mass 𝑚,

(𝑖𝛾𝜇𝜕𝜇 −𝑚)𝜓[𝑥] = 0 . (1.5)

This description does not yet include any interaction of the field 𝜓. Such an interaction
can be introduced by using Noether’s theorem [42], which postulates that every symme-
try in nature corresponds to a conserved quantity, and vice versa5. The introduction of
such symmetries transforms the quantum field theory of the SM into a gauge theory, ac-
knowledging that the laws of physics should be invariant under certain transformations

4In some of the equations the functional dependence of 𝜓[𝑥] is omitted for the purpose of readability. Gen-
erally, it is assumed that each field, operator or phase is a localized quantity and hence a function of
space-time coordinates 𝑥.

5A simple example of Noether’s theorem is for example the conservation of energy in nature, which origi-
nates in the symmetry of time translation, implying that the laws of nature are the same at every point in
time.
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1 The standard model of particle physics

(gauge transformations). In QED, a local phase 𝜃[𝑥] can be introduced [43], transforming
the fermion field 𝜓[𝑥] as

𝜓[𝑥] → 𝑒𝑖𝜃[𝑥] 𝜓[𝑥] , (1.6)

𝜓[𝑥] → 𝑒−𝑖𝜃[𝑥] 𝜓[𝑥] . (1.7)

This local phase 𝜃[𝑥] describes rotations of 𝜓[𝑥] at the space-time coordinate 𝑥. Following
the principle of gauge transformations and symmetries, this phase should not change the
underlying laws of physics. For QED, the simplest transformation fulfilling this require-
ment is the U(1) symmetry group, i.e. a one-dimensional unitary group consisting of all
complex numbers with absolute value of one. All elements of the group can be expressed
via its generator, here 𝑒𝑖𝜃[𝑥]. Inserting the transformation of 𝜓[𝑥] into eq. (1.4) shows that
the Lagrangian density is at first not invariant against this transformation, as an addi-
tional term −𝜓𝛾𝜇𝜓𝜕𝜇𝜃[𝑥] is obtained. This can be resolved by adding the interaction with
an additional field 𝐴𝜇[𝑥] to the Lagrangian density,

ℒQED = 𝜓(𝑖𝛾𝜇𝜕𝜇)𝜓 −𝑚𝜓𝜓 − 𝑞𝐴𝜇𝜓𝛾
𝜇𝜓 . (1.8)

The introduced field 𝐴𝜇 is a vector field and can be associated with the EM photon field.
The electric charge 𝑞 is introduced as a conserved quantity, following the postulate in
Noether’s theorem [42], and describes the strength of the interaction of the fermion field𝜓
with the vector field 𝐴𝜇. Generally, terms such as 𝑋𝜇𝜓Γ𝜇𝜓 can be identified as the inter-
action of a particle 𝜓 with a field 𝑋𝜇, this will be illustrated later in Section 1.5. Here, Γ𝜇

indicates a generic combination of 𝛾 matrices. In the specific case of 𝐴𝜇 and the fermion
fields 𝜓, this interaction is a vector-like interaction, indicated by the 𝛾𝜇 matrix in the cou-
pling term. In order to retain the gauge invariance, the photon field has to transform
as

𝐴𝜇[𝑥] → 𝐴𝜇[𝑥] − 1
𝑞
𝜕𝜇𝜃[𝑥] . (1.9)

With both these gauge transformations, the Lagrangian density in eq. (1.8) is invariant.
Alternatively, the partial derivative 𝜕𝜇 can also be replaced with the gauge covariant
derivative

𝒟𝜇 = 𝜕𝜇 + 𝑖𝑞𝐴𝜇[𝑥] , (1.10)

yielding the same invariance behavior. The additional term in eq. (1.8) describes the inter-
action of photons and fermions proportional to the electric charge 𝑞 of the fermion. What
is not yet included in this equation is the description of the propagation (i.e. kinematics)
of the photon field. By construction, the field 𝐴𝜇(𝑥) is a boson field with spin–1, whose
equation of motion is described by the Proca equation,

(𝜕𝜇𝜕
𝜇 −𝑚2

𝐴)𝐴𝜈 = 0 , (1.11)

corresponding to the Lagrangian density

ℒProca = −1
4
𝐹𝜇𝜈𝐹𝜇𝜈 + 1

2
𝑚2

𝐴𝐴
𝜈𝐴𝜈 . (1.12)

Here, 𝐹𝜇𝜈 = (𝜕𝜇𝐴𝜈 − 𝜕𝜈𝐴𝜇) is the field strength tensor, which describes the EM field
components at space-time point 𝑥 and their derivatives w.r.t. space and time. In eq. (1.12),
again, the first term can be associated with the kinetics of the vector field and the second
term with the particle of the field at rest, quantified by its mass𝑚𝐴.6 This is a generalized

6Note the difference in the mass term for bosons, 𝑚2
𝑋𝜇𝑋

𝜇, and fermions, 𝑚𝜓𝜓. These terms have
quadratic mass dependence for bosons and linear mass dependence for fermions.

12



1.2 The standard model as a gauge theory

description of a vector field. Adding eq. (1.12) to the QED Lagrangian in eq. (1.8) shows
that the first term (the kinetic term) is indeed invariant under the U(1) transformation
while the second one (the mass term) is not. This implies for QED that the particle as-
sociated with the photon field (i.e. the photon) has to be massless such that the second
term vanishes and the gauge invariance is retained. In summary, this yields the full QED
Lagrangian density

ℒQED = 𝜓(𝑖𝛾𝜇𝜕𝜇)𝜓 −𝑚𝜓𝜓 − 𝑞𝐴𝜇𝜓𝛾
𝜇𝜓 − 1

4
𝐹𝜇𝜈𝐹𝜇𝜈 . (1.13)

In a similar manner the Lagrangian densities of the electroweak unification and quantum
chromodynamics (QCD) can be described, which is included in the remainder of this
chapter.

1.2.1 Electroweak unification

The weak interaction can in principle be introduced to the SM similar to the EM inter-
action. Measurements such as the Wu experiment [44], however, showed that the weak
force, mediated by W and Z bosons, behaves somewhat differently than the EM force. It
was observed that the charged current of the weak interaction, i.e. the force mediated by
W bosons, only interacts with left-handed fermions and right-handed antifermions (i.e.
the chirality states). The chiral symmetry is described via the 𝛾5 = 𝑖𝛾0𝛾1𝛾2𝛾3 operator. It
can be used to project the left- and right-handed parts of the fermion field 𝜓, as

𝜓L = 1
2

(1 − 𝛾5)𝜓 , (1.14)

𝜓R = 1
2

(1 + 𝛾5)𝜓 . (1.15)

Following the results of the Wu experiment [44] the charged current of the weak interac-
tion is shown to only act on the left-handed parts of 𝜓, i.e. only on 𝜓L. At the same time,
the EM interaction still acts indistinguishably on left- and right-handed fermion fields.
Therefore, this requires a modification of the previously introduced QED Lagrangian den-
sity and transformation behavior in order to encompass both features. This is referred to
as the electroweak unification and was first described via the Glashow-Salam-Weinberg
theory [13–15].

The gauge transformation that can describe the required behavior is the SU(2)L×U(1)Y
group. The U(1) group is already known from Section 1.2, but has a different conserved
quantity here, namely the hypercharge 𝑌 = 2(𝑞 − 𝐼3), where 𝐼3 is the third component
of the weak isospin7. The SU(2)L group is the special unitary group consisting of com-
plex 2×2 matrices that have a determinant of one. These matrices describe rotations in
three-dimensional space, e.g. via the three Pauli matrices 𝜎𝑖. The index L indicates that
this group only acts on the left-handed spinor 𝜓L. The conserved quantity of the SU(2)L
group is the weak isospin 𝐼 . Following the explanations of gauge transformations in
Section 1.2, two gauge transformations can now be introduced for the electroweak La-
grangian density via covariant derivatives

𝒟𝜇𝜓L = 𝜕𝜇𝜓L − 𝑖

2

(︁
𝑔′𝑌 𝐵𝜇 + 𝑔𝜎𝑖𝑊 𝑖

𝜇

)︁
𝜓L , (1.16)

𝒟𝜇𝜓R = 𝜕𝜇𝜓R − 𝑖

2

(︁
𝑔′𝑌 𝐵𝜇

)︁
𝜓R . (1.17)

7Note that this conserved quantity is still related to the electric charge which was introduced previously
as the conserved quantity of QED. The weak isospin itself is a more abstract concept, it is an additional
quantum number to classify the behavior of different particles.
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1 The standard model of particle physics

Here, 𝑔′ is the coupling strength of the U(1) group and 𝑔 the coupling strength of the SU(2)
group. This construction results in three vector fields 𝑊 𝑖

𝜇, only acting on the left-handed
spinor, and another vector field 𝐵𝜇 acting homogeneously on both spinor projections.
The Lagrangian density can be constructed for this gauge group as

ℒEW = 𝜓L(𝑖𝛾𝜇𝒟𝜇)𝜓L + 𝜓R(𝑖𝛾𝜇𝒟𝜇)𝜓R − 1
4
𝑊 𝑖

𝜇𝜈𝑊
𝑖,𝜇𝜈 − 1

4
𝐵𝜇𝜈𝐵

𝜇𝜈 , (1.18)

where 𝑊 𝑖,𝜇𝜈 (𝑖 = 1, 2, 3) are the field strength tensors of the weak isospin following

𝑊 𝑖,𝜇𝜈 = 𝜕𝜇𝑊 𝑖,𝜈 − 𝜕𝜈𝑊 𝑖,𝜇 + 𝑔𝜖𝑖𝑗𝑘𝑊
𝑗,𝜇𝑊 𝑘,𝜈 , (1.19)

and 𝐵𝜇𝜈 the field strength tensor of the hypercharge defined analog to 𝐹𝜇𝜈 in Section 1.2.
The last term in eq. (1.19) implies that a contraction of𝑊 𝑖

𝜇𝜈𝑊
𝑖,𝜇𝜈 in the Lagrangian density

of eq. (1.18) would yield cubic and quartic terms of 𝑊 𝑖
𝜇 which are interpreted as cubic or

quartic self-interactions of the gauge bosons. Such a term is not present for 𝐹𝜇𝜈 or𝐵𝜇𝜈 , as
the U(1) group is an abelian (commutative) gauge group, while the SU(2) group is non-
abelian (non-commutative). In non-abelian groups, the order of operations is relevant
and the operators do not commute.

Altogether, this transformation behavior fulfills the requirements set towards the theory,
i.e. is maximally parity violating. In other words, the interaction of a particle changes
depending on the parity of the coordinate system. If one would perform a parity opera-
tion, i.e. changing the space-time coordinates 𝑥 to −𝑥, the interactions of particles would
change as this parity operation is equivalent to changing the chirality of particles. The
theory yields four gauge fields, from which the physical gauge bosons of the electroweak
interaction can be obtained from linear combinations,

𝑊±
𝜇 = 1

2
(𝑊 1

𝜇 ∓ 𝑖𝑊 2
𝜇) , (1.20)

and

𝑍𝜇 = cos 𝜃W𝑊
3
𝜇 − sin 𝜃W𝐵𝜇 , (1.21)

𝐴𝜇 = sin 𝜃W𝑊
3
𝜇 + cos 𝜃W𝐵𝜇 . (1.22)

The first equation describes the W boson fields responsible for charged current interac-
tions. From the other equations, two neutral current mediators are obtained, one being
the photon field 𝐴𝜇 and the other the Z boson field 𝑍𝜇. These neutral fields are mixed
states of the 𝑊 3

𝜇 and 𝐵𝜇 fields rotated via the Weinberg angle 𝜃W, related to the coupling
strengths 𝑔 and 𝑔′ via

cos 𝜃W = 𝑔√︁
𝑔2 + 𝑔′2

, and sin 𝜃W = 𝑔′√︁
𝑔2 + 𝑔′2

. (1.23)

Experimentally, the force carriers of the weak interaction, the W and Z bosons, are proven
to be massive, but the construction in eq. (1.18) does not allow for mass terms of the gauge
fields 𝑊 𝑖

𝜇 and 𝐵𝜇. This problem will be addressed in the following section.

1.3 Spontaneous symmetry breaking and the origin of masses

The theory of electroweak unification predicts massless gauge bosons by construction
in order to retain its gauge invariance (see discussions of the QED gauge invariance in
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Figure 1.1: Illustration of the Higgs potential. The Higgs potential of eq. (1.25) is shown
for 𝜇2 < 0. The minimum of the potential is at |𝜑|2 = −𝜇2/(2𝜆). From Ref [2].

Section 1.2). This is unproblematic for the massless photon, but poses an issue for the
W and Z bosons. Furthermore, massive fermions would break the gauge invariance of
SU(2) in the formulation of the previous section due to the maximal parity violating na-
ture of the charged current of the weak force. The first problem is solved by introducing
a spontaneous symmetry breaking mechanism in which the electroweak gauge symme-
tries are retained but are not present in the energetic ground state of the system, allowing
for the introduction of non-zero boson masses. This spontaneous symmetry breaking
is described via the Higgs mechanism [16–28]. The second problem is addressed by in-
troducing the coupling of the Higgs field to the fermions which generate the fermion
masses.

1.3.1 The Higgs mechanism

The concept of spontaneous symmetry breaking describes the process in which a physical
system is symmetrical in its initial state, but by introducing small perturbations this sym-
metry is broken. This can be illustrated with the example of a ball lying on the apex of
a perfectly symmetrical hill (see illustration in Figure 1.1). In its equilibrium this system
is symmetrical. As the system is unstable (i.e. small perturbations will break the system)
the ball will at some point roll down the hill in any random direction, until the ball (i.e.
in this analogy the physical system) reaches its stable ground state. This (random) pro-
cess defines the initially degenerate ground state, as the ball did roll down the hill in a
specific direction, and thus the symmetry of the system is broken. Such a process can be
introduced to the electroweak Lagrangian density in eq. (1.18) by adding a spin–0 field,
which will be identified with the Higgs field 𝜑. Such a field obeys the equation of motion
given by the Klein-Gordon equation, yielding a Lagrangian density of

ℒHiggs = (𝒟𝜇𝜑)†(𝒟𝜇𝜑) − 𝑉 [|𝜑|2] . (1.24)

Here, 𝑉 is the potential of the Higgs field 𝜑. In order to retain the invariance of the
SU(2)L×U(1)Y gauge group, this scalar field has to be an isospin doublet with 𝑌 = 1,
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1 The standard model of particle physics

𝜑 = (𝜑+, 𝜑0)𝑇 . From this construction, one component of the doublet is charged (𝜑+) and
the other is neutral (𝜑0). The potential of the Higgs field has to take the form

𝑉 [|𝜑|2] = 𝜇2|𝜑|2 + 𝜆|𝜑|4 , (1.25)

constructed such that the degenerate ground states are non-zero. This is illustrated in
Figure 1.1. As the possible ground states are degenerate, the ground state can be chosen
such that it matches the requirements of the gauge symmetry8. For this case, a ground
state 𝜑0 and corresponding vacuum expectation value (VEV) 𝑣 are chosen to be

𝜑0[𝑥] = 1√
2

(0, 𝑣 +𝐻[𝑥])𝑇 , with 𝑣 =
√︁

−𝜇2/𝜆 and 𝜇2 < 0 . (1.26)

In this ground state, the charged component of the field 𝜑 is zero, which matches the
observation that the Higgs boson field is neutral. In this construction, the field is de-
scribed via its ground state 𝑣 and small excitations around the ground state, 𝐻[𝑥], which
can be identified as the Higgs boson. Introducing 𝜑0 to eq. (1.24) yields a range of in-
teresting terms which can be associated with different interactions and particles. From
the potential 𝑉 , for example, a term 𝜆𝑣2𝐻2 arises, which is a mass term for the Higgs
boson, yielding its mass 𝑚H =

√︀
𝜆𝑣2. From the potential 𝑉 also terms cubic and quartic

in𝐻(𝑥) arise, which correspond to the cubic and quartic self-coupling of the Higgs boson.
From the kinetic terms in eq. (1.24), interactions of the Higgs field and the gauge bosons
arise, also containing the mass terms of the gauge bosons, leading to 𝑚W = 𝑔𝑣/2 and
𝑚Z = 𝑚W/ cos 𝜃W. From the explicit choice of the ground state of the Higgs field (by con-
struction) no mass terms for the photon field 𝐴𝜇 are obtained. The masses of the bosons
are degrees of freedom of the SM, cannot be determined from first principles and require
explicit measurements. The degrees of freedom from Higgs, W, and Z boson masses can
alternatively be expressed through the coupling strengths 𝜆, 𝑔, and 𝑔′.

1.3.2 Fermion masses

With the introduction of the spontaneous symmetry breaking mechanism and the Higgs
field, fermion masses would still break gauge invariance under SU(2), hence an addi-
tional mechanism has to be introduced in order to explain the massive fermions. As the
Higgs field is responsible for the generation of boson masses, a mechanism is introduced
that explains the origin of the fermion masses also via the interaction with the Higgs
field. This interaction is called Yukawa interaction [47], constituting a linear coupling of
the Higgs field 𝜑 with the fermion fields 𝜓,

ℒYukawa = −𝑦𝑓

(︁
𝜓L𝜑𝜓R + 𝜓R𝜑

†𝜓L

)︁
. (1.27)

Here, 𝑦𝑓 is the coupling constant for fermion 𝑓 . The fermion spinors are introduced with
their left-handed (isospin doublet) and right-handed (isospin singlet) projections as this
retains the SU(2) symmetry9. As an example, the mass generation can be shown for the
electron. By introducing the explicit form of the fermion fields and the Higgs field 𝜑, one
obtains

ℒYukawa,e = − 1√
2
𝑦𝑒 (𝜈𝑒, 𝑒L) (0, 𝑣 +𝐻)𝑇 𝑒R + h.c. . (1.28)

This results in one term −𝑣𝑦𝑒√
2
𝑒L𝑒R, from which the mass of fermions can be inferred as

𝑚𝑒 = 𝑦𝑒𝑣/
√

2. From this mechanism, the mass of the fermions is determined by the
8By choosing a different ground state one could for example also construct a theory that predicts a non-zero

mass of the photon, or a charged Higgs boson.
9Note that this interaction changes the chirality eigenstate of the particle which is unique to this interaction.
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Figure 1.2: Coupling of fermions and bosons to the Higgs field. Shown are the measure-
ments by the CMS Collaboration. The horizontal axis shows the mass of the particles. The
vertical axis shows a value proportional to the coupling modifier 𝜅𝑓 for fermions and the
square root of the coupling modifier 𝜅𝑉 for the gauge bosons. The coupling modifiers are
defined via the 𝜅-framework [45], in which all SM predictions are scaled via 𝜅2 values to
quantify deviations from the SM expectations of 𝜅 = 1. The SM expectation is indicated
as a diagonal dashed line. From Ref [46].

Yukawa coupling constant 𝑦𝑓 and the VEV 𝑣. Again, the masses (or alternatively 𝑦𝑓 )
are not determined by the theory but have to be measured experimentally.

A second term in eq. (1.28), which is proportional to 𝑚𝑒𝑒L𝐻𝑒R constitutes the coupling of
the fermion (here electron) to the Higgs boson. No other interactions of fermions and the
Higgs bosons or Higgs field are predicted by this formalism unlike for the bosons where
also quartic interactions (e.g. 𝑊𝑊𝐻𝐻) are predicted. The measurement of the coupling
of the fermions (and bosons) to the Higgs boson is an active field of study. While the
coupling of the heaviest fermions to the Higgs boson has been established already, the
couplings to lighter fermions still have to be measured. Due to the linear dependence of
the Yukawa coupling strength to the mass of the fermion, the coupling measurements of
lighter fermions are more difficult, as the small coupling strength is translated to lower
rates of the process of interest. In Figure 1.2, the current state of coupling measurements
of fermions and bosons to the Higgs boson is shown.
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1 The standard model of particle physics

1.4 Quantum chromodynamics

Quantum chromodynamics is another aspect of the SM, describing the strong force which
acts exclusively on color-charged particles, i.e. quarks. The concepts of QCD were first
introduced by M. Gell-Mann [48, 49] and G. Zweig [50]. Similar to the other symmetries,
the color symmetry is obtained from a gauge group, here SU(3). This symmetry group
is, analog to SU(2), a special unitary group, here consisting of complex 3×3 matrices that
have a determinant of one. The group can be expressed via the eight Gell-Mann matri-
ces 𝜆𝑎. The gauge transformation of QCD is introduced via the covariant derivative

𝒟𝜇 = 𝜕𝜇 − 𝑖
√︁

4𝜋𝛼𝑠 𝜆
𝑎𝐺𝑎

𝜇 , (1.29)

where 𝛼𝑠 is the strong coupling constant and 𝐺𝑎
𝜇 the gauge fields of QCD. The associated

field strength tensor of the gauge fields is

𝐹 𝑎
𝜇𝜈 = 𝜕𝜇𝐺𝑎

𝜈 − 𝜕𝜈𝐺
𝑎
𝜇 +

√︁
4𝜋𝛼𝑠 𝑓𝑎𝑏𝑐𝐺

𝑏
𝜇𝐺

𝑐
𝜈 . (1.30)

Similar to the field strength tensor of SU(2) in eq. (1.19), 𝐹 𝑎
𝜇𝜈 contains self-interactions,

indicated by the non-vanishing term
√︀

4𝜋𝛼𝑠 𝑓𝑎𝑏𝑐𝐺
𝑏
𝜇𝐺

𝑐
𝜈 . The fields 𝐺𝑎

𝜇 can be identified
as eight gluon fields. From eq. (1.30), cubic and quartic self-interactions of gluons are
expected. This self-interaction leads to the confinement property of QCD [51–53]. Due to
the gluon self-interactions, strings of gluons are formed between quarks. As two quarks
are pulled apart, a flux tube of gluons is formed between the quarks. With increasing
distance between the quarks the energy stored in these flux tubes increases until the en-
ergy becomes large enough to create a new pair of quarks which form bound states with
the already existing quarks. This essentially prevents single quarks from existing as they
rather form color-neutral hadrons.

The Lagrangian density of QCD, following the introductions above, is given as

ℒQCD = 𝜓(𝑖𝛾𝜇𝜕𝜇)𝜓 −𝑚𝜓𝜓 +
√︁

4𝜋𝛼𝑠 𝜓𝛾
𝜇𝜆𝑎𝜓𝐺𝑎

𝜇 − 1
4
𝐹 𝑎,𝜇𝜈𝐹 𝑎

𝜇𝜈 . (1.31)

Here, 𝜓 is a vector of quark spinors where each entry has one of the colors red, green and
blue, and all entries have the same quark flavor (one of up, down, strange, charm, bottom,
top). In QCD, the mass term𝑚𝜓𝜓 does not break the gauge invariance under SU(3) trans-
formations. However, quarks also participate in the electroweak interactions introduced
in Section 1.2.1 where the mass terms are not gauge invariant under SU(2) transforma-
tions. Hence, the quark masses are also obtained from interactions with the Higgs field
via the Yukawa-type interactions introduced in Section 1.3.2. It is worth noting, however,
that the SU(3) symmetry remains intact and hence no mass terms for gluons are obtained.

With QCD, this completes the gauge theoretical description of the SM as it is known today.
In summary, the SM is described via the U(1)Y×SU(2)L×SU(3)c gauge group.

1.4.1 Running couplings

The coupling constants introduced in the previous sections are misnomered as the cou-
pling strengths are not constant. The coupling strengths depend on the energy scale 𝑄2

at which the interaction takes place. This effect is most pronounced in the strong cou-
pling, governed by the coupling strength 𝛼𝑠. Due to the self-interaction of the gluon
fields, and vacuum fluctuations, each color-charged particle is always surrounded by a
cloud of gluons, which effectively screen or enhance the color charge of the particle. The
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1.5 Cross sections and Feynman diagrams

self-interactions of gluons manifest by spontaneously creating gluon pairs from the vac-
uum. At the same time, the coupling of gluons to quarks spontaneously creates quark-
antiquark pairs from the vacuum10. To account for this effect, couplings depending on 𝛼𝑠

can be perturbatively expanded in 𝛼𝑠 if 𝛼𝑠 ≪ 1. Divergences at large momenta 𝑄 can
appear in these expansions as higher orders in 𝛼𝑠 are neglected. To counter this, cut-off
scales 𝜇 are introduced, called renormalization scales. The term renormalization refers
to one of the principles of quantum field theory, which states that each theory has to
be renormalizable, i.e. has to yield finite values (sometimes after introducing additional,
non-physical scales for that purpose), as otherwise, the theory becomes meaningless in
the limits where it diverges. After introducing the renormalization scale, the observables
calculated at finite orders of perturbation theory (such as the cross section) become de-
pendent on 𝜇. This dependency is non-physical as a calculation of the observable under
scrutiny to all orders of perturbation theory would remove the dependency on 𝜇. The
running of the coupling can be expressed via renormalization group equations. The so-
lutions of these differential equations relate the observable at one energy scale 𝑄 to a
reference scale Λ. Hence, once an observable is known at one scale Λ, it can be related
to an arbitrary scale 𝑄. For the strong coupling constant this yields (at the precision of
subleading order in 𝛼𝑠)

𝛼𝑠[𝑄2] = 𝛼𝑠[Λ2]
1 + 𝛽0𝛼𝑠[Λ2] ln(𝑄2/Λ2)

. (1.32)

The so-called one-loop beta function 𝛽0 is calculated as [51, 54]

𝛽0 =
11𝑁𝑐 − 2𝑁𝑞

12𝜋
, (1.33)

with 𝑁𝑞 the number of active quark flavors at a given energy scale11, and 𝑁𝑐 the number
of colors. For the SM, where 𝑁𝑐 = 3 and 𝑁𝑓 ≤ 6, it follows 𝛽0 > 0, i.e. indicating that 𝛼𝑠

decreases at higher energy scales 𝑄 (or smaller distances) with ∝ 1/(1 + ln(𝑄2/Λ2)). The
two terms of 𝛽0 can be associated with the two aforementioned screening effects of color
charge from vacuum fluctuations. The first term corresponds to the gluon pairs and
the second term corresponds to quark-antiquark pairs. Due to the relative sign between
these contributions, this can be interpreted such that the gluons increase, i.e. enhance, the
effective color charge with increasing distances (or decreasing energies) and the quark-
antiquark vacuum fluctuations decrease, i.e. screen, the effective color charge. Altogether,
in the limit of high energy, this leads to the asymptotically free behavior of color-charged
particles. In this limit, the coupling strength 𝛼𝑠[𝑄

2] is very small, and thus color charged
particles behave as if they were free particles. On the other side of the spectrum, at lower
energy scales 𝑄 this leads to the confinement property of QCD as discussed before. In
cases where the coupling strength 𝛼𝑠 becomes too large, a perturbative expansion in 𝛼𝑠 is
no longer possible. This regime is referred to as the non-perturbative regime of QCD
where for example the hadronization of color-charged particles is calculated (see Sec-
tion 5.4). In Figure 1.3 a summary of recent measurements of 𝛼𝑠 at different energy scales
𝑄 is shown.

1.5 Cross sections and Feynman diagrams
As detailed in the previous sections, interactions of particles in the SM can be identified in
the Lagrangian density as terms with a product of at least three fields. The cross section
10In QED, such a screening also exists, but due to the missing self-interaction of photons, only a screening

of the EM charge via vacuum fluctuations of particle-antiparticle pairs is present.
11For example below the energetic threshold of bottom quarks, only four active flavors are present, namely

up, down, strange, and charm.
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Figure 1.3: Running of strong coupling. Measurements of the strong coupling constant
as a function of energy scale 𝑄 by different experiments. From Ref [55].

(i.e. the probability) of a certain process or interaction depends on the matrix element
|ℳ𝑖→𝑓 |2, which encompasses the transition probability of an initial state 𝑖 to a final state 𝑓 .
The transition probability Γ𝑖→𝑓 is defined via Fermi’s golden rule [56]

Γ𝑖→𝑓 = 2𝜋𝜌|ℳ𝑖→𝑓 |2 , (1.34)

where 𝜌 is the available phase space of the final state 𝑓 . This can be related to the cross
section 𝜎̂ via integration over the available phase space. In essence, Fermi’s golden rule
states that the probability of a process is proportional to the coupling strengths of the
(multiple) interactions, encoded in the matrix element, as well as the energy difference
between initial and final states, encoded in the phase space. To calculate a cross section,
all possible transition amplitudes (i.e. matrix elements) between initial state and final
state have to be taken into account. Feynman diagrams can be used as an illustration of
the processes on the level of particles and interactions, but primarily act as visualization
of mathematical expressions for the calculation of scattering amplitudes. When the cou-
pling constants are small, i.e. in the regime of asymptotic freedom at high energies, the
cross section or the matrix element can be expressed as a perturbative series expanded
in the coupling constant 𝛼. In terms of the Feynman diagrams that contribute to ℳ, this
corresponds to sorting all possible diagrams by the number of vertices. In that ordering,
the diagrams with the smallest number of interaction vertices are referred to as leading
order (LO). This order of perturbation already gives a first approximation of the exact
value of ℳ, as the following contributions are subdominant due to the suppression in
higher orders of 𝛼. The subleading order of perturbation is referred to as next-to-leading
order (NLO). For a better approximation of the cross section, higher orders of the pertur-
bative series have to be calculated. The precision of LO cross section calculation is mostly
insufficient considering the level of precision of cross section measurements at the LHC.
Calculation of higher orders in the perturbative expansion becomes more complicated
as both the number of possible diagrams increases exponentially, and the difficulty to
calculate each single diagram increases.
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Figure 1.4: Illustration of some interactions and couplings of the standard model.

A few examples of SM interactions are illustrated in Figure 1.4 as schematic Feynman
diagrams. In the first row, the first diagram shows the interaction of a quark-antiquark
pair and a gluon, which is obtained from eq. (1.31) and is proportional to √

𝛼𝑠.12 Such an
interaction is important for the description of the ttbb process which will be discussed in
more detail in this thesis (e.g. Section 7.2). If inverted, i.e. with a gluon in the initial state
decaying to a pair of quarks (g→qq), this process describes the dominant mechanism
for a production of a bottom quark-antiquark pair (bb), which in association with a top
quark-antiquark pair (tt) yields the ttbb process. The two diagrams on the top right are
the two processes discussed in Section 1.4.1, where either a pair of gluons (top) or a quark-
antiquark pair (bottom) is created from vacuum fluctuations and therewith induces the
running of the coupling strength 𝛼𝑠. In the second row, the first diagram depicts a cou-
pling of a charged fermion (such as an electron or a top quark) with a neutral gauge boson
(γ or Z), as is for example present in eq. (1.13) for the photon field (𝑞𝐴𝜇𝜓𝛾

𝜇𝜓). The last
diagram shows the coupling of fermions to the Higgs boson which is the Yukawa inter-
action introduced in eq. (1.27), proportional to the fermion masses (𝑚𝜓𝜓). These two
diagrams are for example part of the background processes present in the measurements
of this thesis. The first diagram can describe the production of a Z boson with a top quark,
and the second diagram the production of a Higgs boson with a top quark. Adding this
to the production of tt can yield the ttH and ttZ background processes.

12Note that the cross sections 𝜎̂ are proportional to |ℳ|2, and therefore scale with 𝛼𝑠.
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Figure 1.5: Cross section of tt production as a function of the center-of-mass energy
at the CMS experiment. The blue and red points each constitute an independent mea-
surement and the green band indicates the SM predictions calculated in Ref. [59]. From
Ref. [60].

1.6 The physics of top quarks

For the measurements presented in this thesis, the top quark plays a special role. The
processes that are analyzed consist of a top quark antiquark pair (tt) in association with
additional hadronic radiation. The top quark is with a mass of 𝑚t = 172.69 ± 0.30 GeV [1]
the heaviest known particle of the SM. The top quark was discovered by the CDF and
D0 Collaborations at the Tevatron collider [57, 58] (both targeting tt events), and its prop-
erties such as mass and spin correlations have since been measured extensively. The
top quark is also well suited for some measurements of Higgs boson properties and cou-
plings, as the high mass of the top quark results in a large coupling strength between
Higgs boson and the top quark. The value of the Yukawa coupling 𝑦t is of the order of
one, following 𝑦t =

√
2𝑚t/𝑣 ≈ 1, where the VEV is 𝑣 ≈ 246 GeV [1]13.

1.6.1 Top quark pair production

The dominant production mechanism for top quarks at hadron colliders is top quark pair
production (tt). Figure 1.5 shows measurements of the inclusive tt cross section as a
function of the center-of-mass energy

√
𝑠 at the CMS experiment. With increasing

√
𝑠, the

production cross section of tt also increases, as the available phase space for tt production
increases14. Example Feynman diagrams for the production of a tt pair are shown in Fig-
ure 1.6. The diagram on the top left shows an example of tt production at LO via gg → tt ,
which contains two QCD coupling vertices ∼√

𝛼𝑠𝜓𝛾
𝜇𝜆𝑎𝜓𝐺𝑎

𝜇 (from eq. (1.31)). Based on

13The value of the VEV can be obtained from measurements of the muon lifetime, in which the Fermi con-
stant 𝐺F is determined. This constant is related to the VEV as 𝑣 =

√︀
2/𝐺F.

14The top quarks are heavy, so the constituents of the proton-proton collision have to carry a significant
fraction of the proton momentum in order to yield enough energy to produce a pair of top quarks.
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Figure 1.6: Illustration of tt production and decay. The diagram on the top left is an
example of an LO tt production diagram. The diagram on the top right shows a possible
NLO contribution. The diagram on the bottom left shows a possible diagram for ttqq
production. The diagram on the bottom right shows the decay of the tt system.

the calculation of the cross section from eq. (1.34) this yields 𝜎̂LO ∝ 𝛼2
𝑠. Higher orders in

perturbation theory are indicated as an example in the top right of Figure 1.6, where an
additional gluon is produced (gg → ttg). Such additional radiation, or diagrams with
loops contribute to the NLO of the tt cross section and scale via 𝜎̂NLO(tt) ∝ 𝛼3

𝑠. The
tt cross section has been calculated up to next-to-next-to-leading order (NNLO), e.g. in
Ref. [59]. As indicated in the example diagrams in Figure 1.6, the dominant production
mechanism for tt at the LHC is from gluon initial states, but tt can also be produced via
qq → tt at the same order of 𝛼2

𝑠. The relative fraction of these initial states depends on
the type and energy of the primary particles in the collider environment. At high ener-
gies, such as the LHC, the parton distribution function (pdf) of protons (see Section 5.1)
is dominated by gluons, which enhances the production mode from gluon initial states.
At colliders that use proton-antiproton collisions, the probability for qq initial state in-
creases, as both initial quarks can be obtained from valence quarks of the (anti)protons,
which is not possible in proton-proton collisions.

Figure 1.6 also depicts an example production of gg → ttqq at LO (bottom left), i.e. the
associated production of tt and a pair of quarks. The cross section of this process scales
with 𝜎̂LO(ttqq) ∝ 𝛼4

𝑠. This ttqq process is an overarching representation of all processes
that are analyzed in this thesis. Part II focusses on the associated production of a pair of
b quarks (ttbb), while in Part III, additional studies of tt+jets are presented, where one of
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the possible production process is the depicted process. In Section 7.2, this will be further
discussed in the context of ttbb.

1.6.2 Top quark decay

The quarks of the SM decay into other quarks via the charged current of the weak in-
teraction, for the top quark t → d′W, where d′ indicates any down-type quark (bottom,
strange, down). This was already discussed briefly in Section 1.1. The CKM matrix de-
scribes the behavior of electroweak quark decays, predicting large transition amplitudes
of quarks in the same generation relative to transitions to quarks of other generations.
Taking this into account, and also the large difference between the top quark mass and
all other quarks, this results in top quark decays almost exclusively into bottom quarks,
Γ(t → bW)/Γ(t → d′W) > 0.955 (at 95% confidence level) [61]. For the tt process the
decay of top quarks is shown in the diagram on the bottom right of Figure 1.6.

This opens up a range of possibilities for the measurement of top quark processes. For
example, top quarks can be indirectly identified via a b quark (and its b jet) and the W bo-
son (and its decay products in the detector). In addition, due to the rapid decay of the
top quark, the spin and spin correlations of top quarks are preserved and inherited by the
decay particles, which makes measurements of spin or polarization of top quarks easier
than for other particles. Furthermore, as a top quark decay always yields a W boson, the
top quark decays can be classified via the W boson decay. In around 66% of cases A W bo-
son decays hadronically into a pair of quarks [1], i.e. W → qq ′. In the other 33% of cases,
a W boson decays leptonically into a charged lepton and a neutrino [1], i.e. W → ℓ𝜈. For
tt this means that three final states are possible, classified via the number of charged lep-
tons. The fully-hadronic tt final state, in which both top quarks decay hadronically, has
no charged leptons in its final state and encompasses around 45% of cases. The dileptonic
tt final state, in which both top quarks decay leptonically, has two charged leptons in its fi-
nal state and encompasses around 11% of cases. The remaining cases, in which one of the
top quarks decays hadronically and the other decays leptonically, are referred to as the
semileptonic tt decay channel and encompass around 44% of cases. In the measurements
of this thesis, exclusively the latter final state, the semileptonic tt final state, is analyzed.
Each of the final state has its advantages and disadvantages from the perspective of data
analysis. The dileptonic final state has very clear signatures (charged leptons are easier
to identify than hadronic decays), but have only low rates (11%). The fully hadronic final
state has a high rate (45%) but no leptons in its final state, which makes the distinction
between tt processes and other QCD processes without top quarks more difficult. The
semileptonic final state encompasses both advantages, as the one charged lepton makes
the signature of tt distinctive enough while also having a high rate (44%).
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2 Experimental setup

The theories of the SM, and also all theories that attempt to describe the unanswered
phenomena have to be tested in experiments. The close collaboration of understanding
the processes in particle physics and their experimental tests is an important aspect of
this field of science. In this chapter, the experimental setup used for the results of this
thesis is introduced briefly. The measurements are performed with data recorded at the
Compact Muon Solenoid (CMS) experiment, which will be introduced in Section 2.2. The
CMS experiment is located at the Large Hadron Collider (LHC), which will be introduced
in Section 2.1.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a synchrotron accelerator, designed to accelerate and
collide hadrons. At the European Organization for Nuclear Research (CERN)1, many
decades of developments in accelerator technology have resulted in the design and re-
alization of the LHC. It is the largest human-made particle collider to date, measuring
27 km in circumference2. The goal of such an accelerator is to accelerate charged particles
to the highest possible energies in a controlled environment, which allows for the pro-
duction of new or rare particles in the high-energy collision. Some particles, such as the
Higgs boson or the top quark, are very heavy in comparison to other elementary particles
and hence require high energy collisions in order to be produced and studied. The study
of the Higgs boson has not been possible with any other collider before the LHC. The
machine is designed to collide protons and heavy ions such as lead or gold ions3. An
accelerator complex consisting of multiple pre-acceleration steps is used to accelerate the
protons to increasing energies, ending with the LHC, where protons are accelerated up to
an energy of 7 TeV. The full accelerator complex at CERN is shown in Figure 2.1. For the
LHC, the acceleration chain starts with the creation of protons from hydrogen atoms by
removing the electrons in the hydrogen atoms via strong electric fields. Then, the protons
are accelerated to an energy of 50 MeV in the LINAC4 linear accelerator. In the BOOSTER,

1Conseil européen pour la recherche nucléaire.
2Unimportantly, the LHC is built in a tunnel which lies 45–170 m under the surface in the Swiss-French

border region in Geneva with an excellent view of the Jura mountains.
3As the results in this thesis exclusively use the pp collisions, only those will be discussed in the remainder

of the thesis.
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Figure 2.1: The CERN accelerator complex. From Ref. [66].

a synchrotron accelerator, the protons are further accelerated to 1.4 GeV. Compared to lin-
ear accelerators, synchrotron accelerators are circular and can use the same acceleration
setup for multiple consecutive acceleration steps. In the BOOSTER, the constant stream of
protons is split into packages, called bunches, which consist of ∼1011 protons each. Next,
the protons are accelerated to 25 GeV in the Proton Synchrotron and subsequentially to
450 GeV in the Super Proton Synchrotron. Today, these synchrotron accelerators are re-
purposed as pre-accelerators for the LHC, while in their original design these machines
were state-of-the-art accelerators and reached the, at the time, highest possible energies.
For example, the existence of W and Z bosons was experimentally verified at detectors
located at the Super Proton Synchrotron [62–65] extended to a proton-antiproton collider.
Finally, the protons are injected into the LHC.

The LHC uses superconducting dipole magnets to force the particles on the circular tra-
jectory of the accelerator. Quadrupole and higher-order magnets are used to focus the
protons. The particles can be accelerated to 7 TeV using a superconducting radio fre-
quency cavity. The LHC consists of two spatially separated beam pipes where protons
are circulated and accelerated in opposite directions. The proton bunches are brought
into collision at four points in the collider where the four detectors for the measurement
of the collisions are placed. The four experiments are the LHCb experiment [67], the
ALICE experiment [68], the ATLAS experiment [69], and the CMS experiment [70]. The
LHCb experiment specializes in the measurement of B hadrons and CP violation, the AL-
ICE experiment specializes in the measurement of heavy ion collisions, and the ATLAS
and CMS experiments are general-purpose detectors, designed to perform precision mea-
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surements of the SM and the search for new particles and interactions. While the design
center-of-mass energy of the proton-proton (pp) collisions is

√
𝑠 = 14 TeV, this has as of

yet never been reached. In the first running period (Run 1) of the LHC, the machine was
operated at

√
𝑠 = 7 TeV and

√
𝑠 = 8 TeV, which was sufficient to discover the Higgs bo-

son at the ATLAS and CMS experiments [29, 30]. In the second running period (Run 2)
between 2015–2018, the machine reached

√
𝑠 = 13 TeV, corresponding to 6.5 TeV per pro-

ton. The data collected during the 2016–2018 running period is used in this thesis for data
analysis. Since 2022 (Run 3), the LHC is operated at

√
𝑠 = 13.6 TeV. More details on the

LHC can be found in Ref. [71].

2.1.1 Luminosity

In the pp collisions, processes of interest are often rare and hence require a large number
of collisions to be analyzed with high precision. For that purpose, protons are brought
to collision every 25 ns in proton bunches consisting of around 1011 protons each. The
rate d𝑁/d𝑡 of pp collisions depends on the total pp cross section (i.e. production proba-
bility) 𝜎pp , and the instantaneous luminosity 𝐿 of the particle collider,

𝜎pp · 𝐿 = d𝑁
d𝑡

. (2.1)

The instantaneous luminosity 𝐿 is defined via the parameters of the proton beams,

𝐿 = 𝑁2
𝑏 𝑛𝑏𝑓rev

4𝜋𝜎𝑥𝜎𝑦

, (2.2)

with 𝑁𝑏 the number of particles per bunch, 𝑛𝑏 the number of bunches per beam, 𝑓rev the
revolution frequency of the collider, and 𝜎𝑥 and 𝜎𝑦 the size of the proton bunches in the
(𝑥, 𝑦)-plane, orthogonal to the beam direction.

For the measurement of cross sections, the precise knowledge of the integrated luminosity
𝐿int is very important,

𝐿int =
∫︁

d𝑡 𝐿 . (2.3)

This parameter quantifies the amount of data collected and is commonly measured in
units of inverse femtobarn, 1 fb−1 = 10−39 cm−2. With the precise knowledge of the in-
tegrated luminosity, the cross section of a process can be measured based on counting
experiments, as will be introduced in Chapter 4. During Run 2, the instantaneous lumi-
nosity in pp collisions at the LHC reached values of up to 2 · 10−5 fb−1 s−1, translating to
around 109 pp interactions per second.

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) experiment is built around one of the four interac-
tion points of the LHC4. It is designed to record all (stable) particles produced in the
pp collisions, except for neutrinos. As most particles produced in the pp collisions have
lifetimes that are too short to be directly recorded in such a detector, mostly only the par-
ticles from the decay of primary particles are recorded in the detector itself. The origin
of these particles, i.e. the process in the pp collision, has to be inferred via reconstruction
algorithms (see Chapter 3) and data analysis. The CMS detector consists of multiple de-
tector elements placed around the interaction point, where each of the detector elements

4Irrelevantly, the CMS detector is 28.7 m long, has a diameter of 15 m and a total weight of 14 000 t.
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Figure 2.2: Visualization of the CMS detector. From Ref. [72].

is responsible for the detection, reconstruction, or identification of a subset of particles
that are expected in the pp collisions. The innermost detector component is a tracking
system, followed by an electromagnetic and a hadronic calorimeter system. This is sur-
rounded by a solenoid magnet and muon detectors on the outer layers. These detector
components will be discussed briefly in Section 2.2.2. In Section 2.2.1, first, relevant kine-
matic quantities and the coordinate system of the CMS detector are introduced. Details
on the CMS detector can be found in Ref. [70].

2.2.1 Coordinate system and collider quantities

At the CMS experiment, a right-handed coordinate system is used, where the 𝑥 axis is
defined towards the center of the LHC and the 𝑦 axis points upwards. The 𝑧 axis is
defined in the direction of the beam. The CMS detector is cylindrical with the center
being the pp interaction point. Correspondingly, an azimuthal angle 𝜑 is defined in the
(𝑥, 𝑦)-plane, and a polar angle 𝜃 relative to the beam direction. The collisions and resulting
processes are symmetrical in 𝜑.

The protons in both colliding beams have the same energy, i.e. equal but opposite mo-
mentum in the 𝑧 direction, and negligible momentum in the (𝑥, 𝑦)-plane. As the protons
are composite particles, the protons themselves do not collide, but rather their partons,
which can be treated as free particles at this energy due to the asymptotic freedom of
QCD (see Section 1.4). The fraction of momentum of the partons in a single pp collision
is not known, hence the total momentum of the collision in the 𝑧 direction is unknown.
Therefore, it is convenient to define a quantity that is invariant against (unknown) boosts
in 𝑧 direction, such as the transverse momentum

𝑝T =
√︁
𝑝2

𝑥 + 𝑝2
𝑦 . (2.4)
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The transverse momentum quantifies the momentum in the (𝑥, 𝑦)-plane.

Another common quantity is the rapidity 𝑦, which is defined as

𝑦 = 1
2

(︂
𝐸 + 𝑝𝑧

𝐸 − 𝑝𝑧

)︂
. (2.5)

Differences in the rapidity Δ𝑦 are invariant against Lorentz boosts along the 𝑧 direction,
resulting in a suitable quantity to measure the angular separation of two particles. Com-
monly, the pseudorapidity 𝜂 is used instead, defined as

𝜂 = − ln (tan(𝜃/2)) , (2.6)

This quantity only depends on the polar angle 𝜃 instead of the energy and momentum
of the particles, which is easier to measure. In the relativistic limit where 𝑚 ≪ 𝑝, the
rapidity and pseudorapidity are equal, which makes the pseudorapidity the preferred
quantity. The pseudorapidity is defined such that 𝜂 = 0 is perpendicular to the beam
axis and 𝜂 → ±∞ is parallel to the beam axis. Angular distances in the (𝜃, 𝜑)-plane are
usually quantified with Δ𝑅,

Δ𝑅 =
√︁

(Δ𝜑)2 + (Δ𝜂)2 , (2.7)

using the pseudorapidity 𝜂 instead of the polar angle 𝜃.

2.2.2 Detector components

The CMS detector and its component are separated into a barrel region and two endcap
regions. The barrel region is cylindrically built around the interaction point and extends
to around |𝜂| < 1.5. The endcaps are two symmetrical parts (disks) placed at both ends
of the barrel regions to also cover the areas closer to the beam pipe.

The solenoid magnet

The CMS experiment makes use of a superconducting solenoid magnet that surrounds
the tracking and calorimeter systems. This solenoid magnet is designed to reach a field
strength of 4 T, but is operated at 3.8 T. The purpose of the magnet is to bend electrically
charged particles onto helix-like trajectories, which allows for the measurement of the
momentum of the particles. The return yoke of the solenoid magnet is interleaved with
the muon detectors.

The tracking system

The tracking detectors [73–75] are the innermost detector components of the CMS exper-
iment. With these detector components, the trajectory of charged particles originating
from the collision point are reconstructed. For a reconstruction of the particle trajec-
tories, multiple points of the trajectory have to be recorded (see Section 3.1). For that
purpose, the tracking system consists of multiple concentric detector layers, guarantee-
ing the detection of a single particle at multiple points. The detector consists of silicon
semiconductors, used as diodes in reverse bias voltage direction. Charged particles pass-
ing through a silicon detector ionize in the depletion zone of the diode, resulting in an
electric current that can be measured. The inner part of the tracking system consists of
pixel detectors, where each silicon pixel has a size of 100×150µm2, allowing for spatial
resolution of up to 15µm. Due to the proximity of this detector element to the interac-
tion point, a high flux of particles is expected, requiring a highly-performant read-out of
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signals. The pixel detector is designed to read out each pixel independently, allowing a
precise detection of the interaction point and trajectory of particles in three dimensions.
Until 2016 (Phase–0), the pixel detector consisted of three pixel detector layers situated
between 44 mm and 102 mm away from the pp interaction point. After 2016 (Phase–1),
the pixel detector was replaced with an upgraded detector, consisting of four pixel de-
tector layers between 29 mm and 160 mm away from the pp interaction point [75]. This
improved detector is able to identify the origin of particles more accurately as its inner
layer is closer to the interaction point, allowing for a more accurate resolution of decay
vertices e.g. of B hadrons, important for the identification of b jets (see Section 3.3.2) [76].
The pixel detector covers a range of |𝜂| < 2.5 (2.4 until 2016). A silicon strip detector sur-
rounds the pixel detector. As the occupancy decreases further away from the interaction
point, this detector component is coarser than the pixel detector and consists of a lower
number of read-out channels, and only provides a spatial measurement in two dimen-
sions. The strip detector consists of ten cylindrical layers in the barrel region and twelve
layers in the endcap regions.

The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [77–79] surrounds the tracking system and is
supposed to measure the energy of electromagnetically charged particles. Electrons and
photons entering the calorimeter material produce a cascade of particles (electromag-
netic (EM) shower) via photon emission (bremsstrahlung) and 𝛾 → e+e− pair produc-
tion processes. This cascade continues until the energy of the shower particles is too
low for further electron-positron pair-production processes. These low-energetic parti-
cles are then absorbed in the detector material. The energy (or number) of photons in
these showers can be measured via scintillation and transformed into electrical signals
with photodiodes. As the shower evolution is quite homogeneous, the energy of the
initial particle can be determined from the amount of scintillation light detected. The ac-
tive material of the ECAL, where the particles are absorbed, is lead tungstate (PbWO4),
which at the same time acts as the scintillation material. The lead tungstate crystals have
a size of 2.2×2.2×23 cm (2.9×2.9×22 cm) in the barrel (endcap) regions at |𝜂| < 1.48
(1.48 < |𝜂| < 3.0), large enough to encompass ∼25 radiation lengths. The radiation
length is the mean distance after which 1/𝑒 of the energy of the shower particles remains.
The high density of lead tungstate allows for a compact design of this ECAL, guaran-
teeing that in most cases the full EM shower is contained in a single crystal, enabling a
precise energy measurement. Shorter calorimeter crystals would decrease the resolution
of the particle momentum especially at high particle energies, as the full shower would
not be able to be contained in the calorimeter. In front of the ECAL in the endcaps, pre-
shower detectors are installed for the purpose of already inducing EM showers before
entering the lead tungstate crystals. This detector consists of lead absorbers and a silicon
strip detector element, and allows to resolve EM showers initiated from either one or two
photons, the latter e.g. originating from a decay of a neutral pion.

The hadronic calorimeter

The hadronic calorimeter (HCAL) [80, 81] is a sampling calorimeter, responsible for the
energy measurement of charged and neutral hadrons. Incoming particles interact with
the absorber material via scattering processes, producing new, lower energetic particles,
also leading to a cascade of particles. Such hadronic showers are less homogeneous than
the EM counterparts, as multiple different particles are created, also including EM sub-
showers. The detection principle of the HCAL is similar to the ECAL, however instead of
using a homogeneous calorimeter material, alternating layers of absorber and scintillator
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material are used (sampling). Typically, the mean interaction length of nuclear interac-
tions is significantly longer than that of EM interactions, which requires the size of this
detector to be larger. In the barrel and endcap regions, the HCAL consists of brass ab-
sorber layers and plastic scintillators, extending to |𝜂| < 3.0. In the central region, the
size of the HCAL is limited by the ECAL on the inside and the solenoid magnet on the
outside, allowing only for ∼6–10 nuclear interaction lengths between |𝜂| = 0 and |𝜂| = 1.3.
This does not guarantee a full absorption of the hadronic shower in the HCAL. Hence, ad-
ditional HCAL layers are installed outside the solenoid magnet at |𝜂| < 1.26 to improve
the energy measurement in the barrel region. The solenoid magnet also acts as additional
absorber material. In the forward region at large |𝜂| close to the beam direction an ad-
ditional calorimeter system is installed, covering a range of 2.85 < |𝜂| < 5.2, consisting
of steel and quartz fiber layers. Due to the inhomogeneity of the hadronic showers, the
sampling of the shower in alternating detector layers, and the lower number of interac-
tion lengths of the detector, the HCAL generally has a lower energy resolution than the
ECAL.

The muon system

The muon system [82, 83] is located outside the solenoid magnet, embedded in the return
yoke of the solenoid magnet, and comprises the outermost layer of the CMS detector.
Muons are minimum ionizing particles in the energy range relevant for the interactions
at the CMS experiment and are not absorbed in the calorimeter systems. Hence, the
muon system is installed for the explicit purpose of identification of muons and the mea-
surement of their momenta as these would otherwise leave the detector undetected. The
detection principle of the muon systems relies on gaseous detectors. Such gas detectors
commonly have lower resolution than solid state detectors such as the silicon tracking
detector but can cover a larger detector area more easily due to the comparably cheaper
design. These types of detectors are filled with a gas that gets ionized when a charged
particle passes through the gas. A high voltage is applied between a cathode and an an-
ode in the gas detector, which makes the electrons and ions drift and accelerate in the gas.
The acceleration of electrons creates additional free electrons, leading to a cascade that
can be measured as a current. In the barrel region at |𝜂| < 1.2, the muon system consists
of drift tube chambers, which have good time and spatial resolution. At 0.9 < |𝜂| < 2.4
cathode strip chambers are used which have better spatial resolution, but worse time res-
olution. The full range |𝜂| < 2.4 is also interleaved with resistive plate chambers which
have very good time resolution but comparably low spatial resolution. After 2018, addi-
tional gas electron multiplier chambers were installed in the endcap regions, which have
very good time resolution and can be used to trigger muons also in the forward regions
of the detector.

2.2.3 The trigger system

Proton bunches collide in the center of the CMS detector with a frequency of 40 MHz,
where each of these bunch crossings has the probability of one or more pp collisions.
With the instantaneous luminosities recorded e.g. in 2018, an average of around 40 pp
collisions are expected per bunch crossing, assuming a total inelastic pp cross section of
80 mb as predicted by PYTHIA [84]. The data rate associated with this is in the order of
multiple TB/s, which is unfeasible to be recorded. Therefore, a two-tiered trigger sys-
tem is applied at the CMS experiment to reduce the data rate and to record only events
with interesting signatures. What constitutes interesting is defined by the trigger require-
ments.
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Table 2.1: Integrated luminosity. The luminosity values correspond to the luminosity
recorded at the CMS experiment between 2016 and 2018 and are certified for data analysis.
Data taken in 2016 is separated into a 2016preVFP and 2016postVFP era due to significant
differences in detector conditions.

Era Integrated luminosity

2016preVFP 19.5 fb−1

2016postVFP 16.8 fb−1

2017 41.5 fb−1

2018 59.8 fb−1

Total 138 fb−1

The first trigger level, the Level–1 (L1) trigger, is a hardware-based trigger that is partly in-
stalled inside the CMS detector, described in detail in Ref. [85]. This installation reduces
the latency of the trigger modules, and enables to make trigger decisions within 4µs.
This trigger uses two, at first, independent trigger systems in the muon system and the
calorimeter systems, based on a coarse read-out of the detector components, called trigger
primitives. In the muon systems neighboring hits are compared and if possible combined
to identify possible tracks. In the calorimeters, energy deposits are clustered in neighbor-
ing calorimeter cells. From combinations of clusters, global observables to identify jets,
charged leptons, and photon candidates are calculated. The information of both systems
is then combined and compared to a list of predetermined simple selection criteria based
on these simple objects. Only if the event fulfills one of these selection criteria, is the
event read out in full. With the L1 trigger system, the event rates are reduced by a factor
of 400 to about 100 kHz.

The second trigger level, the high-level trigger (HLT), is a software-based trigger system
using a computer farm situated next to the CMS detector, described in detail in Ref. [86].
For this triggering step an event reconstruction is performed with loose requirements on
the reconstructed objects. This procedure is similar to the object reconstruction defined
in Chapter 3. In the HLT step also a jet clustering algorithm (see Section 3.3) is employed,
as well as identification criteria for charged leptons and photons. HLT paths are defined
which contain sequences of reconstruction steps. These paths are generated in a way to
minimize unnecessary calculations and redundancies, e.g. by ordering the reconstruction
steps by increasing complexity. This facilitates a fast performance needed to make HLT
trigger decisions during runtime. HLT decisions are made within around 300 ms. An
HLT menu is employed at the CMS detector, which encompasses HLT trigger paths for a
wide range of purposes. If at least one of the predefined HLT trigger paths is fulfilled the
event is stored. All other events are discarded. With the HLT trigger system the data rate
can be decreased to levels of 100 Hz to 1 kHz. For some of the HLT paths prescales are
applied. A prescale 𝑛 is applied to store only each 𝑛-th event passing a certain HLT path.
This procedure is employed in order to reduce the rate of stored events for triggers that
have high expected rates but are nevertheless interesting enough to be stored.

2.3 Definition of the data set
Data amounting to around 160 fb−1 of integrated luminosity was delivered by the LHC
between 2016 and 2018. The measurements in this thesis use 138 fb−1 of high-quality data
recorded by the CMS experiment in that period. In total, 147 fb−1 of data was recorded by
the CMS detector in that period, but not all was certified for data analysis, due to ineffi-
ciencies or failures in subsets of detector elements. Due to changes in the detector, e.g. the
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pixel detector upgrade after 2016, changes in the HLT configurations, or small detector in-
efficiencies, events are analyzed separately per year. This also holds for the simulation of
events, where separate detector simulations and trigger menus are employed, reflecting
as precisely as possible the actual setup during data taking.

In addition, data from 2016 is separated into two parts, 2016preVFP and 2016postVFP,
due to significant differences in detector conditions. In the first part (2016preVFP) the
silicon strip detector showed inefficiencies, especially when running at high luminosities.
This was caused by low signal-to-noise ratios in the strip detector, resulting in fewer
hits being identified in the detector due to saturation effects in the readout chips [87].
This issue was resolved during the 2016 data-taking period by changing the preamplifier
feedback voltage bias (VFP). Hence, data analyzed in this thesis is separated into four
parts, henceforth referred to as eras. The integrated luminosities associated with each era
are summarized in Table 2.1.
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In Section 2.2, the CMS detector and its components have been introduced. In order to
facilitate analysis of the recorded data, the read-out signals have to be combined and
reconstructed to physics objects. The data analysis described in the latter chapters will
rely solely on the objects defined in this chapter. Hence, in the following the algorithms
and configurations to reconstruct all relevant objects will be introduced. The first step
is the reconstruction of tracks and interaction vertices (Section 3.1). Then, the Particle
Flow (PF) algorithm is applied to identify final-state particles (Section 3.2). Based on
these PF candidates, jet algorithms are applied to cluster sprays of hadrons into jet objects
(Section 3.3). Jet flavor identification algorithms are employed in order to identify the
flavor of the initial particle of a jet (Section 3.3.2). Finally, the energy of particles not
interacting with the detector is identified as missing energy (Section 3.4).

3.1 Tracks and vertices
Charged particles traversing the pixel and strip tracking detectors form helix-shaped tra-
jectories in the magnetic field of the solenoid magnet. Their electromagnetic interaction
with the detector layers can be identified and read out as signals, or hits, determining
the point where the particle passed through the detector. These hits can be combined to
reconstruct trajectories, called tracks. The track reconstruction uses a combinatorial track
finding algorithm [88], which is based on Kálmán filters [89, 90], consisting of three steps.
First, possible seeds are generated by combining neighboring hits to track candidates.
These seeds use hits in three neighboring layers of the pixel detector. Then, trajectories
are built by identifying hits from all detector layers that are compatible with the track
candidate extrapolated from the initial seed. This step uses a Kálmán filter technique,
where the track segments are extended to neighboring detector layers or components to
identify suitable hit candidates. Tracks require at least eight hits assigned to them af-
ter this procedure. Finally, a track-fitting algorithm is applied to the track candidate to
determine the properties of the track based on the combination of hits. This takes into
account deviations from trajectories like uncertainties in the hit position determination,
bremsstrahlung effects, or energy loss in the detector material. In this step, the track
is also extrapolated to its origin, which is later used to identify vertices. Tracks are dis-
carded if their transverse momentum and extrapolated origin do not fulfill certain criteria.
The tracking algorithm is applied iteratively after all hits assigned to successfully recon-
structed tracks are removed from the collection of hits. In the iterative procedure, the
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same track reconstruction algorithm is applied to the remaining hits with relaxed seed-
ing and reconstruction quality criteria. Similarly, tracks are reconstructed in the muon
system based on the hits recorded in the muon detector components.

Identifying vertices of primary interactions is important to distinguish particles originat-
ing from one pp interaction of interest, and other interactions in the same bunch crossing.
The tracks extrapolated to the center of the detector are uniquely assigned to vertices
using a deterministic annealing algorithm [91]. The vertex finding algorithm clusters
tracks into candidates of vertices based on the 𝑧 position of their extrapolated origin. The
position of the vertex candidate is then determined using an adaptive vertex fitter algo-
rithm [92]. Hard interactions of interest often include highly energetic particles. There-
fore a primary vertex is defined as the vertex with the highest sum of the squared trans-
verse momenta 𝑝2

T of the tracks assigned to this vertex. All remaining vertices are cate-
gorized as pileup interactions for the purpose of data analysis. In order to be considered
in the measurements of this thesis, quality criteria have to be fulfilled by the designated
primary vertex. The position of the primary vertex has to be located within |𝑧| ≤ 24 cm
and a radius of 𝑟 ≤ 2 cm relative to the geometrical center of the detector (see definition of
CMS coordinate system in Section 2.2). Furthermore, the number of degrees of freedom
in the vertex fit has to exceed five, implying that at least four tracks are associated with
this vertex. Events whose primary vertex does not fulfill these criteria are not further
considered in this thesis.

3.2 The Particle Flow algorithm

The PF algorithm [93] is an algorithm employed by CMS to reconstruct physics objects
from the read-out signals of the different detector components. The PF algorithm uses
an optimal combination of all detector components to reconstruct the different expected
types of particles. The reconstruction is performed with an inherent order. This way,
particles that are relatively easy to reconstruct will be reconstructed first, with the best
resolution of energy, direction, and momentum, combined from all relevant detector com-
ponents. Then, particles that are harder to identify are reconstructed from the remaining
signals. This guarantees an optimal reconstruction of all possible particles. For exam-
ple, measurements of the tracker and the calorimeters are combined to yield the best
resolution for the energy and momentum of reconstructed particles. The PF algorithm
starts from the tracks and vertices whose reconstruction is described in Section 3.1, and
links these elements together with a link algorithm, following a set of requirements, e.g.
close distance or successful extrapolation of tracks to calorimeter clusters. A group of
PF elements that are linked together with this algorithm is referred to as a PF block. For
each of these blocks, a reconstruction sequence is applied, starting with the reconstruc-
tion and identification of muon candidates (Section 3.2.1). This is followed by electron
(Section 3.2.2) and photon (Section 3.2.3) candidates. The remaining PF elements are then
associated with charged or neutral hadrons (Section 3.2.4).

3.2.1 Muons

Muons are, with a mass of 106 MeV, minimum ionizing particles in the energy range rele-
vant for detection at the CMS detector. Hence, muons only deposit minimum amounts of
energy in the calorimeters and traverse the detector to the muon system situated outside
the calorimeter systems and the solenoid magnet. Due to their high mass, in comparison
to electrons, muons also produce only small amounts of bremsstrahlung, leading to clean
track signatures. Therefore, muons have a unique signature in the detector, consisting
of a bent track in the silicon tracker and a (reversely) bent track in the muon systems.
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Previously defined track candidates in the silicon tracker and muon systems are used
to define three types of muon candidates [83]. Standalone muon candidates are identi-
fied using only tracks from the muon system. Tracker muon candidates are identified
from tracks in the silicon tracker by extrapolating and matching them to hits in the muon
systems. Global muons are built from standalone muon candidates that are matched to
tracker muon candidates. Most muon candidates are both identified as tracker and global
muons. The tracker muon reconstruction shows higher efficiency at low momenta where
the tracker is most accurate. Global muons rely more on the muon system and are there-
fore more efficient at higher muon momenta when multiple hits in the muon system are
present.

Object requirements for data analysis

Muons considered in this thesis follow additional quality requirements, e.g. in order to
separate muons originating from hard scattering processes from cosmic muons or muons
from meson decays. Identification criteria are defined by the CMS Collaboration to com-
monly define high-quality muons [83]. In this measurement two types of muons are used,
one passing a set of tight and one passing a set of loose identification criteria. The criteria
are listed in Table 3.1. In addition, a relative muon isolation 𝐼µ is used, defined as

𝐼µ = 1
𝑝T,µ

⎡⎣ ∑︁
Δ𝑅<0.4

𝑝T,CH + max

⎛⎝0,
∑︁

Δ𝑅<0.4

𝑝T,NH +
∑︁

Δ𝑅<0.4

𝑝T,γ − 1
2

∑︁
Δ𝑅<0.4

𝑝T,PU

⎞⎠⎤⎦ . (3.1)

This quantifies the relative energy content in the vicinity of the muon. A cone with a ra-
dius of 𝑅 = 0.4 in the (𝜂, 𝜑)-plane is defined around the muon. Particles inside the cone
are considered for the calculation of the isolation. The transverse momenta of charged
hadrons (CH), neutral hadrons (NH), and photons (γ) are considered. The transverse
momentum of charged hadrons identified as coming from pileup interactions (PU) is
subtracted with a factor of 1

2 . This factor was determined from simulation as a good
approximation of the relative energy fraction of neutral hadrons coming from pileup,
which is necessary as the origin of neutral hadrons cannot be identified and hence the
NH contribution unavoidably contains neutral hadrons from pileup which need to be
subtracted [83]. The requirements on 𝐼µ for the data analysis selections are also sum-
marized in Table 3.1. This requirement discards muons originating from semileptonic
hadron decays in jets. These so-called non-prompt muons are not of interest in the mea-
surements of this thesis.

Furthermore, a requirement of |𝜂| ≤ 2.4 is set for the pseudorapidity of muons to be con-
sidered in this thesis, covering the full range of the muon system. Muons reconstructed
outside this pseudorapidity range are reconstructed with lower efficiencies and accura-
cies and are hence not regarded further.

3.2.2 Electrons

Electrons are light in comparison to muons and produce large amounts of bremsstrahlung
in magnetic fields. This results in track candidates dressed with many bremsstrahlung
photons along the track curvature. Electrons reaching the ECAL produce electromag-
netic showers. The signature of an electron, therefore, consists of a bent track in the
silicon tracker dressed with bremsstrahlung photons and an electromagnetic shower in
the ECAL. Shower-shape analysis of ECAL showers enables the identification of show-
ers originating from electrons. ECAL deposits of bremsstrahlung photons are clusted
together in a (so-called) supercluster (SC). The SC is connected to track candidates to
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Table 3.1: Muon identification requirements. Loose and tight identification criteria are
defined for muons [83]. The criteria for 𝐼µ are also included in the table but do not directly
belong to the CMS-provided IDs.

Criteria tight ID loose ID

Global muon X —
PF muon X X

Global or tracker muon — X

𝜒
2
/ndof of global-muon track fit < 10 —

# hits in muon chambers > 0 —
# segments in muon stations > 1 —
|𝑑xy| < 2 mm —
|𝑑z| < 5 mm —
# pixel hits > 0 —
# tracker layer hits > 5 —

𝐼µ < 0.15 < 0.25

form an electron [94]. As electrons lose a significant fraction of their energy from interac-
tions in the silicon tracker detector material, the tracks of electrons are re-reconstructed
using a Gaussian sum filter (GSF), which models the energy loss [95, 96].

Object requirements for data analysis

Similar to muons, electrons undergo additional identification criteria in order to be con-
sidered for measurements in this thesis. Identification flags for electrons, defined by the
CMS Collaboration [94], are used at the veto and tight thresholds summarized in Table 3.2.
Separate sets of requirements are set for electrons in the barrel (|𝜂SC| ≤ 1.48) and endcap
(|𝜂SC| > 1.48) regions. A relative isolation observable 𝐼e is defined, similar to the muon
isolation 𝐼µ , as

𝐼e = 1
𝑝T,e

⎡⎣ ∑︁
Δ𝑅<0.3

𝑝T,CH + max

⎛⎝0,
∑︁

Δ𝑅<0.3

𝑝T,NH +
∑︁

Δ𝑅<0.3

𝑝T,γ − 𝜌𝐴eff

⎞⎠⎤⎦ . (3.2)

Charged hadrons (CH), neutral hadrons (NH), and photons (γ) in a cone of radius 𝑅 =
0.3 around the electron, contribute to the calculation of the isolation. In addition, an
effective term 𝜌𝐴eff is subtracted, which removes contributions from pileup to the NH
contribution [94]. This contribution is parametrized via the average NH energy density 𝜌
and the effective area of the electron 𝐴eff. Unlike for muons, the relative isolation is part
of the CMS-provided identification thresholds, as these are crucial for successful electron
identification.

Additional requirements are set on the impact parameters of electrons, i.e. their distance
to the interaction vertex. This impact parameter is defined separately for the longitudinal
direction, |𝑑z|, and the radial directions, |𝑑xy|. The thresholds for these values are also
included in Table 3.2 and differ between barrel and endcap regions. Finally, electron
candidates are only considered for measurements in this thesis with |𝜂| < 2.5 due to the
limited silicon tracker coverage.

3.2.3 Photons

Isolated photons are reconstructed similar to electrons from ECAL showers but without
a track in the silicon tracker associated with them [94]. A distinction is made between iso-
lated photons which originate from the hard scattering process and non-isolated photons
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Table 3.2: Electron identification requirements. Veto and tight identification criteria are
defined for electrons [94]. The set of requirements differs for electrons in the barrel re-
gion (|𝜂SC| ≤ 1.48) and the endcap region (|𝜂SC| > 1.48). The first table summarizes the
identification criteria for the barrel region and the second table for the endcap region.
The criteria for |𝑑xy| and |𝑑z| are included in the tables but do not directly belong to the
definition of the IDs.

Criteria (|𝜂SC| ≤ 1.48) tight ID veto ID

𝜎𝑖𝜂𝑖𝜂 (shower shape) < 0.0104 < 0.0126
|Δ𝜂(SC, track)| < 0.00255 < 0.00463
|Δ𝜑(SC, track)| < 0.022 < 0.148
Hadronic energy / EM energy < 0.026 + 1.15/𝐸SC + 0.0324𝜌/𝐸SC < 0.05 + 1.16/𝐸sc + 0.0324𝜌/𝐸SC
𝐼e < 0.0287 + 0.506/𝑝T < 0.198 + 0.506/𝑝T
|𝐸−1

SC − 𝑝
−1
track| < 0.159 < 0.209

# missing inner hits ≤ 1 ≤ 2
Pass conversion veto X X

|𝑑xy| < 0.5 mm —
|𝑑z| < 1 mm —

Criteria (|𝜂SC| > 1.48) tight ID veto ID

𝜎𝑖𝜂𝑖𝜂 (shower shape) < 0.0353 < 0.0457
|Δ𝜂(SC, track)| < 0.00501 < 0.00814
|Δ𝜑(SC, track)| < 0.0236 < 0.19
Hadronic energy / EM energy < 0.0188 + 2.06/𝐸SC + 0.183𝜌/𝐸SC < 0.05 + 2.54/𝐸sc + 0.183𝜌/𝐸SC
𝐼e < 0.0445 + 0.963/𝑝T < 0.203 + 0.963/𝑝T
|𝐸−1

SC − 𝑝
−1
track| < 0.0197 < 0.132

# missing inner hits ≤ 1 ≤ 3
Pass conversion veto X X

|𝑑xy| < 1 mm —
|𝑑z| < 2 mm —

which originate from hadronization processes. Isolated photons are not further described
here. Non-isolated photons are identified from remaining ECAL clusters with |𝜂| ≤ 2.5
that do not fulfill the requirements of isolated photons. In the region of |𝜂| > 2.5, non-
isolated photons are identified only from remaining ECAL clusters without HCAL clus-
ters linked to them. This is because, outside the silicon tracker acceptance of |𝜂| ≤ 2.5, no
tracks can be reconstructed. Therefore a distinction between charged and neutral hadrons
is not possible.

3.2.4 Hadrons

Clusters in the ECAL and HCAL associated with tracks in the silicon tracker are classified
as charged hadrons. The remaining clusters in the HCAL without associated ECAL clus-
ters are classified as neutral hadrons for |𝜂| ≤ 2.5. Outside the acceptance of the tracker,
remaining clusters in the HCAL and ECAL are assigned to neutral and charged hadron
showers as no distinction can be made.

A charged hadron subtraction (CHS) procedure is employed, where the tracks of charged
hadrons are matched to pileup vertices [93]. Charged hadrons identified as likely com-
ing from a pileup vertex are removed from the collection of PF candidates and are not
considered for jet clustering in the following.

3.3 Jet reconstruction
Particles produced in the initial hard scattering are to a large degree not color neutral
but are assumed to be free, as at the high energy of the collision the strong coupling con-
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Figure 3.1: Example of simulated event clustered with the anti-𝑘T algorithm. In this
example a clustering radius of 𝑅 = 1 is used. Jets, clustered separately with the anti-𝑘T
algorithm are shown in different colors. Taken from Ref. [97].

stant is small (asymptotic freedom). When the particles reach lower energy scales the
strong coupling constant becomes large and no free color charges can exist anymore (con-
finement). Hence, particles hadronize, i.e. form color-neutral hadrons. In this process,
cascades, or showers, of hadrons and leptons are produced with increasing particle mul-
tiplicity. The particles detected and reconstructed with the PF algorithm are considered
stable but are mostly not interesting in themselves for data analysis. The interest for most
data analysis lies in the particles from the hard scattering process, like Higgs bosons, top
or bottom quarks. Hence, jet algorithms are employed after the PF particle identifica-
tion and reconstruction to cluster particles together in jet objects. A jet here represents
a cascade of hadrons with a common ancestor particle from before hadronization. The
properties of the ancestor particle can then be inferred from the properties of the jet. As
hadrons also decay into leptons via weak or EM decays, non-isolated leptons can also be
part of hadron showers and are also considered in the jet clustering algorithm.

3.3.1 Jet clustering

The most common type of jet clustering algorithms employed are sequential recombina-
tion algorithms. This type of clustering algorithm has the advantage of being infrared
and collinear safe. Infrared safety implies that gluons radiated off color-charged particles
at very low momentum fractions 𝑥 do not produce additional jets. In the limit of 𝑥 → 0,
this low-energy QCD radiation does not affect the underlying physics of the process in
the hard scattering and should therefore not alter the interpretation on the level of jets.
Similarly, collinear safety implies that a splitting of a single particle into two particles
with very small angular separation 𝜃 does not produce an additional jet.

The sequential reconstruction algorithm used for jet definitions in this thesis is the anti-𝑘T
algorithm [97]. As a first step a distance measure 𝑑𝑖𝑗 is defined between all pairs of PF
candidates 𝑖 and 𝑗 as

𝑑𝑖𝑗 = min
(︁
𝑝−2

T,𝑖 , 𝑝
−2
T,𝑗

)︁ Δ𝑅2
𝑖𝑗

𝑅2 . (3.3)

This distance metric relies on the spatial distance Δ𝑅𝑖𝑗 of the two particles in the (𝜂, 𝜑)-
plane and their transverse momenta 𝑝T. A threshold parameter 𝑅 is defined which is
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3.3 Jet reconstruction

set to 𝑅 = 0.4 for the default jets at the CMS Collaboration, referred to as AK4 jets. An
additional value 𝑑𝑖 is calculated for each particle as

𝑑𝑖 = 𝑝−2
T,𝑖 . (3.4)

In the second step of the algorithm the smallest value 𝑑𝑖𝑗 or 𝑑𝑖 is identified among all
values. If the smallest value is a distance measure 𝑑𝑖𝑗 , the two particles 𝑖 and 𝑗 are com-
bined to a pseudo-particle 𝑘. The particles 𝑖 and 𝑗 are removed from the collection of
particles and the new pseudo-particle is added. All new distance measures 𝑑𝑘𝑙 and 𝑑𝑘

are calculated and the process is iterated. If the smallest value is a 𝑑𝑖 value the particle
(or pseudo-particle) 𝑖 is removed from the collection and declared a jet. The process is
repeated with the remaining particles and repeated until all PF candidates are clustered
into jets. An example event clustered with the anti-𝑘T algorithm is shown in Figure 3.1.
The resulting jets are circular when further than 2𝑅 away from the next jet. Jets that are
closer to each other share a boundary which is straight if jet momenta are equal.

This algorithm is designed such that particles close to other particles with high 𝑝T are
clustered together first, representing axes of major energy flow. Soft particles with simi-
lar Δ𝑅 distances will be clustered with each other only later. The cut-off values 𝑑𝑖 force
the algorithm to stop clustering new particles into the jet e.g. if the Δ𝑅 of the hardest
(pseudo-)particle to other particles is larger than the threshold parameter𝑅. This leads to
jet shapes that are cone-like with approximate radii of𝑅 = 0.4. The collinear and infrared
safety of these algorithms is apparent, as particles with small energies from infrared split-
tings and particles with small angular distances from collinear splittings are clustered
together into new pseudo-particles early in the algorithm.

Data analysis at CMS also uses anti-𝑘T jets with clustering radii of 𝑅 = 0.8 (AK8 jets) and
𝑅 = 1.5 (AK15 jets). These jets are designed to cluster heavier objects at high momenta
into a single jet, e.g. all decay products of a top quark or Higgs boson decay. The same sig-
nature would most likely lead to three or two AK4 jets, respectively. The measurements
in this thesis exclusively make use of AK4 jets.

The jet clustering algorithm is implemented in the FASTJET package using a nearest-
neighbor approach in order to avoid unnecessary calculations of 𝑑𝑖𝑗 [98].

Object requirements for data analysis

Jets have to fulfill a set of quality criteria to be considered for further data analysis. These
criteria are employed to, e.g., remove jets clustered from background noise or pileup. Re-
quirements are set on the number of constituents clustered into a jet and their neutral and
charged energy fractions. The criteria for the CMS-provided tight identification criteria
are summarized in Table 3.3 [99]. These criteria also include limits on energy fractions
from charged leptons in order to reduce the number of prompt leptons to be misidenti-
fied as being jets. For that purpose, an additional jet-lepton cleaning procedure is applied
where jets in the vicinity of electrons or muons (as previously defined) are discarded.
The threshold for this cleaning is Δ𝑅(ℓ, jet) ≤ 0.4 and is applied to all jets in this thesis.
Additionally, only jets with |𝜂| ≤ 2.4 are considered in the following. This restriction is
due to the acceptance of the silicon tracker, outside of which the quality of jet reconstruc-
tion suffers due to missing tracking information of charged hadrons and leptons. Jets
with 𝑝T ≤ 50 GeV additionally have to pass a loose pileup removal criterion based on a
boosted decision tree (BDT) to reject jets likely originating from pileup interactions.
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Table 3.3: Jet identification requirements. The tight identification criteria are defined for
jets [99]. These criteria include limits on energy fractions of charged leptons.

Criteria tight ID

Neutral hadron energy fraction < 0.9
Neutral EM energy fraction < 0.9
# constituents > 1
Muon energy fraction < 0.8
Charged hadron energy fraction > 0
# charged hadrons > 0
Charged EM energy fraction < 0.8
# neutral particles —

Figure 3.2: Representation of a secondary vertex inside a jet. Shown is a hard-scattering
interaction, resulting in the reconstruction of a primary vertex (PV). A B hadron is vi-
sualized with a resolvable flight distance. The decay of the B hadron takes place in the
secondary vertex (SV). Decay products of the B hadron are indicated, originating from
the SV. These tracks are clustered together into a jet. Adapted from Ref. [100].

3.3.2 b jets

An important part of the measurements presented in this thesis is the identification of
jets originating from the hadronization of b quarks, b jets. Hence, jets are classified as b
jets using jet tagging algorithms. Jet tagging algorithms utilize the kinematic features of
a jet to determine the flavor of the initial particle. Historically, jet tagging was enabled
by using the information of secondary vertices (SV) found inside jets. A b jet evolves e.g.
via hadronization of the initial b quark into a B hadron. Due to the CKM-suppression
of b quark decays (see Section 1.1), B mesons have long lifetimes of about 𝜏 = 10−12 s.
Hence, B hadrons will travel around a few hundred micrometers before decaying in their
rest frame. This decay of the hadron generates secondary vertices inside the jet where
the decay particles from the hadron decay originate. This is visualized in Figure 3.2.
The tracks associated with the hadron decay will leave signatures of displaced tracks
inside the jet with impact parameters relative to the primary vertex, i.e. the jet origin.
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Figure 3.3: Impact parameters of tracks associated to simulated jets of different flavors.
The three dimensional impact parameter value (3D IP) is histogrammed for jets from b,
c and light (udsg) quarks in simulated tt events. Tracks from b jets show an excess of
3D IPs at high values, while tracks from light jets have 3D IPs symmetrically distributed
around zero. Taken from Ref. [100].

In Figure 3.3, the impact parameters of tracks are shown for jets of different flavors in
simulated events. This demonstrates how the impact parameters of tracks are on average
larger for b jets than for other jets.

Secondary vertices can be reconstructed with the same vertex finding algorithms intro-
duced in Section 3.1. In order to resolve secondary vertices and the track origin on a
sub-millimeter level, good performance of the silicon tracker, especially the pixel detec-
tor is necessary. Using these track features a basic b jet algorithm can be designed. In
modern jet tagging algorithms, in addition, the full jet kinematics and the constellation of
PF constituents of the jets are considered when attempting to identify the jet flavor. The
jet tagging algorithm used throughout this thesis is the DEEPJET algorithm [101], which
is based on a neural network (NN) architecture as illustrated in Figure 3.4. The algo-
rithm uses features of the 25 leading neutral and charged PF candidates and of the four
leading secondary vertices as inputs. These features are processed in separate feature-
engineering steps, where convolutional neural network (CNN) layers [102] with a kernel
size of 1x1 are used to process the input features. The 1x1 convolutional elements act in-
dependently on each input candidate and derive secondary features taking into account
the information of all features of the PF candidate or secondary vertex under scrutiny.
The features generated after three to four iterations of this procedure are used as input
to recurrent NN elements (specifically long short term memory (LSTM) elements [103]).
These treat the input PF candidates and secondary vertices as a sequence, here ordered by
𝑝T. The results of this step are concatenated for the, so far, independent processing steps
for charged and neutral PF candidates and secondary vertices. Additionally, six global
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Figure 3.4: Illustration of neural network architecture of the DEEPJET b tagging algo-
rithm. Taken from Ref. [101].

Table 3.4: b jet tagging WPs. The tight and medium b tagging WPs are used, correspond-
ing to around 0.1% and 1% light-jet misidentification rates.

Data-taking era medium WP tight WP

2016preVFP 0.2598 0.6502
2016postVFP 0.2489 0.6377
2017 0.3040 0.7476
2018 0.2783 0.7100

jet features are added to the concatenation of this step. The combination is processed in
a fully-connected (dense) NN and yields six output values associated to different jet fla-
vors. Three of these output nodes are dedicated to b jets, one for c jets, one for light jets
from other quarks (uds), and the last for gluons. The three b jet identification nodes differ-
entiate between jets with one or two B hadrons and B-hadron decays involving charged
leptons. These three output values are added together to yield the b jet tagging values
used throughout this thesis.

The working points (WPs) are defined for the DEEPJET algorithm, based on its perfor-
mance on a set of simulated events. WPs are defined at constant light-jet misidentifica-
tion rates on that data set. The term light jets refers to jets originating from up, down and
strange quarks, as well as gluons unless stated otherwise. Two WPs used throughout
this thesis are defined as 0.1% (tight) and 1% (medium) light-jet misidentification rates.
The DEEPJET b jet discriminator values corresponding to these WPs are summarized in
Table 3.4. At the medium (tight) WP, b jets are correctly identified with efficiencies of
around 75–80% (60%), evaluated on tt events used in the ttbb measurement described in
Part II. At the same WPs, c jets are seen to be misidentified as b jets in around 15% (3%)
of cases.

The impact of the aforementioned secondary vertex reconstruction is emphasized in Fig-
ure 3.5, which shows the b jet identification efficiency versus the light jet misidentification
rate of the DEEPJET algorithm for data taking eras in LHC Run 2. A clear improvement
between the b jet identification efficiencies in 2016 and 2017/2018 can be observed. This
is correlated to the improved pixel detector for Phase−1 of the CMS detector. As men-
tioned in Section 2.2.2, the innermost layer of the pixel detector had a distance of 44 mm
to the interaction point in 2016, which was decreased to 29 mm starting from 2017 with
the commissioning of the new pixel detector. An improvement of about 5% in the b jet
identification rate at the same misidentification rate for light jets was achieved due to this
improvement.
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Figure 3.5: Performance of the DEEPJET algorithm for data-taking eras during
LHC Run 2. The b jet identification efficiency on the vertical axis is shown relative to
the 𝑝T of jets on the horizontal axis at a constant light jet misidentification rate of 1%.
Higher b jet efficiencies are registered in 2017 and 2018 relative to 2016 across the full 𝑝T
range. Taken from Ref. [76].

3.4 Missing transverse momentum

Some particles produced in the pp interaction cannot be reconstructed with the CMS de-
tector, as these particles do not interact with the detector material, and are hence invisible
for the purpose of detection. Examples are neutrinos, which interact only via weak in-
teraction, or hypothetical DM candidate particles, which have not yet been observed to
interact except for gravitational interactions on cosmological scales. In order to gain in-
formation on these missing particles the vectorial sum of the transverse momenta of all
visible particles is calculated to yield

𝑝miss
T = −

∑︁
vis. particles

𝑝T,𝑖 . (3.5)

This uses the fact that in the initial pp collision, no (or rather negligible) momenta are
present in the transverse (𝜂, 𝜑)-plane, hence the transverse momentum sum of all final-
state particles should account for zero. In the longitudinal plane, this argument is not
valid anymore, as the longitudinal momentum fraction of the partons inside the protons
is unknown, and hence the sum of all longitudinal momenta is also unknown. The vector
𝑝miss

T thus gives an estimation of the amount of momentum in the transverse plane carried
by invisible particles.
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In this chapter, the formalism of cross section measurements will be introduced. The cross
section measurements in this thesis rely heavily on the simulation of collision events, as
described in detail in Chapter 5. This requires knowledge about which physics processes
to expect in that phase space, at which rates, and how they are kinematically distributed.
Only then, the quantities of interest can be extracted. Simplified this means, if one at-
tempts to measure the cross section 𝜎 of a certain process, one needs to define a selection
of events that match the expected signature of said process, determine the number of
events from other processes that contribute to the same selection of events (𝑁background),
and extract the difference between the number of data events (𝑁data) and 𝑁background. The
difference then corresponds to the contribution of the process of interest. To access the
cross section also the integrated luminosity 𝐿int, i.e. a measure of the amount of data (see
Section 2.1.1), and the efficiency 𝜖 of the selection of the process of interest are needed, in
summary yielding

𝜎 =
(𝑁data −𝑁backgrounds)

𝜖 · 𝐿int
. (4.1)

The efficiency 𝜖 can be obtained from the simulation of the process of interest.

Realistically this procedure is more complicated as uncertainties on the knowledge of
the backgrounds, the simulation, the difference between simulation and data, and the
data itself have to be accounted for. To improve the sensitivity of the process of interest,
i.e. to distinguish it better from the backgrounds usually also differential distributions
are used for the extraction of the cross section (or any other parameter of interest). This
requires, in addition to the knowledge of the expected rate of background events also
information on their kinematic distributions. For example, one could use the distribution
of the jet multiplicity to gain more sensitivity on a process that usually has more jets
than its background processes. Cross sections are commonly measured via maximum
likelihood fits, which will be introduced in Section 4.1. Specific to this thesis, normalized
differential cross sections are measured, which will be introduced thereafter in Section 4.2.
More details on the statistical foundations discussed here can be found in Ref. [104].

4.1 Maximum likelihood fits
In high energy physics, the determination of cross sections is commonly performed via
maximum likelihood fits, where the systematic and statistical uncertainties of signal and
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background processes are incorporated as so-called nuisance parameters 𝛼. The cross
section 𝜎 can be parameterized via the signal-strength parameter 𝜇, defined as

𝜇 = 𝜎obs.

𝜎exp.
, (4.2)

where 𝜎obs. is the cross section to be measured, and 𝜎exp. is the expected cross section, e.g.
from SM calculations, or from the simulation of the process of interest. This construction
enables a measurement of the parameter 𝜇, which is expected to be equal to one if the
measured cross section 𝜎obs. corresponds to the expected cross section 𝜎exp.. Parameters 𝜇⃗
are referred to as parameter of interest (POI) and can also take different forms than the
signal strength. These parameters of interest are determined in the maximum likelihood
fits. For this purpose, first, a basic likelihood ℒ is constructed as

ℒ[𝜇] = 𝒫 (𝑛|𝑦[𝜇; 𝑠, 𝑏]) = 𝑦[𝜇; 𝑠, 𝑏]𝑛

𝑛! 𝑒−𝑦[𝜇;𝑠,𝑏] . (4.3)

Here, 𝒫 is the Poisson distribution as the experiment is a simple counting experiment. It
is a function of the number of observed data events 𝑛, and the expected number of events
𝑦, defined as

𝑦[𝜇; 𝑠, 𝑏] = 𝜇 · 𝑠+ 𝑏 , (4.4)

with 𝑠 being the number of expected signal events, and 𝑏 the number of expected back-
ground events. The likelihood ℒ here follows a Poissionian distribution which is maxi-
mized when the expected number of events 𝑦 matches the observed number of events in
data 𝑛. In other words, the maximization of the likelihood finds the optimal parameter 𝜇
for the given system of 𝑛, 𝑠 and 𝑏.

This is extended to a binned (i.e. discretized) likelihood, by accounting for data, signal
and background events in multiple bins 𝑖, as well as the possibility for multiple parame-
ters 𝜇 and multiple backgrounds 𝑗, yielding

ℒ[𝜇⃗] =
∏︁

𝑖

𝒫

⎛⎝𝑛𝑖

⃒⃒⃒⃒
⃒⃒𝑆𝑖[𝜇⃗] +

∑︁
𝑗

𝑏𝑗𝑖

⎞⎠ . (4.5)

Here, the signal contribution 𝑆𝑖 is parameterized as an arbitrary function of the parame-
ters 𝜇⃗, where in the simplest form this expression could take the form of eq. (4.4), 𝜇·𝑠. The
parameters 𝜇⃗ correspond to the pre-defined signal-strength parameters. In Section 4.2, 𝑆𝑖

will be defined differently, in order to allow for normalized differential cross section mea-
surements.

4.1.1 Nuisance parameters

This construction does not yet account for systematic uncertainties in the determination
of the signal contributions 𝑠 and background contributions 𝑏. This dependence is in-
troduced as nuisance parameters 𝛼⃗, which incorporate the variation of signal and back-
ground components based on the estimation of systematic uncertainties, i.e. yielding

ℒ[𝜇⃗, 𝛼⃗] =
∏︁

𝑖

𝒫

⎛⎝𝑛𝑖

⃒⃒⃒⃒
⃒⃒𝑆𝑖[𝜇⃗, 𝛼⃗] +

∑︁
𝑗

𝑏𝑗𝑖[𝛼⃗]

⎞⎠ · 𝒩 [𝛼⃗] . (4.6)

The term 𝒩 [𝛼⃗] is an auxiliary likelihood of the nuisance parameters, introduced as a
constraint term to take into account the value of the nuisance parameters. This term is of-
ten approximated as the probability density of a multivariate Gaussian distribution with
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mean values 𝛼⃗, or as log-normal distributions for rate-changing effects (see below). Vari-
ations of the nuisance parameters away from its priors, therefore, decrease the likelihood
function ℒ. The values of the nuisance parameters are predetermined, either from theory
or auxiliary measurements, such as the measurement or calibration of efficiencies (see
Chapter 6).

Explicitly, a distinction is made between uncertainties having an effect only on the overall
rate of a process, or having an effect on the distribution of a process in the bins 𝑖, referred
to as shape-changing effects.

Rate-changing uncertainties

The rate-changing effects are modeled via log-normal distributions

𝒩 [𝛼; ̃︀𝛼] ∝ 1
𝛼 ln(𝐾) · exp

(︃
− ln(𝛼/̃︀𝛼)2

2 ln(𝐾)2

)︃
, (4.7)

where ̃︀𝛼 is the best estimate of the nuisance parameter 𝛼, e.g. from auxiliary measure-
ments. The parameter𝐾 is defined as𝐾 = 𝑒𝜖 ≃ 1+𝜖, where 𝜖 is the rate of variation from
this uncertainty. For example, an uncertainty of 5% would be encoded via 𝜖 = 0.05 and
therefore 𝐾 = 1.05. This also allows for asymmetric variations, by specifying 𝐾up and
𝐾down for independent variations in both directions. The probability density function 𝒩
is maximized where 𝛼 = ̃︀𝛼. Variations of the nuisance parameter 𝛼 by 𝐾±𝑛 are identical
and follow the Gaussian probabilities, i.e. contain 𝑛 standard deviations of the integrated
probability.

The contributions of processes in eq. (4.6), e.g. 𝑏, are functions of the nuisance parame-
ters 𝛼, and are multiplied by 𝐾[𝛼]𝛼 with an interpolation of 𝐾, following

𝐾[𝛼] =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
𝐾up if 𝛼 > 1,

𝛼

4
(3 − 𝛼2)(𝐾up −𝐾down) + 1

2
(𝐾up +𝐾down) if |𝛼| ≤ 1,

𝐾down if 𝛼 < −1

. (4.8)

Here, 𝛼 follows a Gaussian distribution with central value 𝛼 = 0 and standard devia-
tion ±1. This interpolation yields 𝐾(1) = 𝐾up and 𝐾(−1) = 𝐾down, i.e. scales the process
by 𝐾 if the nuisance parameter 𝛼 is varied by one standard deviation.

Shape-changing uncertainties

Systematic uncertainties for which an individual effect on each bin 𝑖 is expected are imple-
mented via varied templates which describe the estimated variation by one standard devi-
ation relative to the nominal distribution, obtained from the auxiliary measurements of 𝛼.
The templates are interpolated by factorizing the event yields e.g. of 𝑏 as 𝑏𝑖[𝛼] = 𝐼[𝛼]·𝑁𝑖[𝛼],
such that 𝐼 is the integral of 𝑏. The difference between the nominal event yields and the
event yields in the variations are considered as separate rate-changing uncertainties using
𝐾up/down = 𝐼up/down/𝐼nom, following the implementation described above. The morph-
ing of the templates for the remaining shape variation is defined based on the normalized
variations 𝑁 [𝛼] as

𝑁 [𝛼] =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
𝑁up + (𝛼− 1) · Δup if 𝛼 < 1,

𝑁nom + 𝛼

2
(𝑁up −𝑁down) + 𝛼2

16
(3𝛼4 − 10𝛼2 + 15) · (Δup + Δdown) if |𝛼| ≤ 1,

𝑁down − (𝛼+ 1) · Δdown if 𝛼 > 1

.

(4.9)
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Here, Δup/down correspond to the difference of the varied and nominal contributions
after the aforementioned removal of the rate contribution 𝐼 to the nuisance parameter,
Δup/down = 𝑁up/down −𝑁nom.

4.1.2 Construction of the likelihood ratio

Following the Neyman-Pearson lemma [105], the optimal test of a simple statistical hy-
pothesis is the likelihood ratio. Hence, a negative log-likelihood ratio is constructed from
the likelihood defined above as

𝑞𝜇⃗ = −2 ln
ℒ[𝜇⃗, ^⃗𝛼𝜇⃗]
ℒ[ ^⃗𝜇, ^⃗𝛼 ^⃗𝜇]

, (4.10)

referred to as the test statistic. The ratio is defined from the likelihood at two different
points, the first using the set of parameters {𝜇⃗, ^⃗𝛼𝜇⃗} which maximize the likelihood ℒ at
fixed values of 𝜇⃗, and the set of parameters { ^⃗𝜇, ^⃗𝛼 ^⃗𝜇} which globally maximize ℒ. In this
construction, the nuisance parameters 𝛼⃗ are determined as functions of 𝜇⃗, referred to as
the profile likelihood estimation. By constructing this negative log-likelihood ratio, the
parameters 𝜇⃗, given the nuisance parameters 𝛼⃗, can be estimated by minimizing 𝑞𝜇⃗.

Confidence intervals

Confidence intervals of the estimated parameters can be constructed using Wilks’ theo-
rem [106] to approximate the test statistic as parabolic in the limit of large enough samples
where an approximation of the Poissonian likelihoods as Gaussian distributions is valid.
The confidence interval of 𝑧 Gaussian standard deviations for a certain 𝜃 ∈ {𝜇⃗, 𝛼⃗} can be
obtained by profiling the other parameters 𝜃 and finding 𝜃± such that

𝑞
𝜇⃗

±(𝜃±) = 𝑞min
𝜇⃗ + 𝑧2 . (4.11)

In the large sample limit, the confidence intervals can also be obtained from the covari-
ance matrix 𝐶, which is estimated using the inverse of the Hessian (inverse of the second
derivative) of the likelihood at its maximum [107],

𝐶−1
𝑖𝑗 = 𝜕ℒ

𝜕𝜃𝑖𝜕𝜃𝑗

⃒⃒⃒⃒
⃒ ^⃗
𝜃

. (4.12)

Confidence intervals are then obtained from

𝜃±
𝑘 = 𝜃𝑘 ±

√︁
𝐶𝑘𝑘 . (4.13)

The covariance matrix 𝐶 can also be used to estimate the correlations of parameters 𝜃 ∈
{𝜇⃗, 𝛼⃗} in the likelihood estimation.

4.2 Normalized differential cross section measurements
The results of this thesis are parameterized as normalized differential cross section mea-
surements. In Part II, the cross section of the ttbb process is independently measured as
a function of a range of observables. For each observable the following parameterization
is used. The fiducial cross section 𝜎fid is separated into pre-defined generator-level bins 𝑗
of the observable 𝑋 (see introduction in Section 7.3), 𝜎𝑗 , such that∑︁

𝑗

𝜎𝑗 = 𝜎fid . (4.14)
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4.2 Normalized differential cross section measurements

For the construction of the likelihood, signal-strength modifiers are defined for the fidu-
cial cross section, 𝜇fid, to scale 𝜎fid, and 𝑁 − 1 parameters 𝜇𝑗 to scale the fractions 𝑓𝑗 of
events in the first 𝑁 − 1 generator-level bins 𝑗 of the observable 𝑋 . The fractions 𝑓𝑗 are
defined as

𝑓𝑗 =
𝜎𝑗

𝜎fid
=

𝜎𝑗∑︀
𝑖 𝜎𝑖

. (4.15)

Accordingly, the signal-strength modifiers are defined as

𝜇fid = 𝜎obs.
fid

𝜎
exp.
fid

, and 𝜇𝑗 =
𝑓obs.

𝑗

𝑓
exp.
𝑗

, (4.16)

where 𝜎exp.
fid and 𝑓 exp.

𝑗 are the fiducial cross section and the fractions obtained from simula-

tion, and 𝜎obs.
fid and 𝑓obs.

𝑗 are the fiducial cross section and fractions from the measurement.
Following the parameterization of the likelihood in eq. (4.6), the event yields 𝑆𝑖𝑗 of the
first 𝑁 − 1 generator-level bins 𝑗 are scaled as

𝑆𝑖𝑗 = 𝜇fid𝜇𝑗𝑠𝑖𝑗 , (4.17)

where 𝑠𝑖𝑗 are the expected yield of signal events of generator-level bin 𝑗 and bin 𝑖 of the
distribution used in the fit (see Section 4.1). The last generator-level bin 𝑁 is scaled as a
function of all other POIs in order to retain the appropriate number of degrees of freedom,
by defining 𝜇𝑁 as

𝜇𝑁 = 1
𝑓

exp.
𝑁

(︃
1 −

𝑁−1∑︁
𝑘=1

𝜇𝑘𝑓
exp.
𝑘

)︃
. (4.18)

Following this construction, the fiducial cross section can be obtained directly from
eq. (4.16), and the normalized differential cross sections are defined as

1

𝜎obs.
fid

d𝜎obs.
𝑗

d𝑋
= 𝜇𝑗𝑓

exp.
𝑗 /𝑤𝑗 , (4.19)

where 𝑤𝑗 is the width of generator-level bin 𝑗. This also allows for obtaining the con-
fidence intervals of the fiducial and normalized differential cross sections directly from
profiling the corresponding parameters 𝜇fid and 𝜇𝑗 (for 𝑗 < 𝑁 ) and from the covariance
matrix 𝐶 (for 𝑗 = 𝑁 ).

The calculations of the likelihoods and their minimization are performed using the smoofit
software package [108]. This package uses the JAX software package [109] for automated
differentiation of the negative log-likelihood function.
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5 Event simulation

The simulation of collision events is an important part of LHC data analysis. The physics
processes happening in a single pp collision are usually unknown, and only the final
state, consisting of stable particles registered in the detector, is known. Hence, simula-
tions of various processes are performed in order to get an estimate of what to expect for
a certain process in terms of the number of events and their kinematic distributions. The
simulation of events is performed in multiple stages, designed to reflect as well as possi-
ble the particle physics processes taking place in the detector environment. The central
part of the event simulation is the simulation of the hard scattering process, described in
Section 5.2. This is interfaced with parton distribution functions describing the substruc-
ture of the protons, discussed in Section 5.1. The final-state partons of the hard scattering
undergo parton showering and hadronization, summarized in Section 5.3. To mimic the
processes recorded in the detector, the underlying event and pileup have to be accounted
for as well, described in Section 5.5 and Section 5.6. As a last step, in Section 5.7 the
simulation of the detector response is introduced. An illustration of these processes is
shown in Figure 5.1. A summary of simulation tools relevant for this thesis is given in
Section 5.8. This also includes a description of jet flavor identification for simulated jets
and a description of the flavor schemes (FSs) used in simulation.

5.1 Parton distribution functions
At pp colliders like the LHC protons are brought to collision at high energies. At such
high energies the particles effectively interacting are not the protons themselves, but their
constituents, referred to as partons. The probability to find a certain parton at momentum
fraction 𝑥 in a proton is described by the parton distribution function (pdf). The pdfs de-
pend on the type of parton, which are mostly quarks and gluons, and the energy scale 𝜇2

at which they are probed. It is not currently possible to obtain pdfs from first principles.
However, the description of the evolution of pdfs is possible with the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equations [111–114]. These equations relate
a pdf at two different scales 𝜇2. Hence, pdfs can be measured at some energy scale and
evolved to other energy scales. As the universal behaviour of the proton also does not
change depending on the experimental environment, these pdf measurements are glob-
ally valid independent of the experimental setup.

As an approximation at low energies, a proton consists of three valence quarks; two up
quarks and one down quark. These valence quarks carry large momentum fractions of
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Figure 5.1: Illustration of a pp collision. The hard scattering process (black) occurs be-
tween partons of the incoming protons. The final-state partons after the hard interactions
decay (red) and radiate gluons, forming parton showers (violet). Partons form hadrons
(green) during hadronization and decay into lighter hadrons (yellow). Additional par-
ton interactions (blue) and the beam remnant (grey) are considered as underlying event
contributions. Taken from Ref. [110].

the proton, yielding two pdfs with similar momentum distributions, but twice the prob-
ability density for up quarks. Gluons are exchanged by the valence quarks and can ad-
ditionally form quark-antiquark pairs, called sea quarks. These sea quarks and gluons
also carry a fraction of the proton momentum. As they originate in low-energy gluon
exchanges their pdfs are dominant at low 𝑥. With increasing energy of the proton, the
number and momentum fraction of sea quarks and gluons increases, as QCD interactions
between the partons become more frequent, leading to an increase of their pdfs. This is
illustrated in Figure 5.2 for the NNPDF3.1 pdf set at two different energy scales [115].
The NNPDF3.1 pdf set is a NNLO pdf set obtained from a global fit of a wide range of
measurements at the D0, LHCb, ATLAS, and CMS experiments. This pdf set is the first
that includes tt and Z boson 𝑝T measurements by the ATLAS and CMS Collaborations.
Unless stated otherwise, this pdf set is employed for all event simulations used in this
thesis.

5.2 Hard scattering
The hard scattering describes the partonic subprocess, where the partons of the colliding
protons interact and form new particles. Cross sections (i.e. probabilities) 𝜎̂ can be calcu-
lated for this partonic subprocess using the Feynman diagrams and rules introduced in
Section 1.5. For an exact calculation of the scattering matrix element (ME), in principle,
all possible Feynman diagrams that yield the desired final state have to be considered. As
adding, for example, more additional radiation is in principle unlimited, this is not possi-
ble. However, the ME and its calculation can be parameterized as a perturbation theory,
evolved in orders of a small parameter. The parameter suitable for this evolution is the
strong coupling constant 𝛼𝑠 which is small at the high energies where the hard scattering
takes place (see Section 1.4.1). Hence, the cross section is determined as a perturbative
series

𝜎̂ = 𝜎LO ·
(︁

1 + 𝛼𝑠𝜎NLO + 𝛼2
𝑠𝜎NNLO + . . .

)︁
. (5.1)
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5.2 Hard scattering

Figure 5.2: NNPDF3.1 NNLO pdf as a function of the momentum fraction 𝑋 of partons
in a proton. The NNPDF3.1 NNLO pdf set is evaluated at two different scales 𝜇2, on the
left at lower energy scale 𝜇2 = 10 GeV2 and on the right at higher energy scale 𝜇2 =
104 GeV2. The gluon pdfs (red) are scaled by a factor of 1/10 as their contribution is by
far dominant at low momentum fraction 𝑥. Taken from Ref. [115].

The LO cross section 𝜎LO contains only Feynman diagrams with the lowest order in
𝛼𝑠, i.e. with the lowest number of vertices in the diagram. Additional corrections 𝜎NLO
and 𝜎NNLO can be calculated, corresponding to NLO and NNLO corrections, respectively.
These are suppressed with increasing orders of 𝛼𝑠, and hence contribute less and less.
Therefore, a good approximation of 𝜎̂ is often already achieved at a few orders of the per-
turbation series. Corrections at NLO include, for example, virtual corrections to the LO
amplitude, i.e. a loop in the Feynman diagram, or one real emission of an additional parti-
cle, increasing the number of final-state partons. Corrections at NNLO include diagrams
with two loops, two additional real emissions, or one emission and one loop.

To obtain the total cross section 𝜎 of a process, the partonic cross section 𝜎̂ can be convo-
luted with the pdfs of Section 5.1. This factorized approach is possible due to the factor-
ization theorem which states that the physics processes at low energies and high energies
can be treated independently. This also allows for the universal use of the proton pdfs
determined in one experiment at other experiments. The total cross section describes the
probability of producing the desired final state 𝑋 , here with a pp initial state. Hence, all
possible initial partons 𝑎, 𝑏 of the hard scattering with respective momentum fractions 𝑥
inside the proton have to be considered. This yields the QCD factorization theorem

𝜎(pp → 𝑋) =
∑︁
𝑎,𝑏

∫︁∫︁
d𝑥1d𝑥2 𝑝𝑎[𝑥1, 𝜇

2
F] 𝑝𝑏[𝑥2, 𝜇

2
F] 𝜎̂𝑋 [𝑥1, 𝑥2, 𝜇

2
F, 𝜇

2
R] . (5.2)

The hard scattering cross section 𝜎̂𝑋 is a function of two energy scales, the factorization
scale 𝜇F at which the pdfs 𝑝 are evaluated, and the renormalization scale 𝜇R, which de-
scribes the scale dependence of the strong coupling constant 𝛼𝑠. For the event simulation,
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these two scales have to be explicitly chosen as these are not physical parameters that can
be determined. These energy scales determine the transition from pdfs to hard scattering
MEs (𝜇F), and the scale at which the perturbative calculation of hard scattering MEs is
performed (𝜇R).

When matching the ME calculation to a parton shower (PS), a matching scale has to be
specified. For that purpose, the ℎdamp parameter is used in ME simulations with the
POWHEG generator [116, 117]. This ℎdamp parameter is a threshold that separates emis-
sions with larger momentum and smaller momentum. A damping procedure is applied
that reduces the emissions with smaller momentum from the ME simulation which is
then left to be described with the PS.

5.3 Parton showers

The final-state particles produced in the hard scattering have to be evolved to lower en-
ergy scales, where a realistic comparison with data is possible. This process accounts for
higher-order corrections that have as of yet not been accounted for due to the fixed-order
calculation of the scattering ME. Hence, PS models are employed to approximate the
higher-order contributions. The PSs add additional electromagnetic (EM) and QCD ra-
diation to the initial state before the scattering, initial-state radiation (ISR), and after the
scattering, final-state radiation (FSR). Photons or gluons generated in this process can
then split into quark-antiquark or lepton pairs, producing a shower of partons with itera-
tively lowering energies. The splitting into two partons is described by the Sudakov form
factor [118] which describes the probability of a parton at energy scale 𝑞1 to evolve to en-
ergy scale 𝑞2 without splitting. The PSs are evolved to the energy scale of hadronization,
at around 1 GeV. In the initial state, additional adjustments have to be taken into account,
as a splitting of initial-state partons changes the energy scale at which the partons enter
the scattering ME calculations. Hence, a backward evolution is employed for the initial-
state showers, which makes the Sudakov factors dependent on the ratio of pdfs at both
energy scales 𝑞1 and 𝑞2.

In most cases, the PS calculations are complementary to the perturbative ME calculations,
as they describe processes at lower energy scales. However, when using higher-order
ME calculations (i.e. NLO and above), additional initial-state and final-state partons can
be described by both the PS and the ME simulation, and can hence be double counted
if they occupy the same phase space. As the PSs are evolved in the soft and collinear
limits, they do not often produce well-separated radiation, while the additional radiation
from higher-order calculations do. This enables matching and merging algorithms for the
ME calculation and PS simulation, where overlaps are removed, in such a way that the
strengths of the ME calculation and PS simulation are exploited.

5.4 Hadronization

The PS process evolves the partons of the ME calculations to energy scales where the par-
tons hadronize and form hadrons. At these energy scales, the partons are no longer free
(asymptotic freedom), as the running strong coupling constant is large, i.e. particles are
in the regime of confinement (see Section 1.4). As this energy regime does not allow for
perturbative calculations any longer, phenomenological models have to be employed to
describe the evolution of hadronization. For this purpose, for example, the Lund string
model is used [119]. In the Lund string model, gluons, as the carriers of the strong inter-
action, form flux tubes between color-charged particles. As the distance between these
particles increases, the energy contained in the flux tubes increases due to their linear
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potential. If the potential energy is high enough, a new quark-antiquark pair is created
which forms new flux tubes with the other particles. This hadronization model is used
for example in the PYTHIA general-purpose event generator [84]. A different model, the
cluster hadronization model, is used for example by the HERWIG event generator [120,
121]. In this model quarks and gluons are combined into color-neutral clusters which are
iteratively fragmented into smaller clusters until they form stable hadrons.

5.5 Underlying event description

As indicated in Figure 5.1, besides the hard scattering also soft interactions and proton
remnants are present in a pp collision and have to be taken into account in a realistic
simulation of data. Two factors contribute to the so-called underlying event simulation.
The first is multi-parton interactions (MPIs), which are additional soft interactions of
other partons in the pp collision. The second is beam remnants, i.e. the parts of the pro-
tons that did not partake in the elastic scattering processes. As these processes are low-
energetic processes, phenomenological models are needed for their description. There-
fore, underlying-event tunes are provided, where the parameters of the underlying-event
models are tuned to a certain pdf set for ME and PS calculations at a certain value of the
strong coupling constant 𝛼𝑠. The CP5 underlying-event tune [122] is used for almost all
simulations at the CMS Collaboration, tuned to the NNPDF3.1 NNLO pdf set and the
PYTHIA PS at 𝛼𝑠 = 𝛼𝑠(𝜇R = 𝑚Z) = 0.118, i.e. the strong coupling constant evaluated
using the Z boson mass as the renormalization scale.

5.6 Pileup

The contribution of additional interactions in the same bunch crossing is also taken into
account in the simulation, referred to as pileup. Pileup profiles are assumed before the
simulation, with a mean expected number of pileup interactions per bunch crossing, mod-
eled via Poisson distributions. Additionally, out-of-time pileup has to be considered,
where interactions of one bunch are falsely associated with the next or previous bunch
crossing, due to the limited detector response time.

5.7 Detector simulation

As a final step, the response of the particles from the event simulation chain to the CMS
detector has to be simulated. For this, the GEANT4 package is used [123], which con-
tains a full model of the CMS detector and simulates the interaction of all particles with
the different detector components, as well as the read-out of the signals via sensors in-
side the detector. This facilitates a good comparison with the data recorded at the CMS
experiment.

5.8 Tools

In this section, an overview is given of the tools used for event simulation in the measure-
ments of this thesis.

MadGraph5_aMC@NLO: The MADGRAPH5_aMC@NLO ME generator [124] is the com-
bination of the MADGRAPH [125] and MC@NLO [126] event generators, which are
matched with PS simulations. In this event generator, processes at LO are computed
with the MADGRAPH generator, while NLO diagrams are calculated with the MC@NLO
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generator. The MC@NLO generator avoids overcounting of contributions by subtracting
the approximation of the NLO contribution of the PS simulation from the exact NLO cal-
culation independently for each simulated event, i.e. potentially reducing the weight of
the event1. As the approximation of the NLO contribution in the PS (which is subtracted)
does not necessarily need to be smaller than the contribution of the NLO calculation itself,
negative event weights are possible with this generation approach.

MadSpin: MADSPIN [127] is an algorithm employed in the MADGRAPH event generator
to simulate the decay of narrow resonances (i.e. resonances with a small decay width)
while preserving spin correlation and finite-width effects in the decay.

POWHEG: The positive weight hardest emission generator (POWHEG) is an ME gener-
ator [116, 117]. It provides calculations at LO and NLO precision. The generator is de-
signed such that it yields only events with positive weights even at NLO, by generating
the hardest emission first. The POWHEG event generator can hence be interfaced with any
𝑝T-ordered PS simulation with double-logarithmic accuracy in the PS. Implementation
of new processes is possible in the POWHEG-BOX [116].

POWHEG-BOX-RES: The POWHEG-BOX-RES [128] is an updated version of the POWHEG-
BOX, also supporting radiation in decaying resonances.

OPENLOOPS: With the OPENLOOPS package [129] automatic calculations of tree-level
and one-loop scattering amplitudes can be performed.

PYTHIA: PYTHIA is an ME generator that also provides PS simulation and a descrip-
tion of underlying-event processes [84]. The calculation of MEs is only performed at LO,
hence, often only the PS and underlying-event simulation are used, while interfaced with
another NLO ME generator. PYTHIA uses a 𝑝T-ordered PS implementation and relies on
the Lund string model for hadronization [119].

HERWIG: HERWIG is an ME event generator that also provides PS simulation and a
description of underlying-event processes [120, 121]. In this thesis, it is only used as
a PS simulation for an alternative ttbb prediction. HERWIG uses the cluster hadroniza-
tion model. A dedicated underlying-event tune, the CH3 tune [130] is used for HERWIG,
matched to the same pdf and 𝛼𝑠 settings as described in Section 5.5 for PYTHIA.

SHERPA: SHERPA is a general purpose event generator, supporting ME and PS simula-
tion and underlying-event description [131]. In this thesis, it is only used for the simula-
tion of an alternative ttbb prediction.

FxFx merging: The FXFX merging scheme [132] is a merging scheme at NLO for ME and
PS simulation for final states with a fixed number of additional jet radiation, for example
the production of tt with zero, one or two additional jets. The processes are merged
based on the number of emissions above a certain merging scale 𝑄 which orthogonalizes
the independent simulations.

MLM merging: The multi-leg merging (MLM) procedure [133] is a merging scheme at
NLO for ME and PS simulation, where jet algorithms are used to match jets from the PS
to the final state partons. Double counting of contributions is mitigated by discarding
events in which unique matches of final-state and partons are not possible. This effec-
tively discards events where two partons are so close that no unique separate jets are
found for both, or one parton has too low energy to generate its own jet.

1Generally, simulated events are weighted according to the sampling density of the event generators in
order to match the distribution of events expected in data. For example, more events could be simulated
in a sparse phase space region in order to get a good estimate of the processes in that region.
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5.8.1 Jet flavor identification in simulation

In order to identify the flavor of a jet on truth level, i.e. in simulation, a ghost-clustering
algorithm is applied [134]. This algorithm adds the hadrons from hadronization to the
clustering of stable final-state particles, with momenta scaled to a negligible value but
keeping their direction. Following this method, the hadrons are clustered in the particle-
level jets without affecting the clustering procedure itself. Hence, the flavor of the hadron
can be used to identify the origin of the jet, and by extension its flavor. Different classes
are defined, based on the number and flavor of the hadrons clustered inside a jet. A
particle-level jet containing one or more ghost-clustered B hadrons is referred to as b jet.
Particle-level jets without any ghost-clustered B hadrons, but at least one C hadron are
classified as c jets. All other jets, i.e. without any B or C hadron are classified as light jets2.

In addition, the origin of these particle-level jets can be of interest, i.e. when identifying
whether a jet originated from the decay of top (anti)quarks or not. For that purpose,
the MC history of the top quarks is used to define what constitutes an additional jet.
A particle-level jet in which any of the ghost-clustered hadrons have a top (anti)quark
in their MC decay-chain ancestry is classified as a tt jet, and all other jets are classified
as additional jets. This procedure only takes into account particle-level jets with 𝑝T ≥
20 GeV and |𝜂| ≤ 2.4.

5.8.2 Flavor schemes

Pairs of b quarks and antiquarks can also be present inside a proton if the proton energy
is high enough. This is reflected in Figure 5.2, where at the lower energy scale (left) of
𝜇2 = 10 GeV2 no b pdf is present yet, but appears at the higher energy scale (right) of
𝜇2 = 104 GeV2, which is well above the bb production threshold of 2𝑚b, at the order of
10 GeV.

The pdfs are evaluated at energy scales 𝜇F where the mass of the b quark is negligible
compared to the energy scale. This justifies ME calculations in which the mass of the b
quark is set to zero. This approach is called the five flavor scheme (5FS) as it assumes
five active flavors in the proton pdf. Calculations of hard scattering processes involv-
ing heavy quarks involve terms with logarithms in 𝜇2/𝑚2

Q and evolutions in powers of
𝑚2

Q/𝜇
2, where 𝜇2 is the energy scale of the hard scattering and 𝑚Q is the mass of the

heavy quark, e.g. the b quark. By setting the b quark mass to zero, the terms 𝑚2
Q/𝜇

2

vanish and simplify the ME calculations. The origin of the logarithmic terms is collinear
gluon splitting processes into massive quarks, e.g. g→bb. As these would lead to diver-
gences when assuming 𝑚Q = 0, these processes are absorbed into the pdf for initial state
g→bb splitting and into the PS for final state g→bb splitting.

An alternative approach is to consider the b quarks as massive, which is justified relative
to the mass of the proton. In this case, the calculation of the MEs cannot be simplified.
This approach is called the four flavor scheme (4FS) as it assumes four active flavors in the
proton pdf. In this flavor scheme, initial states with b quarks do not have to be considered,
i.e. the b quark pdf of the proton are neglected and initial b quarks are obtained from
initial-state g→bb splitting in the ME. As this FS provides a more accurate description of
g→bb splittings in the ME, this FS is often preferred for processes with b quarks in the
initial- or final-state, for example the ttbb process.

2Note that the definition of light jets in Part II includes c jets, as for that measurement only a distinction
between b jets and other jets is necessary.
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After the simulation steps introduced in Chapter 5, residual differences between simu-
lated events and data events are still present. For example, efficiencies of triggers or
lepton identification algorithms can differ between simulation and data. These residual
differences are corrected via scale factors (SFs) derived in auxiliary measurements. Most
of the necessary SFs are determined in a combined effort by the CMS Collaboration. They
are applied as weights to simulated events, reweighting the kinematic distributions of
simulated events to match the distributions observed in data. In the following, all correc-
tions to simulated events necessary for the measurements in this thesis are introduced.
The uncertainties of the resulting corrections are considered as part of the measured un-
certainties and are further described in Section 8.7 for the ttbb measurement.

6.1 Pileup reweighting

In the central production of simulated events by the CMS Collaboration, an average num-
ber of pileup interactions, and a pileup profile are included (see Section 5.6). A Poisson-
distributed pileup profile is used in simulation with the mean value of pileup interactions
set to an estimated value for the data taking. As the production of simulated events is
time-consuming, this process is already started before the actual data taking. Hence, the
assumed pileup profile in the simulation does not necessarily match the observed dis-
tribution. For example, changes in the instantaneous luminosity during the run affect
the number of pileup interactions. In order to correct for this effect, SFs between data
and simulation are derived and applied to simulated samples to match the pileup pro-
file observed in data. The corrections are derived with an inclusive data set, assuming
a total inelastic proton-proton cross section of 69.2 mb [135]. As the assumed and mea-
sured pileup profiles vary per data-taking era, independent corrections are derived for
each data-taking era. In Figure 6.1, the distribution of the number of primary vertices is
shown after applying the pileup-reweighting factors. The agreement between data and
simulation is abhorrent, even after correction. As this reweighting is orthogonal to other
kinematic observables in the high-𝑝T regime relevant for measurements in this thesis, a
further correction of this mismodeling is not applied. Possible variations of the assumed
inelastic proton-proton cross section would, however, improve the agreement, as can be
inferred from the shaded bands in Figure 6.1.
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Figure 6.1: Number of primary vertices per event. The primary vertex distribution is
shown for the selection of events described in Section 8.4. The distributions of simulated
events are shown after pileup-reweighting factors are applied. Each era is shown sepa-
rately, 2016preVFP (top left), 2016postVFP (top right), 2017 (lower left), and 2018 (lower
right). The shaded band indicates a variation of ±4.6% of the assumed inelastic pp cross
section.

6.2 L1 pre-firing
As explained in Section 2.2.3, the L1 trigger uses trigger primitives to make trigger deci-
sions. During the 2016 and 2017 data-taking, it was observed that a significant fraction
of trigger primitives of the ECAL were associated with the wrong bunch crossing due
to a timing shift in the ECAL read-out electronics (pre-firing). Two consecutive bunch
crossings are not allowed to be triggered by the same L1 trigger primitives. Hence, an
association of the trigger primitive to the previous bunch crossing can veto a trigger on
the actual bunch crossing, effectively leading to a self-veto of the event. This issue was
most pronounced in the ECAL in a range of 2 ≤ |𝜂| ≤ 3. A similar issue was observed for
muons in the muon system due to the limited time resolution of the muon system, which
is most pronounced in 2016 but also impacts 2017 and 2018 data.

As this feature is not reflected in the simulation, dedicated correction factors are applied
to simulated events in the respective years to account for this difference. The SFs are
derived by calculating pre-firing probabilities for all photons, jets, and muons as

𝑤L1 pref. =
∏︁

γ,µ,jets

(︁
1 − 𝜖pref.[𝜂, 𝑝T]

)︁
, (6.1)

where 𝜖pref. are the observed pre-fire efficiencies, parameterized as functions of 𝑝T and 𝜂.
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Figure 6.2: Efficiency of electron HLT configuration used in 2018. The trigger efficiency
is shown for simulated events (red) and data (orange). The ratio of both, the SF, is shown
in blue.

6.3 Trigger efficiencies

The HLTs applied for data taking are also included in the simulation of events. Residual
differences in the trigger performance between simulation and data are corrected with
trigger SFs. SFs have to be derived for each combination of HLT paths used in the mea-
surements. The trigger efficiencies are derived by using an uncorrelated reference trigger
from the ratio of events passing the reference trigger and the trigger under scrutiny, and
the events passing the reference trigger (tag-and-probe method). By using events that
pass an uncorrelated reference trigger, the efficiency of the trigger under scrutiny can be
determined in an unbiased way and translated from the trigger SF derivation region to
the analysis phase space. In the measurements of this thesis, separate HLT path combi-
nations are used for triggering electrons and muons. The trigger configurations are intro-
duced in Section 8.3. SFs for the muon channels are derived from a selection of events
enriched in Z → ℓℓ and are provided by CMS [83]. The electron HLT SFs are derived
specifically for these measurements and use a tt-enriched phase space with one electron
and one muon. The same HLT muon triggers are used as a reference trigger for this trig-
ger efficiency measurement. The correlation between the muon and electron triggers was
calculated to be less than 1%. In Figure 6.2, the trigger efficiency for the electron HLT
combination is shown, as an example, for data and simulation in 2018, as a function of
the electron 𝑝T. The trigger efficiency in both simulation and data is around 90% after
an initial turn-on at 𝑝T ≤ 50 GeV. Due to the similarity of trigger efficiencies in data
and simulation, a resulting SF close to one is obtained. The SF is derived as a function of
electron 𝑝T and 𝜂.
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6 Corrections to simulated events

Figure 6.3: Visualization of jet energy correction levels. Taken from Ref. [99].

6.4 Electron reconstruction efficiencies
Differences in electron identification and reconstruction efficiencies between simulation
and data are corrected with dedicated SFs provided centrally by CMS [94]. The electron
efficiency is calculated as

𝜖e = 𝜖ID · 𝜖reco|ID · 𝜖trig|reco , (6.2)

consisting of identification (ID), reconstruction (reco), and the aforementioned trigger
(trig) SFs. The efficiencies are dependent on each other, e.g. the reconstruction efficiency
calculation already uses muons corrected for identification efficiency differences, and so
forth, indicated by subscripts, e.g. reco|ID. Identification and reconstruction efficiencies
and associated SFs are determined in auxiliary measurements in phase space regions
enriched in 𝑍 → e+e− events.

6.5 Muon reconstruction efficiencies
Similar to the electron efficiencies, identification (ID), isolation (iso), and reconstruction
(reco) efficiencies are calculated for muons in addition to the aforementioned trigger effi-
ciencies, as

𝜖µ = 𝜖ID · 𝜖iso|ID · 𝜖reco|iso · 𝜖trig|reco . (6.3)

Similarly, the difference between data and simulation efficiencies is corrected via SFs pro-
vided centrally by the CMS Collaboration [83]. These SFs are derived from phase space
regions enriched in Z → µ

+
µ

− events. Muons, unlike electrons, require separate SFs
for isolation efficiencies, as the isolation criteria introduced in Section 3.2.1 are separated
from muon identification criteria.

6.6 Jet energy corrections
The measurement of jet energies in the detector environment is not trivial and requires a
good calibration of all detector components. The jet energy response, i.e. the measured jet
energy relative to the true jet energy, has to be corrected for differences between simula-
tion and data, same as for the other objects (e.g. muons or electrons). As jets are supposed
to be an estimate of the initial particle, the measured energy requires additional correc-
tions, e.g. due to energy loss of the detected particles, or missing particles in the detector.
Hence, a set of jet energy corrections are applied to simulation and data in order to cor-
rect these effects. A factorized approach is employed, where different effects are treated
sequentially in a fixed order. The levels of correction are visualized in Figure 6.3 and are
introduced in the following. More details can be found in Ref. [99].

Pileup corrections: The first level of corrections removes energy from pileup interactions
from the jets. The corrections are determined from simulated dijet events which are sim-
ulated once with additional pileup interactions and once without. This correction is de-
rived as a function of jet 𝑝T, 𝜂, area, and 𝜌. The offset energy density 𝜌 is defined as the
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6.7 Jet flavor tagging efficiency

median of all jet 𝑝T over jet areas in an event. Residual differences between data and sim-
ulation are determined using a random cone method in zero-bias events. This zero-bias
dataset is collected using a random trigger and therefore contains mostly events without
hard scattering processes of interest. With the random cone method, several jets are recon-
structed from randomly placed cones in these zero-bias events. The average momentum
of these random jets is measured to determine an average energy offset due to random
interactions, i.e. pileup. This correction is determined as a function of jet 𝜂.

MC-truth corrections: The jet response in simulation and data is corrected by comparing
the reconstructed 𝑝T of jets to the jet on generator level in a sample of dijet events. These
corrections are derived as a function of jet 𝑝T and 𝜂.

Residual corrections: Small remaining differences in the jet response for simulation and
data are applied to jets in data. One correction accounts for the relative jet energy scale
as a function of 𝜂, derived from dijet events in which both jets have similar momenta and
one of these jets is in the barrel region. Another correction accounts for differences in
the absolute jet energy scale as a function of 𝑝T, derived from jets in the barrel region in
Z+jet, γ+jet and multijet events.

In addition, the difference in jet energy resolution between simulation and data is cor-
rected in simulated events to match the jet energy resolution in data. The correction is
applied depending on whether or not a reconstructed jet is in the vicinity (Δ𝑅 < 0.2) of a
particle-level jet. If the reconstructed jet is associated with a particle-level jet, the jet mo-
mentum is scaled based on the difference in 𝑝T between the simulated and reconstructed
jet and an SF to account for the resolution difference between simulation and data. If no
particle-level jet can be associated with the reconstructed jet, the jet momentum is scaled
via the resolution SF smeared via a random value drawn from a standard Gaussian dis-
tribution.

6.7 Jet flavor tagging efficiency

SFs for b jet efficiency calibrations can be derived for two different purposes. A simple
correction, designed to correct the efficiencies of b jet identification for the WPs intro-
duced in Section 3.3.2 will yield distributions of b tagged jet multiplicities in data and
simulation that are corrected for efficiency differences. If besides the information whether
certain jets pass the predefined WPs, also the full discriminant distribution of the b tagger
is used, the full discriminant distribution has to be corrected with SFs as a function of the
discriminant value, which is not used in the measurements of this thesis.

The correction of b jet tagging efficiencies for the predefined WPs is referred to as fixed
working point (fixedWP) SFs. SFs are derived independently for b jets and light jets. The
SFs for b jets are derived from five different methods and are combined afterward to yield
smaller uncertainties. These methods use phase space regions enriched in multijet events
where at least one jet contains a muon, or phase space regions enriched in tt events with
one or two charged leptons. The selection of jets with muons enriches the multijet events
in jets originating from the hadronization of b quarks, as a muon clustered inside a jet is a
good indicator for the decay of a B meson into a muon and other hadronic particles (semi-
leptonic decay). The different SF derivation methods are described in detail in Ref. [100].
An example of the resulting SFs is shown in Figure 6.4 (top) for data and simulation in
2018. The SFs obtained from the different derivation methods are all compatible with
each other within the uncertainties of the derivation procedures, and yield combined
SFs with significantly smaller uncertainties. The SFs are derived as a function of the jet
transverse momenta, 𝑝T.
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6 Corrections to simulated events

Figure 6.4: b jet (top) and light jet (bottom) SFs for b tagging at fixed WPs in 2018. The
figure on the top shows the SFs for b jets obtained from the five different SF derivation
methods as a function of jet 𝑝T for the medium WP. Included is a combination of the SFs
(indicated as fit) and the associated uncertainties. The figure on the bottom shows the SFs
for light jets for the medium WP. Taken from Ref. [76].

The SFs for light jets are derived in a multijet enriched phase space and make use of a
negative tagger to obtain the simulation-to-data SFs. The negative tagger uses the same
b tagging algorithm as employed for b jet tagging, but only considers tracks with nega-
tive impact parameters. As impact parameters of light jets are symmetrically distributed
around zero, and tracks of b and c jets have non-negligible impact parameters (see Fig-
ure 3.3), this separates light jets from other jets. In Figure 6.4 (bottom) the SFs obtained
in 2018 are shown. In contrast to the b jet tagging SFs, the light jet SFs are commonly
around values of 1.0 – 1.5, implying that the light jet content is underestimated in simula-
tion. These SFs have larger uncertainties compared to the b jet SFs as only one method is
used for SF derivation. SFs for light jets are also derived as a function of jet 𝑝T.
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Figure 6.5: b tagging efficiencies for simulated events in 2018. Efficiencies for b (upper
row), c (middle row), and light jets (lower row) for the medium (left) and tight (right)
WPs of the DEEPJET tagger. Efficiencies are parameterized as functions of jet 𝑝T and 𝜂.

No dedicated SFs for c jets are derived. To still account for this uncorrected contribution,
c jets are scaled with the SFs derived for b jets and receive uncertainties inflated by a
factor of two [100].
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6 Corrections to simulated events

SFs are applied to simulated events via event weights taking into account all selected jets
in the event as

𝑤fixedWP =
∏︁

𝑖=tagged jets

SF𝑖[flav, 𝑝T]
∏︁

𝑗=not tagged jets

1 − SF𝑗 [flav, 𝑝T] · 𝜖𝑗 [flav, 𝑝T, 𝜂]
1 − 𝜖𝑗 [flav, 𝑝T, 𝜂] . (6.4)

Here, SF𝑖,𝑗 are the b and light jet SFs derived previously, and 𝜖𝑖,𝑗 are tagging efficiencies
in simulation, commonly derived as a function of jet flavor, 𝑝T, and 𝜂. These tagging
efficiencies are calculated for each measurement in order to account for differences in the
tagging efficiencies of the SF derivation regions and the phase space of the measurement.
An example of efficiencies calculated for the measurements in this thesis are shown in
Figure 6.5 for the medium and tight b tagging WPs obtained from simulated events under
2018 conditions.
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Part II

Measurement of the ttbb process
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7 Introduction

This part of the thesis encompasses a measurement of the ttbb process. This measure-
ment was performed within the CMS Collaboration and is, at the time of writing, in the
process of publication in a journal. A preliminary publication of the measurement exists
at Ref. [136]. The measurement is described in this thesis in detail. In this chapter, first,
a motivation for the measurement is given in Section 7.1, followed by a description of
the ttbb topology in Section 7.2. An outline of the measurement strategy is then given
in Section 7.3. Finally, in Section 7.4, related measurements will be discussed to set this
measurement into context. Afterward, Chapter 8 introduces the necessary tools for the
measurement, e.g. event selections, simulation approaches, and the systematic model.
The discussion of the measurement itself will take place in Chapter 9.

7.1 Motivation
Many measurements performed at pp collider experiments rely on accurate simulation
to estimate background processes with similar signatures in the detectors compared to
the process of interest (signal process). In such measurements, a subset of events is se-
lected that contain a large fraction of events stemming from the signal process. In order
to determine the contribution of the signal process to the set of selected events, an estima-
tion of know SM-like processes can be performed via simulation of the known processes.
In some measurements, one of these background processes is the ttbb process. The un-
derstanding of the ttbb process is important in those measurements, as an accurate and
reliable description of the ttbb process will allow for a measurement of the signal process
under scrutiny with high accuracy. Two examples are the measurement of a pair of top
quarks in association with a Higgs boson (ttH), where the Higgs boson decays into a pair
of bottom quarks (H→bb), and the production of four top quarks (tttt) in channels in
which most of the top quarks decay hadronically. Both these measurements give access
to the Yukawa coupling of the top quark to Higgs bosons and thereby constitute impor-
tant tests of the SM. In Section 7.4 these two measurements and their limitations due to
the ttbb modeling will be discussed briefly. One goal of the ttbb measurement in this
thesis is to gain improved understanding of this important and irreducible background
process for the two aforementioned measurements and thereby improve the sensitivity
of the measurements of these processes.

A detailed study of the ttbb process is also of interest due to the challenging modeling of
the process. In Section 7.2 this aspect will be further emphasized. In summary, the ttbb
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process is difficult to model accurately as it contains b quarks with low but non-negligible
masses, and, by comparison, heavy top quarks. Hence, finding appropriate energy scales
for the calculation of ttbb MEs and interfacing the MEs with PS and pdf calculations is a
difficulty. Uncertainties related to the choice of renormalization and factorization scales
can, in ME calculations at NLO in QCD, lead to uncertainties of up to 50% in fiducial and
differential cross section predictions of ttbb [137]. Improved knowledge in this process
via fiducial and differential measurements of ttbb is therefore of prime interest in order
to validate or discard scale choices made for state-of-the-art simulations. A more accurate
modeling of the process can then improve the central prediction in the modeling of this
background process, e.g. in the measurements of the ttH(bb) and tttt processes, and give
a better estimate of the uncertainties associated with the modeling of the ttbb process.

The modeling and simulation of the ttbb process have been studied extensively. In
Refs. [138–141], NLO corrections in QCD at fixed order are presented for inclusive and
differential calculations of the ttbb process. Furthermore, calculations of ttbb with addi-
tional radiation (ttbbj) are performed in Ref. [142]. Alternatively, full NLO QCD off-shell
calculations of ttbb are available in Refs. [143, 144]. These calculations are performed at
fixed order on parton level, i.e. they consider the full phase space of ttbb production but
without decay of the final-state b and top quarks. Experimentally, this level of informa-
tion is not accessible easily and would require extrapolation of the data measured at the
CMS experiment to the parton-level phase space. A more suitable level of prediction for a
comparison between experimental data and theory calculations lies in the combination of
matrix element (ME) event generators (making fixed-order predictions) interfaced with
parton shower (PS) models. This level of prediction also facilitates the interpretation of
results for other measurements like the aforementioned measurements of ttH and tttt
where ttbb constitutes a major limiting factor. In this context, the state-of-the-art predic-
tions of ttbb production are obtained from ME-level generators at NLO in QCD matched
to PSs. In calculations in which the b quarks are treated as massive, the b quark is not
part of the proton pdf but is integrated out (see Section 5.8.2). Therefore, pdf sets with
only four active flavors, without b quarks, are used, called 4FS pdfs. Contributions of
b quarks arise e.g. through gluon-splitting into a pair of b quarks (g→bb). As these ME
calculations treat the b quarks as massive, the description of g→bb splittings is more ac-
curate than in the zero-mass approximation of the pdf and covers the full phase space of
g→bb splittings.

The measurements presented in this thesis aim at verifying the ttbb simulation models
and how these describe the process as a function of selected observables. This measure-
ment consists of fiducial cross section measurements and normalized differential cross
section measurements. A set of fiducial phase space regions and observables has been
chosen to be measured and will be detailed in Section 8.2. Previous measurements by the
ATLAS and CMS Collaborations showed that the cross section of ttbb is under-predicted
by all simulation approaches tested in these measurements. Differential distributions
probed in these measurements generally show good agreement but are measured with
large uncertainties which do not allow for ruling out any of the tested simulation ap-
proaches and their modeling choices (such as the renormalization or factorization scales).
A review of the relevant results of these previous measurements will be summarized in
Section 7.4. The measurement described in Chapter 9 improves upon these previous re-
sults and provides measurements of fiducial and differential cross sections with smaller
uncertainties, which facilitates a more meaningful comparison to different simulation ap-
proaches and modeling choices. The results of this measurement, which will be discussed
in Section 9.2 and Section 9.3, show varying levels of compatibility of the simulation ap-
proaches that were probed with data.
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Figure 7.1: Illustration of ttbb diagrams using an NLO tt ME simulation interfaced
with a PS. The diagram on the left shows g→bb splitting in the initial state, the diagram
on the right shows g→bb splitting in the final state. The colored parts of the diagrams are
simulated by the PS, while the remaining parts are included in the ME simulation. From
Ref. [137].

7.2 Topology of the ttbb process

The ttbb process is a process of multiple scales, incorporating heavy top quarks and in
comparison light b quarks in the final state. This makes the ttbb process an interesting
probe of quantum chromodynamics (QCD) in presence of heavy quarks and a compli-
cated multi-scale environment [137]. In comparison to simple tt production, where the
process takes place at the energy scale of the top quarks, the ttbb process is a more com-
plicated environment. This is also reflected in the options of simulating this process,
discussed in the following. The discussions are based on Ref. [137].

Simulation of ttbb with NLO tt matrix elements

The ttbb process can be described using NLO tt ME simulations, interfaced with a PS,
and a 5FS pdf. In this setup, 2 → 3 processes in the ME such as gb → ttb or gg/qq → ttg
can yield a description of ttbb together with the PS. This is illustrated in Figure 7.1. In
the gb → ttb process, one b quark is obtained from the ME, but requires an initial b
quark from the pdf, which is described via backward evolution of the PS to the initial
state as described in Section 5.3. In the gg/qq → ttg process, the gluon is described at
the ME level, while the g→bb splitting has to be described by the PS. This contribution
dominates the topology of ttbb in this simulation approach. The simulation approach
has the disadvantage of describing the ttg process at LO accuracy in the ME, and relying
on the PS for the g→bb splitting description.

Simulation of ttbb with tt+jets multi-jet merging

An alternative description of ttbb can be obtained via tt+jets simulation approaches,
where multiple simulations of tt+0,1,2 jets are merged into an inclusive sample (see Sec-
tion 5.8). This requires the definition of a merging scale 𝑄, based on which the number of
resolved additional partons is determined for each simulated event, and subsequentially
merged. In this simulation approach, if the bb pair and gluon are produced below the
merging scale, this effectively yields a tt ME, and the description of the gluon and the
g→bb splitting by the PS. If the gluon becomes harder, i.e. larger momentum, the ttg
process is described at the ME-level, and only the g→bb splitting is described by the PS.
If the g→bb splitting is above the merging scale 𝑄, the g→bb splitting can be described
by the ME, but only if it belongs to the hardest emissions, as all other emissions will be
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Figure 7.2: Illustration of ttbb diagrams using an NLO ttbb ME simulation. The dia-
grams on the left show g→bb splitting in the initial state, and the diagrams on the right
show g→bb splitting in the final state. The full diagrams are simulated at ME level. The
colorized parts of the diagrams indicate the g→bb splitting processes. From Ref. [137].

described by the PS. Hence, in this tt+jets simulation approach, contributions from ttbb
MEs are included, but only at large momenta in the g→bb splitting, as otherwise other,
harder, emissions will take precedence in the merging scheme. This solves the issue of
divergences in g→bb splitting at lower momenta (assuming a b quark mass of zero), as
these will not be described by the ME. In this simulation approach, the contribution
of the full ME description of ttbb is shown to be small, even at low merging scales of
𝑄 = 20 GeV, as the hardest emissions in the events are usually either gluon emission or
additional light jet radiation, which (at the level of tt+2 jets) predominantly yields a de-
scription of g→bb splitting by the PS. Hence, this modeling approach also mostly relies
on the PS description of g→bb splitting.

Simulation of ttbb with NLO ttbb matrix elements

More recently, descriptions of ttbb at the ME level have become available at NLO accu-
racy for the full b quark phase space. This simulation approach minimizes the depen-
dence on the PS and its description of the g→bb splitting. The ME simulation is inter-
faced with a 4FS pdf set, i.e. it uses massive b quarks (see Section 5.8.2). The b quarks
for the description of ttbb can be obtained in initial-state and final-state processes, as is
illustrated in Figure 7.2. This simulation approach provides a description of tt with ≥1 b
in the full phase space of b quarks, modeled by different aspects of the MEs. For final-
state gluon radiation, the ME is able to describe also the collinear g→bb splitting regime
due to the non-zero mass of the b quarks. This also enables a homogeneous description
of events in which the b quarks are not resolvable, and hence are merged into a single
jet containing both b quarks (ttb signature). In initial-state g→bb splittings the specta-
tor b quark (diagram in Figure 7.2 top left) can be emitted in the direction of the beam
axis, and can therefore remain undetected, also yielding a description of ttb signatures.
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In Ref. [137], the contributions of the final-state gluon radiation and g→bb splitting are
shown to dominate the ttbb phase space (diagrams in Figure 7.2 on the right). In ob-
servables such as the invariant mass or the Δ𝑅 of the two leading b jets, the tail of the
distributions contain also large interference effects with the ttbb description from initial-
state g→bb splitting (diagrams in Figure 7.2 on the left). This can be explained by how
the b jets are correlated with each other in this region of phase space. In the initial-state
g→bb splitting, either, one b jet comes from the initial g→bb splitting and the other one
from the subsequent gb → ttb process, or the b jets come from individual g→bb splitting
processes in the initial state (diagram in Figure 7.2 bottom left). As these contributions
are no longer governed by the collinear g→bb splitting regime, the angle Δ𝑅 between
the b jets can be larger and the invariant mass no longer traces back to the intermediate
gluon and therefore allows for larger values on average.

Scale choices in the matrix-element ttbb simulation

Due to its QCD coupling nature, the ttbb cross section scales with 𝛼4
𝑠, and is therefore

highly sensitive to the choice of renormalization scale 𝜇R (see Section 5.2). As the ttbb
process incorporates a top quark and a b quark, in Ref. [137] choices of the renormaliza-
tion scale for an ME-level simulation are recommended as

𝜇R = 𝜉R
√︁
𝜇tt𝜇bb , (7.1)

where 𝜉R are scale-variation factors and 𝜇tt and 𝜇bb are defined as the geometric average
of the transverse masses of the tt and bb systems,

𝜇tt =
√︁
𝑚T,t𝑚T,t , and 𝜇bb =

√︁
𝑚T,b𝑚T,b . (7.2)

Here, the transverse mass is defined as 𝑚T,𝑖 =
√︁
𝑚2

𝑖 + 𝑝2
T,𝑖. For the factorization scale 𝜇F,

recommended choices are
𝜇F = 𝜉F

2

∑︁
𝑖=t,t ,b,b,𝑗

𝑚T,𝑖 , (7.3)

where 𝜉F is again a scale-variation factor. The scale-variation factors 𝜉F and 𝜉R are dimen-
sionless and are commonly chosen to be in the range [0.5, 2].

Predictions in Ref. [137], using stable top quarks and 𝜉R = 𝜉F = 1, show that variations
in the 𝜇R and 𝜇F scales at NLO (LO) yield cross section variations of around 25–35%
(40–70%). These scale variations are estimated from envelopes of 𝜇R and 𝜇F variations
by a factor of two in both directions. The uncertainties are dominated by 𝜇R variations
as expected from the strong 𝛼4

𝑠(𝜇R) dependence of the ttbb ME calculations. The rel-
ative fraction of ttb over ttbb events is shown to be around five, originating from the
large contributions of collinear or soft b quarks in final state g→bb splitting due to the
non-negligible b quark mass (see Section 5.8.2). Including also the PS, Ref. [137] finds
only a small change in the ttb cross section at the combined ME+PS-level compared to
ME-level alone (2%), but a larger correction in the ttbb cross section (12%). This orig-
inates from double g→bb splitting processes, where one g→bb splitting takes place in
the ME, yielding one b quark, and another g→bb splitting takes place in the PS, yield-
ing a second b quark. Additionally, the impact of the 𝜇R and 𝜇F variation increases in
the ME-PS-matched predictions by around 10%. Investigations of differential distribu-
tion in Ref. [137] also show that observables related to the b jets show negligible shape-
dependence of the scale variations, while observables e.g. related to additional light jet
radiation show a stronger shape-dependence on these scale uncertainties. This is due
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to the difference in origin in the description of b jets, which are fully described with
the 𝛼4

𝑠(𝜇R) NLO ME while the additional light jets are described at LO in the ME and
therefore depend on 𝛼5

𝑠(𝜇R). Furthermore, contributions from the PS are shown to be rel-
atively homogeneous for b jets in ttb events (i.e. they do not significantly depend on the
kinematics of the b jets), but are sensitive to the kinematics of b jets in ttbb events, again
motivated by the aforementioned double g→bb splitting. For example in the Δ𝑅 observ-
able, the cross section at large Δ𝑅 is enhanced when considering also the PS compared
to the raw NLO ttbb ME calculations, as contributions from double g→bb splitting pro-
cesses are mostly not collinear and hence have larger opening angles. This will be picked
up again in the interpretation of results in Section 9.4.

Finally, Ref. [137] also provides a study of the ttbb process including top quark decays,
taking into account also spin-correlations. The results show that the effect of the top
quark hadronization is almost negligible, and hence the results obtained at parton level
and particle level after top decays are expected to be compatible.

7.3 Strategy of the ttbb measurement

The goal of this measurement is the extraction of fiducial and differential cross sections
of the ttbb process in the tt decay channel with exactly one charged lepton. In order to
enrich the data events in the ttbb process a base selection of five jets and three b tagged
jets is applied together with a selection of exactly one charged lepton. These event selec-
tions are detailed in Section 8.3 and lead to a signal fraction of around 25%. Four fiducial
phase space regions are explored, targeting different aspects of the ttbb process. The most
inclusive of these signal definitions requires signal events with at least five jets, of which
at least three are b jets, referred to as 5j3b, targeting most inclusively the additional radi-
ation of b jets outside the tt system. A more stringent signal definition requires at least
six jets, of which at least four are b jets, instead, referred to as 6j4b, which constitutes the
signature expected from a fully resolved ttbb process at leading order. Two additional
phase space regions are defined which require at least three light jets in addition to the
b jets required in the 5j3b and 6j4b phase space regions, leading to one phase space with
at least six jets, of which at least three are b jets and three are light jets (6j3b3l), and at
least seven jets, of which at least four are b jets and three are light jets (7j4b3l). These
two additional phase space regions are defined in order to measure the description of
additional light jet radiation in ttbb events. All of these definitions require exactly one
charged lepton (electron or muon), to match the single-lepton tt decay channel. All these
fiducial signal definitions are defined without reference to the origin of b jets. With this,
comparisons to different simulation approaches are simplified, as the signal definition
does not depend on the simulated history of the top quark decays. In Ref. [136], also
an alternative approach is explored, where a fiducial signal is defined, explicitly requir-
ing two b jets not to originate from top (anti)quark decay. This additional study is not
repeated in this thesis.

Fiducial cross sections are measured in all of these phase space regions, as well as normal-
ized differential cross sections of observables tailored to each of the phase space regions.
These fiducial definitions and observables are discussed in Section 8.2.

For each observable independently, the differential cross section is obtained via unfold-
ing to particle level. The unfolding is performed (via a likelihood-based unfolding proce-
dure) using a maximum likelihood fit. The foundations of maximum likelihood fits are
discussed in Chapter 4 while the explicit configuration of the fits for this measurement
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is discussed in Section 9.1. In each of these fits the fiducial cross section for the respec-
tive phase space is extracted as a parameter of interest (POI), yielding the inclusive cross
sections discussed in Section 9.2.

7.4 Related work

In this section work related to the ttbb measurement of this thesis is discussed. This is
limited to measurements using LHC Run 2 data collected at a center-of-mass energy of√
𝑠 = 13 TeV. First, a short overview of past ttbb measurements is given in Section 7.4.1,

followed by a brief discussion of ttH(bb) and tttt measurements in Section 7.4.2 which
estimate ttbb background from simulation.

7.4.1 Related ttbb measurements

During LHC Run 2 multiple cross section measurements of the ttbb process have been
performed with partial data sets, i.e. data sets not containing the full 2016–2018 data set.

The ATLAS Collaboration has published a measurement of ttbb in final states with one
or two charged leptons, using 36.1 fb−1 of data [145]. In Figure 7.3, the fiducial cross
sections obtained in that measurement are shown. The lepton+jet ≥3b and ≥4b values
correspond to fiducial definitions similar to those explored in this thesis. A comparison of
the results will be made in Section 9.2.2. The fiducial cross sections are determined with
uncertainties ranging between 14% and 30%, where the most precise measurements are
from the measurements with two leptons. The measured fiducial cross sections are com-
pared to a set of simulation approaches which mostly predict lower cross section values
than observed in data. The measurement is limited by uncertainties of the tt modeling, b
tagging, and jet energy calibrations. In Ref [145], also a range of normalized differential
cross section measurements is performed, probing the b jet multiplicity, 𝐻T, 𝑝T of b jets
and the system of the two leading b jets in 𝑝T, and the system of the two b jets closest in
Δ𝑅. The normalized differential cross sections are determined with uncertainties rang-
ing between 10% and 30% and are found to be well-described by most of the simulation
approaches, considering the large measurement uncertainties. In the measurement of the
b jet multiplicity, the models using a tt ME simulation at NLO were found to not describe
that observable well, all predicting lower fractions of high b jet multiplicities.

The CMS Collaboration published two ttbb measurements using 35.9 fb−1 of data, one us-
ing final-states with zero charged leptons [146], and the other using final states with one
or two charged leptons [148]. In Ref. [146], the ttbb cross section is measured for a full
phase space and two fiducial phase space definitions. One of these fiducial phase space
definitions is particle-level based and does not reference the simulated history of the tt
pair. The cross sections are determined with uncertainties of around 30%. Also here, the
cross sections predicted by various signal models are lower than the measured cross sec-
tions in data. The challenge of that measurement is the dominating background from
events containing only jets produced through the strong interaction (multijet events),
which cannot be estimated well from simulation and require data-driven background
estimations. In Ref. [148] the cross sections of ttbb and ttjj (tt production in association
with any pair of jets) are measured, as well as their ratio. Results are obtained as fiducial
cross sections defined on stable-particle level, and are extrapolated to the full phase space
referencing the simulated history of the tt pair to identify jets not originating from the de-
cay of top quarks. The fiducial cross sections are determined with uncertainties between
11% and 18% and are higher than the values predicted by various simulation approaches.
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Figure 7.3: Measured fiducial cross section values of ttbb by the ATLAS Collaboration.
The measured cross sections in data are indicated with black dots, with horizontal bars
and shaded bands representing the measurement uncertainties. Cross section predictions
from different modeling approaches are shown as colored squares. The panel on the right
shows the ratio between the predicted and measured cross sections. From Ref. [145].

The definitions of fiducial phase space regions differ in some aspects from the ones used
in this thesis (see Section 8.2).

Additionally, a measurement was performed by the CMS Collaboration targeting the pro-
duction of ttC events in final states with two charged leptons, using 41.5 fb−1 of data [147].
Even though mainly the ttC process is targeted in that measurement, the ttbb cross sec-
tion is also determined, as the phase space region defined for that measurement is en-
riched in both these processes. In Ref. [147], cross sections are only measured on parton
level, i.e. with reference to the simulated history of the top quarks. Jets outside the tt
system are classified based on their flavor, enabling the simultaneous measurement of
the ttC, ttbb, and ttjj processes. The ttbb cross section is measured with a precision of
11%. Also in this measurement, the cross sections predicted by the simulation of ttbb
are lower than the measurement. The measurements presented in this thesis are the first
differential measurements of the ttbb process by the CMS Collaboration.

In Figure 7.4, the results for the ttbb cross section measurements in the full phase space
by the CMS Collaboration are summarized, all showing the aforementioned underpredic-
tion of ttbb cross sections by the probed modeling approaches.

7.4.2 Related ttH(bb) and tttt measurements

The ATLAS Collaboration performed a measurement of the ttH process in H→bb final
states with one or two charged leptons, using the full 139 fb−1 data set of LHC Run 2 [149].
In this inclusive measurement of the ttH cross section, the dominant background in the
regions enriched in the signal process is ttbb production, as it exhibits the same final
state after the top quark and Higgs boson decays. In the measurement regions with the
largest relative contribution of ttH, the ttbb background exceeds the ttH contribution by
factors of around 50. The ttbb background is estimated using a ME simulation of ttbb at
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Figure 7.4: Measured fiducial cross section values of ttbb by the CMS Collaboration.
The measured cross sections in data are indicated with black lines and orange bands
representing the measurement uncertainties. From top to bottom, the measurements cor-
respond to the results of Ref. [146], Ref. [147], and Ref. [148]. Cross section predictions
from different modeling approaches are shown as colored symbols.

NLO, and corresponds closely to the PP8 ttbb 4FS simulation approach discussed in the
following chapters, e.g. Section 8.1. The 𝜇R and 𝜇F scale choices in this ttbb background
estimation correspond to 𝜉R = 1 and 𝜉F = 1 (see eq. (7.1) and eq. (7.3)) and are both
chosen to be larger than in the PP8 ttbb 4FS model used in this thesis by a factor of two. In
Section 9.4, the impact of different scale choices will be discussed, also comparing to this
ATLAS measurement. The normalization of the ttbb background in this measurement is
found to be 28% higher than expected from the background model. The ttH cross section
is measured with 35% uncertainty, while the ttbb background modeling contributes more
than half to that uncertainty.
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Figure 7.5: Jet multiplicity distribution in one measurement region of the tttt measure-
ment performed by the ATLAS Collaboration. The distribution on the left shows the
simulation without a reweighting of tt+jets processes, and the distribution on the right
shows the simulation with a reweighting of tt+jets processes. The lower panels show the
ratio between simulation and data. From Ref. [152].

The CMS Collaboration performed a measurement of the ttH process in H→bb final
states with zero, one or two charged leptons, using 41.5 fb−1 of data [150], combined
with a previous measurement using 35.9 fb−1 of data [151]. With this combined data
set, the ttH cross section is determined with an uncertainty of 30%, where about half of
this uncertainty is associated with the background modeling of the ttbb process. For the
estimation of the ttbb process in this measurement an inclusive tt simulation at NLO ac-
curacy is used, indicating that the estimation of b jets in association with the tt system
is predominantly modeled with the PS (see Section 7.2). In this measurement, the ttbb
background estimation is also shown to under-predict the contribution in data.

The ATLAS Collaboration performed a measurement of the tttt process in final states
with one or two charged leptons using the full 139 fb−1 data set of LHC Run 2 [152]. In
the most signal-enriched measurement regions, the ttbb background exceeds 80% of all
events. The background estimation of ttbb for this measurement uses the same configura-
tion as introduced above for the ttH(bb) measurement in Ref. [149]. In this measurement,
a separate fit is performed in phase space regions where the tttt signal contribution is
low in order to determine scaling factors for the ttbb and other tt+jets backgrounds. For
the ttbb contribution a scaling factor of 1.33 is determined, again showing the under-
prediction of ttbb in simulation relative to the measurements in data. In addition, the
ttbb and tt+jets backgrounds are rescaled differentially in observables such as the jet
multiplicity and 𝐻T to better describe the data. This is shown in Figure 7.5 for the jet
multiplicity as one representative example. On the left side of the figure, this shows a
significant mis-modeling of the jet multiplicity distribution in simulation relative to data,
suggesting a shortcoming of the ttbb simulation approach. This is later also confirmed in
the measurements of this thesis, e.g. in Section 9.3. The tttt cross section is determined in
that measurement with a precision of 35%, with around half of the uncertainty associated
with the modeling and reweighting of the ttbb background.
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The CMS Collaboration performed a measurement of the tttt process in final states with
zero, one, or two charged leptons using the full 138 fb−1 data set of LHC Run 2 [153]. The
contributions from ttbb to the measurement regions are modeled using a tt simulation at
NLO and hence rely on the description of ttbb on the PS modeling. The tttt cross section
is measured with a precision of around 30%, where the modeling of the ttbb background
contributes around 4% relative to the measured cross section value. Compared to other
tttt and ttH(bb) measurements this measurement is not limited significantly by the ttbb
modeling which hints towards an underestimation of the ttbb modeling uncertainties in
that measurement.
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In order to facilitate the measurement of the ttbb process a range of ingredients are
needed, which will be introduced in this chapter. First, the simulation approaches used
for signal and background processes are described in Section 8.1. The definitions of
fiducial phase space regions and the observables for the differential measurements are
summarized in Section 8.2. The corresponding definitions and event selections on de-
tector level are described in Section 8.3. The contributions of simulated events to the
event selections are discussed in Section 8.4 using data-to-simulation comparisons. In
Section 8.5, the use of an ancillary variable is introduced. In Section 8.6, special atten-
tion is drawn to the distinction between tt and ttbb processes, and a definition of out-
of-acceptance (OOA) contributions of the ttbb process is introduced. Finally, sources of
uncertainty considered in the ttbb measurements and their estimation are summarized
in Section 8.7.

8.1 Event simulation

As introduced in Chapter 5, simulated events are used to estimate the contributions and
kinematic distributions of different processes to data recorded in the CMS detector. In this
section, the simulated physics processes used for the ttbb measurement are introduced.
These simulated samples are used in this measurement to estimate the contributions of
signal and background processes to the measurement regions, i.e. to model their selection
and acceptance efficiencies. In addition, the measurement is designed and validated on
simulated events in order not to bias the strategy of the measurement. A short description
of the different simulation packages and tools has already been given in Section 5.8. In
all of the simulation approaches the detector response is simulated with GEANT4, as
introduced in Section 5.7.

Simulation of tt events

Events with a pair of top quarks1 (tt) are simulated with the POWHEG v2 [116, 117] ME
generator at NLO accuracy in QCD. This perturbative order allows for at most one
real emission at ME level outside of the tt system (e.g. an additional quark or gluon).

1This does not include tt processes with additional heavy boson radiation like ttZ, ttH or ttW, which are
simulated separately.
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POWHEG v2 is interfaced with PYTHIA v8.240 [84] for parton showering and hadroniza-
tion. This simulation setup is henceforth referred to as PP8 tt 5FS. As the signal pro-
cess (ttB) contains, next to the tt system, one or two more b quarks, the ME calculation
of the PP8 tt 5FS simulation cannot account for this final state. Therefore this simulation
relies on the PS to generate additional b quarks, e.g. via splitting of the gluon to a pair of
b quarks (g→bb). Details on this have been introduced in Section 7.2. The pdf of the pro-
tons is described using the 5FS NNPDF3.1 NNLO pdf set [115] (see Section 5.1). Due to
the FS, b quarks are assumed to be massless in this simulation approach (see Section 5.8.2).
The factorization and renormalization scales are both dynamically set to

𝜇R = 𝜇F =

√︃
1
2

(︁
𝑚2

T,t +𝑚2
T,t

)︁
, (8.1)

with the transverse mass 𝑚T,𝑖 =
√︁
𝑚2

𝑖 + 𝑝2
T,𝑖. Here, 𝑚t and 𝑝T,t are the mass and trans-

verse momentum of the top quarks, where the top quark mass is set to 𝑚t = 172.5 GeV.
The scales are referred to as dynamic scales due to their dependence on the transverse
momenta of particles in the events, rather than a fixed value. The CP5 tune [122] (see
Section 5.5) is used for the description of the underlying event. The POWHEG damping
parameter ℎdamp is set to ℎdamp = 1.379𝑚t (see Section 5.2). The configuration of the PS
(including the CP5 tune), the ℎdamp parameter, the pdf, and the top quark mass are the
same for all simulated samples used in this measurement unless stated otherwise.

Simulation of ttB events with POWHEG and PYTHIA

Signal-like tt events with at least one additional b jet (see Section 5.8.1) can also be sim-
ulated separately in order to obtain a description of ttbb at ME level (see Section 7.2).
These events are simulated using POWHEG-BOX-RES [128] and OPENLOOPS [129] for the
ME generation, interfaced with PYTHIA. This configuration is referred to as the ttbb sam-
ple or PP8 ttbb 4FS in the following and is used as the nominal ttbb model in this mea-
surement. This sample uses a pdf set with massive b quarks, i.e. a 4FS pdf set. The b
quark mass is set to 𝑚b = 4.75 GeV. As detailed in Section 7.2, the factorization and, espe-
cially, renormalization scales have a large impact on the rate and kinematic distributions
of events generated by this simulation setup due to the large dependence on 𝛼𝑠 in the
simulation of ttbb MEs. The renormalization and factorization scales in this simulation
approach use 𝜉R = 𝜉F = 0.5 following eq. (7.1) and eq. (7.3), i.e. explicitly yield

𝜇R = 1
2

∏︁
𝑖=t,t ,b,b

4
√
𝑚T,𝑖 , and 𝜇F = 1

4

∑︁
𝑖=t,t ,b,b,j

𝑚T,𝑖 . (8.2)

The indices 𝑖 run over the expected final state quarks of the LO ME calculation, i.e. top
(anti)quarks and bottom (anti)quarks, and also all additional partons 𝑗 in case of 𝜇F. This
simulation approach cannot account for tt events without additional b jet radiation, hence
the PP8 tt 5FS simulation approach has to be used for non-ttbb events in order to account
for the full tt phase space. To obtain the full tt phase space coverage, all events which
contain at least one particle-level jet with a ghost-matched B hadron in addition to the tt
system (additional b jet) are simulated with the PP8 ttbb 4FS setup, while the remaining
events are taken from the PP8 tt 5FS sample. This selection of events with at least one
additional b jet is referred to as ttB, indicating that at least one B hadron is present in
addition to the tt system. The remaining events from the PP8 tt 5FS sample are separated
into two classes to treat them as separate processes. Events with at least one particle-
level jet with a ghost-matched C hadron (but no B hadron) in addition to the tt system
are assigned to the ttC process, while the rest is assigned to the tt+light process. This
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8.1 Event simulation

separation gives more freedom to the background description for the ttB measurements,
as, for example, uncertainty sources relevant for radiation of additional jets for the ttC
process can be treated independently of the tt+light process where either no, or only
light jet radiation is expected. An example of this are the uncertainties associated with
the initial-state and final-state radiation in the PS.

Alternative ttbb signal models

In order to facilitate a comparison of the nominal ttbb model (PP8 ttbb 4FS) with other
modeling approaches, five additional signal models are defined here. These signal mod-
els are only used for comparisons of the measured data distributions in Sections 9.2
and 9.3, and are not used for the signal or background description.

One of these alternative signal models has already been introduced as the PP8 tt 5FS sam-
ple. Relative to the nominal signal model, this model obtains additional b quarks mostly
from the PS process. Hence, comparisons between this model and the nominal signal
model are sensitive to differences in the description of additional b jet radiation between
PS and ME.

One alternative model is based on the simulation of tt with the POWHEG ME generator
at NLO accuracy in QCD, interfaced with HERWIG v.7.13 [120, 121] for parton showering
and hadronization. The underlying-event description is tuned with the CH3 tune [130].
This signal model is referred to as PH7 tt 5FS. Comparisons of this signal model to the
PP8 tt 5FS signal model are sensitive to differences in the description of parton shower-
ing and hadronization processes, as both simulation approaches use the same settings
in the tt ME simulation. As explained in Section 5.4, the PYTHIA and HERWIG PSs use
significantly different hadronization models.

Another alternative model uses the MADGRAPH5_aMC@NLO v2.6.5 [124] generator for
the simulation of ttbb MEs at NLO accuracy in QCD. This is interfaced with PYTHIA for
parton showering and hadronization and uses MADSPIN for the decay of top quarks [127].
This model is referred to as AMCP8 ttbb 4FS, and uses a 4FS pdf set. The renormalization
and factorization scales in this model are set to

𝜇R = 𝜇F =
∑︁

𝑖

𝑚T,𝑖 , (8.3)

with 𝑖 running over all final-state partons. As this model uses the same PS model and
pdf set as the nominal signal model, comparisons between both are sensitive to the differ-
ences in ME calculations with the corresponding simulation settings of POWHEG-BOX-RES

and MADGRAPH5_aMC@NLO.

Another model, also using a 4FS pdf set, is simulated using SHERPA v2.2.4 [131] with
OPENLOOPS [129] for a description of ttbb at NLO accuracy in QCD. The description of
parton showering and hadronization also uses the SHERPA event generator. This model
is referred to as SHERPA ttbb 4FS. In this model, the renormalization and factorization
scales use 𝜉R = 𝜉F = 1 following eq. (7.1) and eq. (7.3). Comparisons of this model to
the other ttbb simulations using the 4FS pdf give insight into the quality of the SHERPA

simulation with these scale choices relative to the POWHEG and MADGRAPH5_aMC@NLO

simulation approaches which are used more often in the CMS Collaboration.

Finally, the MADGRAPH5_aMC@NLO event generator is used for a description of tt+jets
events with up to two additional jets at NLO in QCD, merged using the FXFX scheme [132].
The cut-off scale in the ME is set to 20 GeV and the merging scale is set to 40 GeV. This
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8 Ingredients for the ttbb measurement

simulation approach uses the 5FS pdf set and is interfaced with PYTHIA for the descrip-
tion of the parton shower and hadronization. This model is referred to as AMCP8 tt+jets
FXFX 5FS. The renormalization and factorization scales in this model are set to

𝜇R = 𝜇F =
∑︁

𝑖

𝑚T,𝑖 , (8.4)

with 𝑖 running over all final-state partons. As explained in Section 7.2, this simulation ap-
proach can, in principle, describe ttbb at the ME level if the b jets from g→bb splitting are
hard enough to be among the leading radiations. However, studies in Ref. [137] showed
that this ME-level contribution is subdominant and the majority of the phase space uti-
lizes the PS for the g→bb splitting simulation. Hence, this simulation approach is another
probe of the b jet description via the PS.

The generator settings of all generator setups for the modeling and comparison of ttbb
are summarized in Table 8.1.

Simulation of ttX events

Besides tt production, other, minor, backgrounds contribute to the phase space regions
of this measurement. Contributions of tt production in association with a Higgs boson
(ttH) are simulated using the POWHEG v2 ME generator at NLO in QCD, assuming a
Higgs boson mass of 𝑚H = 125 GeV. Contributions of tt production and a Z boson (ttZ)
are simulated using MADGRAPH5_aMC@NLO v2.6.5 [124] at NLO accuracy in QCD. For
this process, the MADSPIN package [127] is used for the decay of heavy particles. The
production of a W boson in addition to the tt system (ttW) is simulated using MAD-
GRAPH5_aMC@NLO at NLO accuracy in QCD and up to one additional jet, merged using
the FXFX merging scheme [132]. This also uses the MADSPIN package for the decay of
heavy particles. Throughout this measurement, these three tt-associated boson produc-
tion processes are collectively referred to as ttX, unless a distinction is necessary. The
combination of ttW and ttZ is sometimes also referred to as ttV, indicating the addi-
tional production of a vector boson.

Simulation of single top quark production

The contributions of single top (anti)quark production are simulated with different ap-
proaches depending on the production channel of the top (anti)quark. In the 𝑠-channel,
events are simulated using the MADGRAPH5_aMC@NLO generator at NLO accuracy in
QCD, while in the 𝑡-channel and when produced in association with a W boson (referred
to as 𝑡𝑊 -channel), POWHEG is used at NLO accuracy in QCD.

Simulation of vector boson production in association with jets

Contributions of a vector boson (W or Z) in association with jets (Vjets) are simulated
using the MADGRAPH5_aMC@NLO event generator at LO accuracy with up to four jets
at the ME level, merged using the MLM scheme [133].

Normalization of background contributions

The number of events in all background samples is normalized to state-of-the-art theory
calculations of the respective cross sections. The tt, single top, and Vjets processes are
normalized to calculations at NNLO accuracy in QCD, while for the inclusive tt simula-
tion, additionally, soft gluons are resummed to next-to-next-to-leading logarithm (NNLL)
accuracy [59, 154]. The ttX processes are normalized to calculations at NLO accuracy in
QCD. The nominal signal model (PP8 ttbb 4FS) is normalized to the cross section pre-
dicted by the generator. The explicit lists of simulated samples and the assumed cross
sections [59, 124, 154–158] are summarized in Table 8.2.
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8 Ingredients for the ttbb measurement

Table 8.2: Processes used for the signal and background estimation in the ttbb measure-
ment. Processes are listed together with their cross sections (𝜎), or cross sections times
branching fractions (𝜎×ℬ), where applicable. The cross sections are obtained either from
calculations or the simulation itself, as indicated in the comment column.

Process 𝜎( pb) Comment

tt (2ℓ) 𝜎 × ℬ = 88.50 based on Ref. [59, 154]
tt (1ℓ) 𝜎 × ℬ = 366.30 based on Ref. [59, 154]
tt (0ℓ) 𝜎 × ℬ = 378.90 based on Ref. [59, 154]

ttbb (2ℓ) 𝜎 × ℬ = 4.60 from simulation
ttbb (1ℓ) 𝜎 × ℬ = 19.20 from simulation
ttbb (0ℓ) 𝜎 × ℬ = 19.90 from simulation

ttH 𝜎 = 0.51 based on Ref. [155]
ttZ 𝜎 = 0.78 based on Ref. [124]
ttW 𝜎 = 0.61 based on Ref. [124]

si
ng

le
to

p

(𝑠-channel) 𝜎 = 3.30 based on Ref. [156]
(𝑡-channel, t) 𝜎 = 136.00 based on Ref. [157]
(𝑡-channel, t ) 𝜎 = 81.00 based on Ref. [157]
(𝑡𝑊 -channel, t) 𝜎 = 19.60 based on Ref. [156]
(𝑡𝑊 -channel, t ) 𝜎 = 19.60 based on Ref. [156]

W
je

ts
(W

→
ℓ𝜈

)

(70 GeV ≤ 𝐻T ≤ 100 GeV) 𝜎 × ℬ = 1443 based on Ref. [158]
(100 GeV ≤ 𝐻T ≤ 200 GeV) 𝜎 × ℬ = 1435 based on Ref. [158]
(200 GeV ≤ 𝐻T ≤ 400 GeV) 𝜎 × ℬ = 383.20 based on Ref. [158]
(400 GeV ≤ 𝐻T ≤ 600 GeV) 𝜎 × ℬ = 51.70 based on Ref. [158]
(600 GeV ≤ 𝐻T ≤ 800 GeV) 𝜎 × ℬ = 2.50 based on Ref. [158]
(800 GeV ≤ 𝐻T ≤ 1200 GeV) 𝜎 × ℬ = 5.60 based on Ref. [158]
(1200 GeV ≤ 𝐻T ≤ 2500 GeV) 𝜎 × ℬ = 1.30 based on Ref. [158]
(𝐻T ≥ 2500 GeV) 𝜎 × ℬ = 0.01 based on Ref. [158]

Z
je

ts
(Z

→
ℓℓ

)

(10 GeV ≤ 𝑚(ℓℓ) ≤ 50 GeV) 𝜎 × ℬ = 8610 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 70 GeV ≤ 𝐻T ≤ 100 GeV) 𝜎 × ℬ = 211.20 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 100 GeV ≤ 𝐻T ≤ 200 GeV) 𝜎 × ℬ = 183.20 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 200 GeV ≤ 𝐻T ≤ 400 GeV) 𝜎 × ℬ = 55.30 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 400 GeV ≤ 𝐻T ≤ 600 GeV) 𝜎 × ℬ = 7.85 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 600 GeV ≤ 𝐻T ≤ 800 GeV) 𝜎 × ℬ = 1.93 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 800 GeV ≤ 𝐻T ≤ 1200 GeV) 𝜎 × ℬ = 0.83 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 1200 GeV ≤ 𝐻T ≤ 2500 GeV) 𝜎 × ℬ = 0.18 based on Ref. [158]
(𝑚(ℓℓ) ≥ 50 GeV, 𝐻T ≥ 2500 GeV) 𝜎 × ℬ = 0.01 based on Ref. [158]

8.2 Fiducial phase space definition

The definition of fiducial phase space regions is necessary to define what constitutes a
signal process for the purpose of interpreting the results. In the case of the ttbb process,
the differentiation between tt production and tt production in association with additional
jets is intricate and requires a proper method of differentiation. There are multiple options
available to define a fiducial region of ttbb in the inclusive tt phase space region. Based
on the process categorizations in Section 8.1, the ttB definition could be used as a fiducial
phase space definition. This definition, however, depends on the identification of the tt
pair and its decay products, and a definition of what constitutes an additional b jet based
on that identification. Therefore, this definition is not purely based on particle level, but
references the Monte-Carlo decay chain. A definition like this is difficult to employ for
comparisons with a range of event generators and is therefore disfavored. An alternative
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method of defining a fiducial phase space is to only use the information of stable final-
state particles. Here, this refers to final-state particles with a proper lifetime 𝜏 ≥ 10 mm
and |𝜂| ≤ 5. This definition is accessible for all general-purpose Monte-Carlo generators
and facilitates easy comparisons of the results in this measurement. A disadvantage of
such a purely particle-level-based definition is the ambiguity in the origin of the particle-
level b jets. Some observables that are of general interest in a differential measurement of
ttbb are therefore not accessible. Specifically, these are observables targeting directly the
b jets not from top decay (additional b jets), or observables targeting the top (anti)quarks
directly, e.g. the 𝑝T of the top (anti)quarks. In this thesis, only the measurements using
the particle-level fiducial phase space definitions are discussed. Later, in Part III an ad-
ditional measurement of the top (anti)quark 𝑝T will be discussed for the tt+jets process
(tt+jets refers to the associated production of a tt pair with jets of any flavor), where also
a particle-level reconstruction of the top quarks is performed (pseudo-top).

As already introduced in Section 7.3, four different fiducial phase space regions are de-
fined in this measurement. These phase space regions target different aspects of the ttbb
process and the fiducial cross sections of these fiducial phase space definitions are mea-
sured alongside a set of differential observables tailored to the respective phase space
regions. The fiducial phase space regions all use the same definition of particle-level jets,
muons, and electrons, which are introduced in the following. The definitions are chosen
to correspond as closely as possible to the selections of objects that will be introduced
in Section 8.3 on the detector level. The detector-level selections and object definitions
adhere to the constraints of the experimental environment, like trigger thresholds or re-
construction efficiencies. Hence, the particle-level definitions defined here are adjusted
to these constraints.

Electrons: Electrons require a transverse momentum of 𝑝T ≥ 29 GeV and |𝜂| ≤ 2.5. Pho-
tons in a cone of Δ𝑅 ≤ 0.1 around the electron are added to the electron in order to
account for bremsstrahlung effects in the final state (“dressing”).

Muons: Muons require a transverse momentum of 𝑝T ≥ 26 GeV and |𝜂| ≤ 2.4. The same
dressing procedure is performed for the electrons but its relevancy is subdominant for
muons.

Veto leptons: A group of veto leptons is defined by loosening the previous lepton defi-
nitions to 𝑝T ≥ 15 GeV, and |𝜂| ≤ 2.5 (2.4) for electrons (muons). These veto leptons are
used to define the single-lepton final state where exactly one such lepton is allowed to be
present in the fiducial region. Events with more or fewer veto leptons are considered as
background to this measurement.

Jets: Jets are clustered with the anti-𝑘T algorithm (see Section 3.3.1) using all stable
final-state particles except neutrinos. The clustering radius is 𝑅 = 0.4. Only jets with
𝑝T ≥ 25 GeV and |𝜂| ≤ 2.4 are considered for this measurement. The 𝑝T threshold is
lower than on the reconstruction level (see Section 8.3) to minimize the out-of-acceptance
contribution (see Section 8.6) while still keeping both definitions close to each other. Fur-
thermore, any jet within the proximity of a lepton (following the previous definitions) is
vetoed. The threshold for this veto is Δ𝑅 = 0.4. The flavor of the jets is defined via the
ghost-matching procedure described in Section 5.8.1. Jets with a ghost-clustered B hadron
are defined as b jets, while the remaining jets are referred to as light jets for the purpose
of fiducial phase-space and observable definitions.

Based on these object definitions the four fiducial signal regions are defined. All of these
fiducial definitions require exactly one electron or muon following the veto lepton defini-
tions. These fiducial volumes are not mutually exclusive.
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The most inclusive fiducial signal definition requires at least five jets, of which at least
three have to be b jets (5j3b). This phase space encompasses ∼11.1% of events defined as
ttB and is a subset of that definition. The purpose of the phase space region is to probe
the rate and kinematics of tt production in association with at least one b jet. This is re-
flected in the choice of observables for this phase space, which focuses on global event
observables and the kinematics of the third hardest (in 𝑝T) b jet. Differential cross sections
are measured for the multiplicity of jets (𝑁jets) and b jets (𝑁b), and the scalar sum of all
jets (𝐻 jets

T ) and b jets (𝐻b
T). For the third hardest b jet the 𝑝T and |𝜂| distributions (𝑝T(b3)

and |𝜂(b3)|) are measured. In this fiducial phase space, the third hardest b jet corresponds
to an additional b jet in ∼49% of cases. The two leading b jets in 𝑝T originate predomi-
nantly from top quark decays, as the high mass of top quarks yields, on average, decay
products with higher momenta. This motivates the choice of this observable in order to
access the description of additional b jet radiation in tt events without any reference to
the simulated history of the b jets. The other three fiducial phase space regions are subsets
of this 5j3b phase space region.

The 6j4b fiducial phase space region is defined by requiring at least six jets, of which at
least four have to be b jets. This fiducial volume encompasses the full signature expected
from a single-lepton ttbb event at LO, where each b quark at ME-level is reconstructed in
a separate jet. A large set of differential distributions of interest can be extracted from this
phase space. Similar to the 5j3b phase space also the jet multiplicity (𝑁jets) and the 𝐻 jets

T
and𝐻b

T observables are extracted here to get a quality measure of the description of global
event observables in this fiducial volume. Following along the same lines of argumenta-
tion as before, the 𝑝T and |𝜂| of the third (𝑝T(b3), |𝜂(b3)|) and fourth hardest (𝑝T(b4),
|𝜂(b4)|) b jets are measured. In this phase space, the third (fourth) hardest b jet corre-
sponds to an additional b jet in ∼53% (∼65%) of cases. Additionally, two observables are
probed by considering all possible pairs of b and b jets (bb). The average Δ𝑅 over all
bb-pairs (Δ𝑅avg

bb ) is measured to be sensitive to mis-modelings of angular distributions
in bb-pairs. The invariant mass of the bb-pair with the largest invariant mass (𝑚max

bb ) is
probed as this constitutes a background in a measurement of ttH production. Due to the
high mass of the Higgs boson, the bb-pair in ttbb events with the highest invariant mass
is the most probable candidate to be selected as a fake Higgs boson candidate in ttbb
background events. Therefore, good modeling of this observable is of high importance.

An additional set of observables in the 6j4b phase space region relies on the identification
of the two b jets with the smallest spatial separation in Δ𝑅, in the following referred to
as bbextra pair. This pair of b jets has a large overlap with the definition of additional b jets
(which is inaccessible with the purely particle-level-based definition of the signal fiducial
volume). Around 68% of the b jets selected via this method correspond to additional b
jets, while in ∼49% (∼38%) of cases both (exactly one) of the bbextra jets correspond to
the additional b jets. By selecting the b jets closest to each other these observables are
sensitive to collinear gluon-splitting effects, where a gluon splits into a bb-pair (g→bb).
This regime is an important aspect of the ttbb process, as, depending on the method
of simulation and calculation, this may yield different differential distributions. As ex-
plained in Section 7.2, when comparing, for example, the PP8 tt 5FS and PP8 ttbb 4FS

simulation approaches for obtaining a description of the ttbb process, the g→bb splitting
is predominantly described by the PS in the former and the ME calculation in the latter
case. To ascertain if these approaches with the chosen simulation settings model the kine-
matic distributions of the bbextra pair well, the opening angle (Δ𝑅(bbextra)), the invariant
mass (𝑚(bbextra)), the 𝑝T and |𝜂| of the bbextra pair (𝑝T(bbextra), |𝜂|(bbextra)), as well as the
𝑝T and |𝜂| of the two b jets of the bbextra pair (𝑝T(bextra

1 ), 𝑝T(bextra
2 ), |𝜂(bextra

1 )|, |𝜂(bextra
2 )|)

are probed.
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The remaining two fiducial phase space regions are designed to probe the radiation of an
additional light jet in ttbb events. In simulation approaches like PP8 tt 5FS at most one
real emission in addition to the tt system is described by the ME calculation, while for the
PP8 ttbb 4FS simulation, the same is true for one real emission in addition to the ttbb sys-
tem. Hence, the quality and possible differences in the description of additional light jet
radiation with these modeling approaches are probed. One additional phase space region
is defined based on the 5j3b phase space, by requiring at least three light jets in addition
to at least three b jets, i.e. requiring at least six jets in total (6j3b3l). This takes into account
the two light jets already expected from tt decays at LO in the single-lepton final state.
The last phase space region is defined similarly based on the 6j4b phase space region, also
with at least three light jets (7j4b3l), yielding at least seven jets in total. By requiring at
least three light jets in these phase space regions and retaining the requirements to the b
jet multiplicity, additional light jet radiation in the fiducial volume is guaranteed. In both
phase space regions, the same observables are probed. The scalar sum of 𝑝T of all light
jets (𝐻 light

T ) and the 𝑝T of the leading additional light jet (𝑝T(ljextra
1 )) are measured to probe

the description of the light jet momenta. Here, additional light jets are defined based on
a W boson identification procedure applied to all light jets in the event. For that purpose,
the invariant mass of all combinations of two light jets is compared to an assumed W bo-
son mass of 𝑚W = 79.6 GeV. The pair closest to that value is determined to be the pair of
light jets originating from hadronic W boson decay of the hadronic top quark decay. The
remaining light jets in the events are labeled additional light jets. In both the 6j3b3l and
7j4b3l phase space regions the hardest additional light jet corresponds to a jet without a
W boson or top (anti)quark in its simulated history in ∼94% of cases. Lastly, the angular
distance in 𝜑 of the hardest additional light jet and the softest b jet (|Δ𝜑(ljextra

1 , bsoft)|) is
measured to probe the correlation of the light jet and b jet radiation outside of the tt sys-
tem. The softest b jet corresponds to an additional b jet in ∼50% (∼65%) of cases in the
6j3b3l (7j4b3l) phase space regions.

In each of these phase space regions, the fiducial cross section is measured alongside
these observables. An overview of all measured observables is shown in Table 8.3.

8.3 Event selection
Data at the CMS experiment is collected for a multitude of different measurements. An-
alyzing all of these data events for the purpose of this measurement is not feasible and
also not very useful. The events of interest occupy only a small phase space region of
all events recorded. Hence, offline event selections are applied to select a subset of data
events that correspond, as closely as possible, to the process(es) of interest, here the ttbb
process. As explained in Section 2.2.3, data is recorded via a two-tiered trigger system
that makes decisions during runtime whether to keep or discard a certain event. The
data sets of interest for this measurement are recorded with HLTs for charged leptons
(electrons or muons). The trigger configurations used here are summarized in Table 8.4
and change depending on the year of data taking. The reason for these differences are
changes in the trigger menu set by the CMS Collaboration. As the available bandwidth
for recording events is limited, decisions have to be made about which events are to be
recorded. So it could happen that, for example, the 𝑝T-threshold of when an event with
an electron is recorded, is increased in order to save bandwidth. Similarly, prescales can
be applied to record only every 𝑛-th event that activates a trigger. The trigger paths in
Table 8.4 correspond to the unprescaled trigger paths with the lowest thresholds, thereby
maximizing the selection efficiency of events with electrons or muons. For muons, the
HLT thresholds are 𝑝T ≥ 24/27/24 GeV for data taken in 2016/2017/2018. For electrons,
the trigger threshold was 𝑝T ≥ 27 GeV in 2016 and 𝑝T ≥ 32 GeV in 2017 and 2018. Due
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8 Ingredients for the ttbb measurement

Table 8.3: Observables measured in the each of the different fiducial phase space re-
gions of the ttbb measurement.

Observable 5j3b 6j4b 6j3b3l 7j4b3l

𝜎fid Inclusive cross section X X X X

Global observables
𝑁jets Jet multiplicity X X

𝑁b b jet multiplicity X

𝐻
jets
T Scalar sum of jet 𝑝T X X

𝐻
b
T Scalar sum of b jet 𝑝T X X

𝐻
light
T Scalar sum of light jet 𝑝T X X

Observables related to b jets
𝑝T(b3) 𝑝T of third hardest b jet X X

|𝜂(b3)| |𝜂| of third hardest b jet X X

𝑝T(b4) 𝑝T of fourth hardest b jet X

|𝜂(b4)| |𝜂| of fourth hardest b jet X

Observables considering all pairs of b jets (bb)
Δ𝑅avg

bb Average Δ𝑅 of all bb pairs X

𝑚
max
bb Highest invariant mass among all bb pairs X

Observables related to the pair of b jets closest in Δ𝑅 (bbextra)
𝑝T(bextra

1 ) 𝑝T of leading extra b jet X

|𝜂(bextra
1 )| |𝜂| of leading extra b jet X

𝑝T(bextra
2 ) 𝑝T of subleading extra b jet X

|𝜂(bextra
2 )| |𝜂| of subleading extra b jet X

Δ𝑅(bbextra) Δ𝑅 of bbextra pair X

|𝜂|(bbextra) |𝜂| of bbextra pair X

𝑚(bbextra) invariant mass of bbextra pair X

𝑝T(bbextra) 𝑝T of bbextra pair X

Observables related to extra light jets
𝑝T(ljextra

1 ) 𝑝T of leading extra light jet X X

|Δ𝜑(ljextra
1 , bsoft)| Δ𝜑 of leading extra light jet and softest b jet X X

Table 8.4: HLT paths for electrons and muons in the different data taking years.
Year Electron channel Muon channel

2016 HLT_Ele27_WPTight_Gsf
HLT_IsoMu24 OR
HLT_IsoTkMu24

2017 HLT_Ele28_eta2p1_WPTight_Gsf_HT150 OR
HLT_Ele32_WPTight_Gsf_L1DoubleEG

HLT_IsoMu27

2018 HLT_Ele32_WPTight_Gsf OR
HLT_Ele28_eta2p1_WPTight_Gsf_HT150

HLT_IsoTkMu24

to the increase of the trigger threshold in 2017 and 2018, the fraction of recorded events
is decreased w.r.t. 2016. Hence, a second trigger path is used in these years, requiring an
electron with 𝑝T ≥ 28 GeV and |𝜂| ≤ 2.1 in combination with 𝐻T ≥ 150 GeV. This allows
for still selecting electrons with lower 𝑝T while having more stringent requirements on
the |𝜂| range of the electron and also requiring additional hadronic activity in the form of
jets in the event, reflected in large 𝐻T.

The offline selection criteria for electrons and muons reflect these trigger thresholds. In
general, the 𝑝T selection requirements are set to be 2 GeV above the trigger thresholds
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to avoid the turn-on region where the triggers have not reached their full efficiency yet.
More details about the measurement of trigger efficiencies are summarized in Section 6.3.

Electrons: Electrons have to pass the quality criteria for electrons introduced in Sec-
tion 3.2.2. Electrons passing the tight identification threshold criteria are selected. Fur-
thermore, only electrons are selected with 𝑝T ≥ 29 GeV and |𝜂| ≤ 2.5 in 2016, and either
𝑝T ≥ 34 GeV and |𝜂| ≤ 2.5 or 𝑝T ≥ 30 GeV and |𝜂| ≤ 2.1 in 2017 and 2018, based on the
thresholds of the HLT paths used in the respective years. Additionally, electrons whose
supercluster (SC) is in the region of 1.44 ≤ |𝜂SC| ≤ 1.57, i.e. in the transition region be-
tween the barrel and endcap region of the detector, are discarded due to the insufficient
coverage of the detector in this region.

Muons: Muons have to pass the quality criteria for muons introduced in Section 3.2.1 and
pass the criteria defined for the tight identification threshold. Due to the HLT thresholds,
muons are selected with 𝑝T ≥ 26 GeV in 2016 and 2018, and with 𝑝T ≥ 29 GeV in 2017
and have to be in a region with |𝜂| ≤ 2.4.

Veto leptons: A separate group of electrons and muons is defined in order to veto events
with more than one electron or muon. This lepton definition is a loosened definition of the
electrons and muons described above. The veto identification criteria for electrons (see
Section 3.2.2) and loose criteria for muons (see Section 3.2.1) are applied. Additionally, a
common threshold of 𝑝T ≥ 15 GeV is applied for electron and muon definitions. Events
are only selected if they have exactly one electron or muon following this veto definition.

Jets: Jets have to pass the set of identification requirements defined in Section 3.3. The re-
maining jets are selected with 𝑝T ≥ 30 GeV. The 𝑝T threshold of 30 GeV is higher than the
threshold of 25 GeV for jets in the fiducial definitions on particle-level. The 𝑝T threshold
is not lowered to 25 GeV here due to the decreased b jet tagging efficiency below 30 GeV,
as shown in Figure 3.5.

b tagged jets: Jets passing the medium working point of the DEEPJET b tagging algo-
rithm are defined as b jets for the purpose of event selections and definition of observ-
ables. The algorithm, its efficiencies, and working points have been introduced in detail
in Section 3.3.2. In addition, a subset of jets is identified as tight b tagged jets, which have
stronger requirements on the b jet identification. These tight b tagged jets are used in
Section 8.5 to define an additional subcategorization of events.

Following the same definitions as in Section 8.2, four event selections are defined for this
measurement on detector level. For the 5j3b phase space events with ≥5 jets of which ≥3
are b tagged jets are selected. Similarly, in the 6j4b phase space, events with ≥6 jets of
which ≥4 are b tagged jets are selected. The two phase space regions with additional
light jet radiation, 6j3b3l and 7j4b3l, require ≥6 jets of which ≥3 are b tagged jets and ≥3
are not b tagged jets, and ≥7 jets of which ≥4 are b tagged jets and ≥3 are not b tagged
jets, respectively.

The definitions of observables for the respective phase space regions is analogous to
the fiducial definitions, using the medium WP of the b tagging algorithm to determine
whether a jet is used as a b jet or not. For the definition of light jets from W boson decay
in the 6j3b3l and 7j4b3l phase space regions the same procedure is applied, however, the
W boson mass is set to 82.8 GeV due to differences in jet energy scales on particle-level
and detector-level. Due to the purely particle-level based definition of the observables in
Section 8.2 the definition of all observables on detector level can follow the exact same
procedures as employed on generator level.
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8 Ingredients for the ttbb measurement

Table 8.5: Event yields in the two control regions used for the validation of simulated
samples. Event yields are summed across all data-taking eras and hence correspond to
the expectations and observations for 138 fb−1 of data. The event yields of tt are esti-
mated from the PP8 tt 5FS simulation. The quoted uncertainties are due to the limited
number of simulated events. The uncertainty on the multijet contribution is of the same
size as the uncertainty on the total MC yield due to the low number of events in the
simulated multijet sample.

4j event selection 4j2b event selection

tt 7 233 000 ± 1000 3 669 000 ± 1000

Single top 715 000 ± 300 261 400 ± 200

ttZ 12 000 ± 10 6300 ± 10
ttW 11 410 ± 20 5340 ± 20
ttH 9273 ± 4 6487 ± 3

Vjets 2 817 000 ± 1000 74 000 ± 200

Diboson 57 700 ± 100 2680 ± 30
Multijet 1 420 000 ± 30 000 69 000 ± 4000
Total MC 12 270 000 ± 30 000 4 094 000 ± 4000
Multijet fraction [%] 11.60 1.70
tt fraction [%] 58.90 89.60
Data 12 463 467 3 820 959
Data/MC 1.02 0.93

8.4 Validation of simulation

Following the definition of event selections on detector level in Section 8.3, and the intro-
duction of the simulated processes used for the estimation of signal and background con-
tribution to these phase space regions in Section 8.1, control distributions can be produced
to validate the proper description of basic observables by the simulation w.r.t. data. This
validation is first performed in Section 8.4.1 for event pre-selections that are looser than
the ones required for the definition of the measurement regions. Then in Section 8.4.2, the
comparison of simulation and data is checked in the measurement regions.

8.4.1 Control regions

In this section, control distributions for simulation and data are provided in two event
pre-selections which are supersets of the measurement regions introduced in Section 8.3.
A first event selection, 4j, is defined with exactly one electron or muon and ≥4 jets and no
requirement on the number of b tagged jets (the definition of objects follows Section 8.3).
The purpose of this event selection is to check the contribution of other processes to the
tighter selections of the measurement regions. In addition to the processes summarized
in Section 8.1, the control distributions also include simulations of events where only two
bosons (W bosons and Z bosons) are produced together with additional jets, referred to as
diboson production, and events containing only jets produced through the strong interac-
tion, referred to as multijet events. The distributions in the 4j region will be accompanied
by distributions in the 4j2b region, highlighting the effect of selecting, among the jets,
≥2 b tagged jets. The event yields of data and the processes contributing to these event
selections are summarized in Table 8.5. This demonstrates that a selection of ≥2 b tagged
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Figure 8.1: Jet multiplicity (top) and 𝐻T of jets (bottom) in the 4j and 4j2b control
regions. Shown are the contributions of all processes to the detector-level phase space
regions as a stack of histograms. The tt contribution is estimated from the PP8 tt 5FS

simulation. Data events are shown as black dots. The lower panel shows the ratio of
data to the expectations from simulated events. The shaded bands include all a-priori
uncertainties described in Section 8.7.

jets reduces the contributions of most processes, except for the ones containing a pair of
top quarks, for which two b jets are expected from the decay of top quarks. Contributions
of multijet processes and diboson processes are reduced to levels of <2% when requiring
two or more b tagged jets. The measurement regions require even higher jet and b jet
multiplicities, reducing these contributions even further (see discussion in Section 8.4.2).

In Figure 8.1, the jet multiplicity and 𝐻T distributions are shown for the two aforemen-
tioned selections of events. The ratio of simulated events relative to data is sufficiently
well described in the jet multiplicity distribution. Residual differences between data and
simulation are covered by the systematic uncertainties shown as hashed bands. These
distributions show that at higher jet multiplicities the relative contribution of tt events in-
creases, while other processes like the multijet, diboson, and Vjets contributions decrease
steeply. The distribution of the 𝐻T of all jets per event exhibits a clear disagreement be-
tween simulation and data where higher 𝐻T values are predicted in simulation relative
to what is observed in data, which is further investigated in the discussion of the tt+jets
measurements in Part III.

Figure 8.2 shows the kinematic distributions of jets, electrons, and muons in the 4j region.
The agreement between data and simulation is good in the bulk of the 𝑝T distribution of
jets, electrons, and muons (up to around 𝑝T ≤ 200 GeV). Electrons show trends towards
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Figure 8.2: Transverse momentum (left) and 𝜂 (right) of jets (top), electrons (middle),
and muons (bottom) in the 4j control region. Shown are the contributions of all pro-
cesses to the detector-level phase space regions as a stack of histograms. The tt contri-
bution is estimated from the PP8 tt 5FS simulation. Data events are shown as black dots.
The lower panel shows the ratio of data to the expectations from simulated events. The
shaded bands include all a-priori uncertainties described in Section 8.7.

higher 𝑝T values in data compared to simulation, while the opposite is true for muons.
The distributions of the pseudorapidity 𝜂 show generally good agreement between data
and simulation for jets, while for muons, and especially electrons, the regions at large |𝜂|
exhibit discrepancies between simulation and data. As the event selection for these dis-
tributions requires exactly one well-reconstructed charged lepton (electron or muon), the
contribution of multijet events to this phase space region originates predominantly from
falsely identified leptons. For example, jets could be misidentified as leptons. Due to the
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Figure 8.3: Transverse momentum (left) and 𝜂 (right) of jets (top), electrons (middle),
and muons (bottom) in the 4j2b control region. Shown are the contributions of all pro-
cesses to the detector-level phase space regions as a stack of histograms. The tt contri-
bution is estimated from the PP8 tt 5FS simulation. Data events are shown as black dots.
The lower panel shows the ratio of data to the expectations from simulated events. The
shaded bands include all a-priori uncertainties described in Section 8.7.

difficulty of electron reconstruction compared to the reconstruction of muons, the multi-
jet contribution is more dominant in the electron channel. Falsely reconstructed leptons
contribute mostly in the high-|𝜂| regions, as the detector is less efficient in particle iden-
tification in these regions. This is apparent from the increased contribution of multijet
events at |𝜂| ≥ 1.5 for the electrons.
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Figure 8.4: Jet multiplicity (top) and b jet multiplicity (bottom) in the 5j3b (left) and
6j4b (right) measurement regions. Shown are the contributions of all processes to the
detector-level phase space regions as a stack of histograms. The ttB contribution is es-
timated from the PP8 ttbb 4FS simulation. Data events are shown as black dots. The
lower panel shows the ratio of data to the expectations from simulated events. For vi-
sualization, the contributions from simulation have been scaled by a common factor to
match the yield in data. The shaded bands include all a-priori uncertainties described in
Section 8.7. Only effects on the shape of the distributions are considered.

Selecting only events with at least two b jets significantly decreases the rate of multijet
and diboson events as these rarely have genuine b jets and are hence suppressed by the
selection. The jet, electron, and muon 𝑝T and 𝜂 distributions for the corresponding 4j2b
phase space region are shown in Figure 8.3. The distributions of electron and muon 𝜂
now show better agreement between data and simulation also at high |𝜂|, with some
residual discrepancies for electrons. The distributions of transverse momenta all show
trends towards lower values in data relative to the predictions by simulation. For the 𝑝T
of the jets, this is related to the aforementioned top 𝑝T mis-modeling in the simulation.
This trend is decreased in the phase space regions of the measurement (5j3b, etc.). The
muon region exhibits event yields higher than the electron region by a factor of ∼1.5. This
is due to the lower electron reconstruction efficiencies relative to the muon reconstruction
efficiencies.

8.4.2 Measurement regions

Figure 8.4 shows the distributions of jet multiplicities and b tagged jet multiplicities at the
medium b tagging WP after the two event selections 5j3b and 6j4b. Here, the contribution
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8.4 Validation of simulation

Figure 8.5: Light jet multiplicity in the 6j3b3l (left) and 7j4b3l (right) measurement
regions. Shown are the contributions of all processes to the detector-level phase space
regions as a stack of histograms. The ttB contribution is estimated from the PP8 ttbb 4FS

simulation. Data events are shown as black dots. The lower panel shows the ratio of
data to the expectations from simulated events. For visualization, the contributions from
simulation have been scaled by a common factor to match the yield in data. The shaded
bands include all a-priori uncertainties described in Section 8.7. Only effects on the shape
of the distributions are considered.

of tt is separated into contributions of tt+light, ttC, and ttB, following the definitions in-
troduced in Section 8.1. The distributions of jet multiplicity and b tagged jet multiplicities
are sufficiently well modeled for them to be used in the measurements of the ttbb pro-
cesses. As apparent from the distributions, the fraction of ttB events increases at higher
jet and b jet multiplicities, as expected from the larger number of genuine b jets in these
events. Background contributions from single top quark production, Vjets production,
or diboson and multijet production decrease steeply with increasing jet and b jet multi-
plicity, as from these signatures fewer jets and b jets are expected. Figure 8.5 shows the
number of light jets, i.e. jets not tagged at the medium b tagging WP in the 6j3b3l and
7j4b3l measurement regions. In each of the measurement regions, no significant differ-
ences in the distribution of tt+light, ttC, and ttB contributions to the light jet multiplicity
can be seen in simulation. This behavior is expected, as light jet radiation in addition to
the tt system is present in all of these processes.

Even though the event selections in Section 8.3 have been chosen to be as close as possi-
ble to the fiducial ttbb defintions in Section 8.2, these measurement regions still contain
a large number of background events. One of the main reasons for this specific measure-
ment is the inefficiency of b tagging. For example, in the 6j4b measurement region, at
least four b tagged jets at the medium working point are required in order to be selected
in this region. Assuming an approximate b tagging efficiency of 80% at a light jet misiden-
tification rate of 1% (which is a good approximation of the performance of the DEEPJET

tagger) this implies that only about 46% of ttbb events (with four b jets) will pass this
selection, but also about 1.5% (0.04%) of events which contain only three (two) true b jets.
While the size of the three or two b-jet contributions might seem small in comparison, it
has to be emphasized that some processes with fewer b jets have cross sections that are
significantly larger than the production cross section of ttbb. The inclusive production
cross section of tt , for example, is about 3500 times larger than the fiducial cross section
of ttbb predicted by the PP8 tt 5FS simulation in the 6j4b phase space region. Hence, even
a reduction of tt events with less than four b jets to the level of 0.04% would result in
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8 Ingredients for the ttbb measurement

Table 8.6: Event yields in the four measurement regions. Event yields are summed
across all data-taking eras and hence correspond to the expectations and observations
for 138 fb−1 of data. The event yields of ttB are estimated from the PP8 ttbb 4FS simula-
tion. The event yields of ttC and tt+light are estimated from the PP8 tt 5FS simulation.
The quoted uncertainties are due to the limited number of simulated events. The uncer-
tainty on the multijet contribution is of the same size as the uncertainty on the total MC
yield due to the low number of events in the simulated multijet sample.

Event selection 5j3b 6j3b3l 6j4b 7j4b3l

ttB 78 700 ± 100 37 120 ± 70 10 240 ± 40 4980 ± 30
ttC 46 420 ± 70 22 310 ± 50 2130 ± 20 990 ± 10
tt+light 124 000 ± 100 44 480 ± 80 1950 ± 20 760 ± 10

single top 13 420 ± 50 4820 ± 30 570 ± 10 224 ± 6

ttV 1810 ± 10 917 ± 5 173 ± 1 89 ± 1
ttH 2468 ± 2 1223 ± 1 517 ± 1 239 ± 1

Vjets 2500 ± 40 910 ± 20 97 ± 4 35 ± 2
diboson 77 ± 5 18 ± 3 4 ± 1 1 ± 1
multijet 3100 ± 600 600 ± 100 130 ± 40 50 ± 30
Total MC 272 500 ± 700 112 400 ± 200 15 860 ± 60 7350 ± 50
Multijet fraction [%] 1.10 0.90 0.80 0.70
ttB fraction [%] 28.90 33.00 64.60 67.70
Data 254 549 103 638 14 451 6543
Data/MC 0.93 0.92 0.91 0.89

contributions of about the same size as the sought-after ttbb contribution. Alternative ap-
proaches of defining the event selection via a WP of the b tagging algorithm with lower
light jet misidentification rates were also explored. An approximation of this selection
with a b tagging efficiency of 60% at a light jet misidentification rate of 0.1% would lead
to ttbb selection efficiencies of around 13% (using the same calculation as above), while
events with two b jets are reduced by another factor of 50. With the chosen b tagging
WPs (medium) the selection efficiency of the ttbb (ttb) process in the 6j4b (5j3b) measure-
ment regions are around 13% (22%). This is, of course, not only affected by the b tagging
requirements but also by lepton identification efficiencies and the detector acceptance. In
the end, this alternative approach was discarded, as it resulted in larger uncertainties in
the measurements due to the lower signal selection efficiencies.

In Table 8.6, the event yields of the different processes after the four event selections are
summarized. The drastic decrease in data statistics from increased jet and b jet multi-
plicity requirements can be inferred from this table. In the most restricted measurement
region, 7j4b3l, only 6543 data events are recorded in the 138 fb−1 of data analyzed. In
the more restricted measurement regions, however, the fraction of ttB events is largest,
surpassing 60% in the 6j4b and 7j4b3l event selections. While tt+light and ttC are the
dominating contributions in the 5j3b and 6j3b3l regions, their contributions decrease to
small fractions in the other regions, suppressed by the b jet multiplicity requirements.
Contributions of multijet and diboson processes are reduced to around 1% in all of the
measurement regions, based on the estimate from simulation. The number of simulated
multijet events in these event selections is relatively small, as these selections occupy
only a niche phase space region of the inclusive multijet production phase space. Hence,
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8.5 Ancillary variables

the uncertainty on the contribution of multijet events to these event selections is large in
comparison to the uncertainties from other processes. As this makes the prediction of
multijet contributions to the measurement regions as a function of the measured observ-
ables unreliable, and because the contribution is estimated to be quite subdominant, this
contribution is not considered in the measurements. Similarly, the contribution of dibo-
son processes is not considered further due to its small contributions to the measurement
regions. Contributions of ttH and ttV processes are of comparable sizes as the multijet
contributions, but occupy, due to their similarity with the ttB process, similar regions of
phase space as the ttB process also in the measured observables. Hence, their contribu-
tion is not neglected, even though it might be minor compared to the ttB process. The
ratio of data relative to the expectations from simulation (Data/MC) is around 0.9 for
all of the measurement regions. This is explained via the overestimation of the ttB cross
section from the PP8 ttbb 4FS simulation, as will be discussed in Section 9.2.

8.5 Ancillary variables

For the measurement of the ttB process an ancillary variable is defined. This variable is
used to separate the events in the measurement regions in different, so-called, ancillary
regions, which have different compositions of signal and background processes. The
variable chosen for this measurement is the number of b tagged jets at the tight b tagging
WP, corresponding to a 0.1% light jet misidentification rate. In Figure 8.6, the distribution
of the tight b jet multiplicity is shown in the four measurement regions.

The choice of this ancillary variable is motivated from the difference between the ttB pro-
cess and the major background contributions (tt+light and ttC). From the ttB signature,
three to four b jets are expected, while for the dominant backgrounds of ttC and tt+light
only two b jets are expected from the tt decay. Hence, by requiring a strong b tagging
criterion, these backgrounds can be separated from the ttB signal. As explained in the
previous section, this is already, to some level, exploited via the definition of the measure-
ment regions via the medium b tagging WP, which reduces the contribution of these back-
ground processes. The events are further subcategorized based on the ancillary variable.
The 5j3b region is separated into three categories, ≤1, 2, or ≥3 tight-tagged b jets. Due
to the more stringent selections of the 6j4b region, the events are only separated into two
categories, ≤2 and ≥3 tight-tagged b jets. The definition of ancillary regions in the 6j3b3l
(7j4b3l) phase space region corresponds to the one in the 5j3b (6j4b) phase space region.
Figure 8.6 indicates the chosen ancillary regions via vertical dashed lines. This subcate-
gorization of events generates bins in the maximum likelihood fit that are enriched in the
background processes and other bins that are enriched in the ttbb process. This increases
the sensitivity to the normalization and distribution of the background processes in the
background enriched regions, as these regions are signal depleted, and the fit to data in
these regions is dominated by the variation of the backgrounds. This information can be
transferred in-situ to the region enriched in the ttbb process. This improved knowledge
of the background processes in the ttbb-enriched region enables the determination of the
POIs with higher accuracy.

8.6 Out-of-acceptance process definitions

A difficulty of this measurement is the proper definition and separation of signal and
background processes and the treatment of the systematic uncertainties associated with
these processes.
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Figure 8.6: b jet multiplicity at the tight b tagging WP in the four measurement regions.
Shown are the contributions of all processes to the detector-level phase space regions as
a stack of histograms. The ttB contribution is estimated from the PP8 ttbb 4FS simulation.
Data events are shown as black dots. The lower panel shows the ratio of data to the ex-
pectations from simulated events. The vertical dashed lines indicate the ancillary regions
used for the measurements of the ttbb process. For visualization, the contributions from
simulation have been scaled by a common factor to match the yield in data. The shaded
bands include all a-priori uncertainties described in Section 8.7. Only effects on the shape
of the distributions are considered.

The definitions of the fiducial signal phase space regions of Section 8.2 and the corre-
sponding event selections of Section 8.3 are chosen such that they correspond to each
other as closely as possible. This leads to a high signal fraction in these phase space re-
gions and also is an attempt to keep the fraction of ttB events that do not fulfill the fiducial
requirements low for the phase space under scrutiny. These ttB events outside the fidu-
cial volume are referred to as OOA events and are treated as background processes for
the purpose of this measurement. Events can be identified as out-of-acceptance (OOA) if,
for example, this event passes the 6j4b event selection but only has three b jets passing
the fiducial requirements on particle level, e.g. because one b jet is below the 𝑝T threshold
or outside the |𝜂| range of the fiducial definition. This event can still pass the 6j4b event
selection with four b jets passing the medium b tagging working point, e.g. because of
a mistag of a light jet or the jet on reconstruction level associated to the missing particle-
level jet being inside of the detector acceptance. Another contribution to OOA events are
the lepton selection criteria, where only events with exactly one lepton on particle level
are considered part of the signal. Hence, contributions that pass the jet requirements on
particle level but have too many or not enough leptons will also be designated as OOA
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8.7 Systematic uncertainties

Table 8.7: Fractions of signal, OOA and other processes to the four measurement re-
gions. All fractions are given in %. Estimated from the PP8 ttbb 4FS simulation. The
uncertainties on these values from a limited sample size are less than 1% and are hence
omitted.

Event selection 5j3b 6j3b3l 6j4b 7j4b3l

Fid. signal 26 20 40 41
ttb OOA 3 13 17 17
ttbb OOA — — 7 10

Other 71 67 36 32

events. The fiducial definitions and event selections have been chosen such that this OOA
contribution is kept small, which is possible only to a limited degree in some of the phase
space regions. In order to define OOA contributions a distinction has to be made between
tt induced processes which contain b jets outside of the tt system (additional b jets), and
processes which do not. For this purpose the previous definition of ttB is used, to draw
a well-defined boundary. This definition has been verified to include all fiducial phase
space definitions as subsets. As aforementioned, this ttB definition is not based purely
on particle level anymore, as it references the Monte-Carlo history of the top quarks. As
this is, however, only used to draw the boundary between tt processes with and without
additional b jet radiation, but not to define the signal, this is still a valid approach. Events
passing the ttB definition and the event selections, but not the respective fiducial signal
definitions are therefore classified as OOA ttB events. In the phase space regions with at
least four b jets (6j4b and 7j4b3l) an additional distinction is made between OOA events
which contain only one (OOA ttb) or at least two (OOA ttbb) additional b jets. This
distinction is made as OOA ttbb events show more similarities to the signal processes
in these phase space regions than the OOA ttb events and therefore call for a different
treatment when considering systematic uncertainties and their correlations. As the OOA
contributions in the phase space regions with three b jets (5j3b and 6j3b3l) is smaller in
comparison, and the signal process contains both signal events with three or more b jets,
no such distinction is made in these phase space regions. Table 8.7 summarizes the frac-
tions of signal and OOA contributions to the respective event selections.

8.7 Systematic uncertainties

Systematic uncertainties are considered in this measurement as nuisance parameters in
the maximum likelihood fit as introduced in Section 4.1. Variation of the processes accord-
ing to most of the uncertainty estimations have an impact on the distribution of events
of these processes and are hence implemented as shape uncertainties following the im-
plementation described in Section 4.1.1. A few uncertainty sources only have an overall
effect on the rate of a process and are therefore implemented as rate uncertainties.

Generally, the uncertainty sources affecting the measurement can be grouped into two
different sets; experimental uncertainties, arising from uncertainties in auxiliary measure-
ments, e.g. the SF derivation procedures described in Chapter 6, and theory uncertain-
ties, arising from uncertainties in calculations or simulations, e.g. uncertainties due to the
choice of renormalization scale for the signal simulation. In the following, the uncertainty
sources are separated into these two groups. Unless stated otherwise, the uncertainty
source described is considered a shape-changing uncertainty. Following the uncertainty
description, in Section 8.7.4 a smoothing procedure is described, where the variation of
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8 Ingredients for the ttbb measurement

Table 8.8: Systematic uncertainties considered in the ttbb measurements. Systematic
uncertainties smoothed with the procedure described in Section 8.7.4 are indicated via
’X’.

Uncertainty source Type # sources Era corr. smooth. Comment

ttB 𝜇R scale shape 2/group X X groups: ttB + ttbb OOA; ttb OOA
ttB 𝜇F scale shape 1/group X X groups: ttB + ttbb OOA; ttb OOA
ttB PS scale ISR shape 1/group X X groups: ttB + ttbb OOA; ttb OOA
ttB PS scale FSR shape 1/group X X groups: ttB + ttbb OOA; ttb OOA
ttB ℎdamp shape 1/group X X groups: ttB + ttbb OOA; ttb OOA

Other 𝜇R scale shape 1/group X X groups: tt+light + ttC; all others
Other 𝜇F scale shape 1/group X X groups: tt+light + ttC; all others
Other PS scale ISR shape 1/group X X groups: all separately
Other PS scale FSR shape 1/group X X groups: all separately
Other ℎdamp shape 1 X X Only for tt+light + ttC

pdf shape 2 X Not applied to single top
ttC cross section rate 1 X Only for ttC

Luminosity rate 1/year + 2 partially See Table 8.9
Lepton scale factors shape 5 X Two for electrons, three for muons
Trigger efficiency shape 2/year — One for electrons, one for muons
L1 pre-fire correction shape 1 X

Pileup shape 1 X

Jet energy scale shape 3/year + 7 partially X

Jet energy resolution shape 1/year — X

b tagging (light) shape 2/year + 1 partially
b tagging (b, c) shape 2/year + 8 partially

Size of MC samples shape 1/bin —

some uncertainty sources is smoothed, and in some cases converted from shape-changing
to rate-changing parameters (if no relevant shape-changing effect is present), or removed
entirely (if also no relevant rate-changing effect is present). A summary table of all sys-
tematic uncertainties is shown in Table 8.8. This also includes the number of nuisance
parameters in the maximum likelihood fit (see Section 4.1) and the correlation of nuisance
parameters across eras.

8.7.1 Uncertainties from theory sources

pdfs: The pdf set used for the description of the proton is obtained from a fit to multiple
experimental results of pdf measurements, as explained in Section 5.1. Replicas of the
NNPDF set are provided, estimated from variations in the fit of the pdf set. For the 4FS
pdf sets, the uncertainties are estimated using the root-mean-square of the residuals of
all replicas as the replicas are sampled from the covariance matrix of the pdf fit. For the
5FS pdf sets, the uncertainties are estimated via the quadratic sum of all replicas as these
correspond to the eigenvectors of the covariance matrix of the pdf fit. This difference in
the treatment is only employed due to the difference in how the variations are stored in
the simulated samples and cover the same effects. In addition, the pdf set is also supplied
with variations taking into account the uncertainty in the assumed value of the strong
coupling constant 𝛼𝑠 during the determination of the pdf set. This is treated as a separate
variation.

Renormalization and factorization scales: The choices of renormalization (𝜇R) and fac-
torization (𝜇F) scales for the signal and tt simulations are discussed in Section 7.2 and
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8.7 Systematic uncertainties

Section 8.1. These choices can be rather arbitrary and are often motivated by phenomeno-
logical observations on how a scale choice best reflects the process compared to data. To
account for these scale choices, the 𝜇R and 𝜇F scales are varied independently by factors
of 0.5 and 2. These variations are generated already during the ME calculation in the sim-
ulation of the processes and are stored as additional weights in the simulated samples.
One uncertainty source is associated with each of the 𝜇R and 𝜇F scale variations. These
are further divided into separate uncertainty sources for the signal process, the OOA
process, a combination of ttC and tt+light, and separately for ttH, ttV, single top, and
Vjets. For the signal process, changes in the expected cross section per generator-level
bin (see discussion in Section 9.1) from these variations are normalized such that these
uncertainty sources only have an effect on the selection efficiency and the distribution of
the signal process, but not its cross section. For the OOA process, the uncertainty source
corresponding to the renormalization scale is split into a component varying only the rate
of the process, and one component varying the distribution of the process. This has been
introduced to the measurement, as the renormalization scale variations show large nor-
malization effects (∼40%). Hence, the separation of this uncertainty source in shape- and
rate-changing parameters introduces an additional degree of freedom in the maximum
likelihood fits beneficial for more freedom in the description of the OOA contribution. In
the 6j4b and 7j4b3l measurements where the OOA contribution is split into a ttbb OOA
and ttb OOA contribution, the 𝜇R and 𝜇F uncertainties for ttbb OOA are correlated with
the signal process, while the uncertainties applied to the ttb OOA process remain uncor-
related, as in the 5j3b and 6j3b3l measurements. This choice is motivated by the high
similarity of the signal and the ttbb OOA contribution, justifying a correlated treatment
of uncertainties related to the process modeling.

The measurements performed in this thesis can give important insight into the scale
choices of the signal models, as the differential results obtained in Section 9.3 can be
compared to the signal models using alternative configurations of the scale choices, and
thereby improve the modeling of the signal process. A study of the scale choices of the
signal models with the results from the measurements in this thesis is discussed in Sec-
tion 9.4.

ME and PS matching (ℎdamp): The matching between ME calculation and the PS is ad-
justed via the ℎdamp parameter in the POWHEG event generator. The ℎdamp parameter
regulates the damping of real eamissions in the NLO calculation when matching to a par-
ton shower. To estimate the impact of this choice of matching scale, the ℎdamp scale is
varied to ℎdamp = 2.305 · 𝑚t and ℎdamp = 0.874 · 𝑚t . Additional tt and ttbb simulations
(as introduced in Section 8.1) with adjusted ℎdamp parameter are used and the difference
between nominal simulation and variation in the distributions used in the fits are consid-
ered as the uncertainty.

Parton shower scales ISR/FSR: In the simulation of the PS, the initial-state radiation
(ISR) and final-state radiation (FSR) is generated using a chosen value of the strong cou-
pling constant 𝛼𝑠. Uncertainties arising from this choice are estimated by varying the
scale at which the additional radiation is generated by factors of 0.5 and 2. This is con-
sidered for initial-state and final-state radiation independently. The uncertainty sources
are in addition decorrelated for each background process, the OOA process(es), and the
signal process. In the 6j4b and 7j4b3l measurements the ttbb OOA uncertainties are corre-
lated with the signal process, following the same line of argumentation as for the 𝜇R and
𝜇F scales.
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Table 8.9: Uncertainties in the measurement of the integrated luminosity per data-
taking era. From Refs. [159–161].

2016 2017 2018

Uncorrelated 2016 1.0%

Uncorrelated 2017 2.0%

Uncorrelated 2018 1.5%

Correlated 2016/2017/2018 0.6% 0.9% 2.0%

Correlated 2017/2018 0.6% 0.2%

Cross section of ttC: An uncertainty of 20% is applied to events categorized as ttC. This
reflects the uncertainty in the cross section measurement of the ttC process, also intro-
duced in Section 7.4.1. This uncertainty is implemented as a rate-changing uncertainty.

8.7.2 Experimental uncertainty sources

Luminosity: The integrated lumionsity for each data-taking era, as described in Section 2.3,
is measured from auxiliary measurements, described in Refs. [159–161]. The integrated
luminosity for data in 2016, 2017, and 2018 is measured with uncertainties of, respectively,
1.2%, 2.3%, and 2.5%. The uncertainty on the full data set is 1.6%. The uncertainties sum-
marized Table 8.9 are applied to all processes contributing to the respective data-taking
years, where some of these uncertainties are correlated between years. Each of these un-
certainties is implemented as a rate-changing parameter.

Pileup reweighting: As described in Section 6.1, a reweighting procedure of the num-
ber of pileup interactions per event is applied to match the pileup profile observed in
data with simulated events. To estimate the uncertainty of this procedure, the assumed
inelastic proton-proton cross section is varied by ±4.6%. The effect of this variation is
propagated to the distributions used in the measurements.

L1 pre-firing: As described in Section 6.2, trigger objects can be associated with wrong
bunch crossings under certain circumstances, leading to events self-vetoing. The uncer-
tainty source for this pre-firing effect is estimated from each object (photon, muon, jet) in-
dependently by adding in quadrature the statistical uncertainty of the pre-fire efficiency
determination and a flat 20% relative uncertainty.

Trigger efficiencies: The SFs described in Section 6.3 to correct the trigger efficiency in
simulation to match the efficiencies in data are associated with uncertainties of the SF
derivation procedure. These are dominated by uncertainties due to the limited statistics
of the SF derivation regions.

Electron identification efficiencies: The measurement of electron identification efficien-
cies is described in Section 6.4. Uncertainties in the determination of each of the factor-
ized efficiencies (identification and reconstruction) are propagated to the distributions
used for the measurements in this thesis. The impact of these uncertainties on the mea-
surements in this thesis is generally small, which is why only one combined uncertainty
is used per efficiency measurement encompassing both systematic and statistical effects
from the efficiency derivation procedure.

Muon identification efficiencies: Uncertainties on the determination of muon identifica-
tion efficiencies are, similar to electrons, considered as combined systematic and statisti-
cal uncertainties for each the identification, reconstruction, and isolation of the muons.
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Jet energy scales: The jet energy scale corrections introduced in Section 6.6 exhibit a
range of uncertainties from the different levels of jet energy correction. Uncertainty
sources are considered in this measurement by varying the jet momenta according to
the uncertainties of the jet energy scale determination. Uncertainties are grouped into ten
sources. Two uncertainties are from the calibration of the absolute jet scale determination,
where one source contains all uncertainties correlated across eras, and the other contains
all uncertainties decorrelated across eras. Two uncertainties are dedicated to the relative
jet energy scale calibration and cover the momentum imbalance of the dijet system and
the difference between samples used for the correction. Four uncertainties are used to
describe differences in calibration due to flavor differences in PYTHIA and HERWIG, sep-
arated by bottom, charm, gluon, and light flavor-initiated jets. The final two uncertainty
sources cover all remaining uncertainties of the calibration, separated into uncertainty
sources correlated and uncorrelated across the ears.

Jet energy resolution: As described in Section 6.6, a correction of the jet energy resolu-
tion is applied to simulated jets by smearing their transverse momenta. To account for
uncertainties in this procedure, the smearing procedure is repeated with different settings,
corresponding to the uncertainties of the jet energy resolution measured in data.

b jet tagging efficiencies: In this measurement, the fixedWP b jet tagging SFs, as intro-
duced in Section 6.7, are used. In total, 13 separate uncertainty sources are considered in
the measurement. Ten of these originate from the derivation of SFs for b jets, and three in
the derivation of light jets. The uncertainties and SFs for b jets are also applied to c jets,
but doubled in size to account for the missing calibration of their contribution. The b jet
uncertainties are separated into effects from ℎdamp, jet energy scale variations, renormal-
ization and factorization scales, initial-state radiation, final-state radiation, pileup, and
the uncertainty on the top quark mass. Remaining systematic uncertainties specific to
only a subset of b jet SF derivation procedures are merged into a separate source of uncer-
tainty, referred to as type3. Two statistical uncertainties of the SF derivation procedure
are considered, separated by WP, and decorrelated between eras. For the light jet SFs,
one correlated uncertainty source and two statistical uncertainty sources, separated by
WP and decorrelated between eras, are used.

8.7.3 Statistical uncertainty sources

As detailed in Section 8.1, all background and signal estimations rely on simulated events.
Uncertainties are considered to account for the limited statistics of simulated events. For
every bin in the distributions used in the fits, a Gaussian nuisance parameter is intro-
duced, varying the predicted event yields for all processes simultaneously. This is a sim-
plification of the Barlow-Beeston approach introduced in Refs. [162, 163].

8.7.4 Smoothing and filtering of shape-changing variations

The uncertainty model as introduced in this section is customized for each separate mea-
surement of the normalized differential cross sections. An algorithm to smooth the varia-
tions from jet energy calibration uncertainties, renormalization and factorization scale un-
certainties, parton shower uncertainties, and the ℎdamp uncertainty is applied, but could
in principle also be extended to other systematic variations. This algorithm is applied,
because fluctuations and inhomogeneities (which are not based on real physics effects,
but due to limited statistics in simulated events) in the estimation of uncertainties can in-
troduce biases in the fits performed to estimate the normalized differential cross sections.
For example, the uncertainty estimates of jet energy calibrations are prone to fluctua-
tions due to the migration of jets in and out of the event selection phase space regions.
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8 Ingredients for the ttbb measurement

Large fluctuations in the templates for uncertainty estimation can introduce biases or
non-physical constraints of the associated nuisance parameters. Similarly, the estimation
of the ℎdamp variation relies on a separate simulation of the relevant processes, which is
only performed with a reduced number of simulated events. This can also lead to un-
wanted fluctuations in the uncertainty estimates. In Figure 8.7, two examples are shown,
one for a jet energy calibration uncertainty, and one for the ℎdamp uncertainty. The vari-
ations of the predicted event yields in the displayed observables show large fluctuations
and inhomogeneities. This is corrected via a LOWESS smoothing algorithm [164]. The
smoothing is performed on the averaged ratio, considering both the upward and down-
ward variation of the systematic uncertainty under scrutiny. The ratio 𝑟𝑖 relative to the
nominal event yield prediction 𝑁𝑖 in each bin 𝑖 is obtained from

𝑟𝑖 = 𝑁+
𝑖 −𝑁−

𝑖

2𝑁𝑖

, (8.5)

where 𝑁±
𝑖 are event yields from the upwards and downwards variations. The smoothed

ratio 𝑟𝑖 is obtained via the LOWESS smoothing algorithm. As the smoothing is performed
on the ratio which considers both the upwards and downwards variations, the resulting
smoothed variations are symmetrized in shape for upwards and downwards variations.
The smoothed event yields 𝑁̂± of the variations are obtained via

𝑁̂±
𝑖 = (1 ± 𝑠±𝑟𝑖) ·𝑁𝑖 . (8.6)

Here, 𝑠± are scale parameters chosen to minimize the 𝜒2
± difference between the

smoothed and original systematic variation,

𝜒2
± =

∑︁
𝑖

(𝑁̂±
𝑖 −𝑁±

𝑖 )2 . (8.7)

Figure 8.7 also includes the resulting smoothed variations of the example distributions.
For the jet energy calibration uncertainties, the smoothing procedure is performed sepa-
rately per data-taking era, distribution, lepton channel, and process, while for the ℎdamp
variation, the smoothing is performed on the distributions summed across all data-taking
eras and lepton channels, as no difference in the variations is expected for data-taking
eras and lepton channels.

After the smoothing procedure, an additional decision algorithm is applied in order to
determine whether an uncertainty exhibits a significant shape-changing effect or no ef-
fect at all. First, a 𝜒2-test (taking into account the uncertainty of the prediction due to the
limited sample size) is performed between the nominal distribution and the unsmoothed
variation, without considering normalization effects. Correspondingly, a 𝑝-value is calcu-
lated. If the 𝑝-value is larger than 5% the uncertainty is converted into a rate-changing
uncertainty, as the shape effect is determined to be negligible. If there is no rate-changing
effect of that variation, i.e. the variation is compatible with one or smaller than 1%, the
uncertainty is discarded. This procedure is performed independently for each observable,
nuisance parameter and process. As this pruning procedure is performed independently
per each observable, the final configuration of systematic uncertainties differs slightly in
each fit.
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8.7 Systematic uncertainties

Figure 8.7: Examples for smoothing of systematic uncertainties. The variations of the
ℎdamp parameter (top) and the absolute jet energy scale (bottom) are shown for the 𝐻b

T
observable in the 5j3b region for the tt+light process. The original variations are shown
as solid lines. The smoothed variations (marked as LOWESS) are shown as dashed lines.
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9 Measurement of the ttbb process

In this chapter, the measurement of the ttbb process is described. This measurement
is published in Ref. [136] and has been adapted for this thesis relative to the published
version. The procedure to extract the fiducial and normalized differential cross sections
based on the measurement regions defined in Section 8.3 is outlined in Section 9.1. Then,
the results of the fiducial and differential cross section measurements are discussed in
Section 9.2 and Section 9.3, respectively. In Section 9.4, the results of the measurement are
interpreted regarding the scale choices of the PP8 ttbb 4FS model.

9.1 Extraction of fiducial and normalized differential cross sec-
tions

The strategy of this measurement will be elaborated based on two example observables
in detail. The strategy for all remaining observables is the same and will not be repeated.
The two observables discussed in this section are the angular separation in the (𝜂, 𝜑)-
plane, Δ𝑅, of the two b jets closest to each other, Δ𝑅(bbextra), in the 6j4b phase space
region, and the scalar sum of transverse momenta of all jets, 𝐻 jets

T , in the 5j3b region.

The differential measurements of this thesis target observables defined in the fiducial
phase space regions on generator level. The corresponding distributions are shown in
Figure 9.1 for the two example observables. The figure contains predictions of two gener-
ator setups (PP8 ttbb 4FS and PP8 tt 5FS), as introduced in Section 8.1. The nominal signal
model (PP8 ttbb 4FS) is shown as a colorized histogram. A second signal model (PP8 tt
5FS) is shown as a line. These different simulation approaches with their generator set-
tings yield significantly different predictions of the rate of the ttbb process in the respec-
tive phase space regions, as well as in the differential observable. The PP8 tt 5FS model
predicts a lower fiducial cross section than the PP8 ttbb 4FS model in both phase space
regions. In addition, it predicts, on average, a softer 𝐻T spectrum and larger Δ𝑅(bbextra).
Especially the differences in the Δ𝑅(bbextra) observable are of interest for the study of
the modeling of the ttbb process. As explained in Section 8.2, this observable is sensitive
to the additional b jets (b jets outside the tt system), which originate in most cases from
g→bb splitting. In the PP8 tt 5FS simulation approach, this aspect is modeled by the PS,
as the ME simulation only consists of tt at NLO accuracy, i.e. can only account for, at
maximum, one additional radiation outside of the tt system. In the PP8 ttbb 4FS simu-
lation approach, this aspect is predominantly modeled by the ME simulation itself, as it
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Figure 9.1: Sum of jet transverse momenta (𝐻 jets
T ) and the Δ𝑅 of the two closest b

jets (Δ𝑅(bbextra)), in the 5j3b and 6j4b generator-level phase space regions. The pre-
dicted number of events from the nominal signal model (PP8 ttbb 4FS) and one alter-
native model (PP8 tt 5FS) are shown as colored histograms and lines, respectively. The
number of expected events is based on an integrated luminosity of 138 fb−1. The nomi-
nal signal model is separated into generator-level bins (different colors) corresponding to
pre-defined ranges of the observable (also indicated as vertical dashed lines). Modeling
uncertainties due to renormalization and factorization scale choices and the initial-state
and final-state PS radiation are indicated as hatched uncertainty bands. The lower panels
show the ratio of the alternative signal model relative to the nominal signal model.

contains a ttbb ME calculation at NLO. Figure 9.1 also includes estimations of the mod-
eling uncertainties due to variation of renormalization and factorization scales, as well
as initial-state and final-state radiation in the PS. Their estimation is described in Sec-
tion 8.7.1. As explained in Section 7.2, ttbb simulation at the ME-level exhibits a strong
dependence on the renormalization scale due to its 𝛼4

𝑠(𝜇R) scaling, leading to variations
of up to 40% in the fiducial cross section. In comparison, the assumed uncertainties on
the PP8 tt 5FS simulation approach are smaller, but most likely underestimate the effects
of missing higher-order corrections for a description of ttbb.

In order to gain insight into which of the modeling approaches and generator settings
best describes the ttbb process as measured in data, differential measurements of these
observables have to be performed. For that purpose, the observables are separated into
so-called generator-level bins, indicated by the different colors in Figure 9.1. In the dif-
ferential cross section measurement, each of these generator-level bins is treated as an in-
dependent parameter of interest (POI), i.e. is scaled with an independent signal-strength
modifier 𝜇𝑖, as introduced in Chapter 4. The bins are chosen based on the resolution
of the observable and other limitations, such as the number of expected signal events
in the fiducial phase space regions and after the event selections on reconstruction level.
If an observable were to be reconstructed perfectly on reconstruction level the bins for
the differential cross section measurement could be chosen to be narrower. Similarly, if
the number of events is large enough to allow for a precise determination of the fraction
and number of signal events in the bins of the measurement, more bins are possible. For
example, the measurement of the transverse momentum 𝑝T of a jet underlies inefficien-
cies in the energy measurement and spatial resolution due to detector inefficiencies, mis-
reconstruction of jets, missing particles like neutrinos, etc.. For the measurement of the
differential cross section this means that accessing the generator-level observable is diffi-
cult as the distribution of the observable is smeared on detector level. This is visualized
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Figure 9.2: Detector-level distribution of 𝐻
jets
T after the 5j3b event selection (left) and

Δ𝑅(bbextra) after the 6j4b event selection (right). The upper plots show the contribu-
tions of all processes to the detector-level phase space regions as a stack of histograms.
The contributions from the nominal ttB signal model (PP8 ttbb 4FS) are separated based
on the pre-defined generator-level bins indicated by different colors. Data events are
shown as black dots. The lower panel shows the ratio of data w.r.t. the simulated events.
Uncertainties on the simulated events from systematic uncertainty sources are indicated
as grey bands.

in Figure 9.2, where the observable is shown on detector level (following the detector-
level selections introduced in Section 8.3) where the contribution of the process of interest
is again separated into the generator-level bins introduced above. The clear separation
into the pre-defined generator-level bins is now washed out and events from the same
generator-level bin are distributed over a broader kinematic range. Furthermore, it can
also be seen that with the event selections on reconstruction-level also background pro-
cesses are present that have to be accounted for in the measurement.

It is apparent that the events generated in a certain generator-level bin are not always
reconstructed in the corresponding bin on detector-level, but are prone to migrations in
neighboring bins. To quantify this, migration matrices are constructed, as shown in Fig-
ure 9.3. These show the migrations of each of the generator-level bins (on the vertical axis)
to the same range of the observable, but defined on detector level (on the horizontal axis).
The migration matrices are normalized per generator-level bin, i.e. per row of the matrix.
Events for which the detector-level quantity is reconstructed in the same bin (i.e. same
range of the observable) as generated on generator level will be on the diagonal of the
matrix. Due to the normalization of the matrix, these values hence correspond to the frac-
tion of events of a certain generator-level bin also reconstructed in the corresponding bin
on detector-level, referred to as the stability. Figure 9.3 also contains panels showing the
efficiency (panel on the vertical axis) and the purity (panel on the horizontal axis). The ef-
ficiency is defined as the fraction of signal events of a certain generator-level bin passing
the detector-level event selection. The choice of generator-level and detector-level defi-
nitions heavily influences the efficiency at which the events passing the generator-level
definitions (fiducial events) enter the detector-level selections. The purity is defined as
the fraction of events in a certain detector-level bin associated with the corresponding
generator-level bin (i.e. the vice-versa of the stability). The choice of the width and num-
ber of generator-level bins influences the stability and purity numbers. For example, by
choosing narrower bins, a larger fraction of events migrate away from the corresponding
bin on detector level, leading to lower purities and stabilities. This negatively impacts
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Figure 9.3: Migration matrices of the sum of jet transverse momenta (𝐻 jets
T ) and the Δ𝑅

of the two closest b jets (Δ𝑅(bbextra)), in the 5j3b and 6j4b phase space regions. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.

the maximum likelihood fits performed to obtain the differential cross section results, as
the signal contributions of (especially) neighboring generator-level bins will be strongly
correlated in the fits, and reduce the sensitivity on each of the associated POIs. In essence,
if a range of bins on detector level is enriched only in events from a single generator-
level bin, the determination of the signal-strength 𝜇 of the associated POI is free of any
influence from the other differential cross section POIs. The purity and stability values of
around 70–80% in these observables are large enough to enable differential cross section
measurements with high precision. The migration matrices of all other observables are
shown in Appendix A.1.

The migrations of the two example observables also exhibit some systematic features
which are inherent to the observables of this measurement. In the migration matrix of
the 𝐻T observable, for example, (almost) only contributions in diagonal entries and the
neighboring entries are present for this choice of binning which has been chosen to con-
tain this resolution effect. As this observable requires no dedicated identification algo-
rithm on generator level or detector level, the source of the migrations is mostly jet en-
ergy mismeasurements. Hence, the detector-level values are rarely too far away from the
corresponding generator level to migrate into further away bins. Also, a systematic trend
towards lower values is visible, i.e. the fraction of events in the lower off-diagonal bins
is higher than the values in the higher off-diagonal bins on the detector level. This can
be explained via the difference in the minimal jet 𝑝T requirement of the jets on detector
level (30 GeV) and generator level (25 GeV) and the steeply falling 𝐻T spectrum. For the
Δ𝑅(bbextra) observable, a notable amount of migration from each generator-level bin into
all detector-level bins is present. This is due to the associated identification method of
the observable, where the pair of b jets is chosen that is closest in Δ𝑅. On detector level,
for example, a pair of b jets can be chosen that does not correspond to the same pair on
generator level if one of the b jets fails the b-tagging requirement. Hence, events where
the bbextra jets are different on generator level and reconstruction level appear as a con-
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Figure 9.4: Sum of jet transverse momenta (𝐻T) in the 5j3b detector-level phase space
region separated into ancillary regions based on the tight b jet multiplicity. Shown are
the contributions of all processes to the detector-level phase space regions as a stack of
histograms. The contributions from the nominal ttB signal model (PP8 ttbb 4FS) are sep-
arated based on the pre-defined generator-level bins indicated by different colors. Data
events are shown as black dots.

stant distribution of a few percent throughout the matrix. In the other cases, where the
correct association is made, the migrations into off-diagional bins are small, as the angu-
lar resolution of jets, relevant for this observable, is better than the momentum resolution,
relevant for the 𝐻 jets

T observable.

The selection efficiencies as a function of the two observables show further systematic
trends. For the Δ𝑅(bbextra) observable the efficiency is constant around approximately
13%. The efficiency exhibits no dependence on the generator-level bin, as the acceptance
of jets is relatively uniform in the (𝜂, 𝜑)-plane. For the 𝐻 jets

T observable, the selection ef-
ficiency is significantly smaller in the low-𝐻T region compared to the high-𝐻T region.
This is due to the lower efficiency of reconstructing jets in the threshold region (jets with
𝑝T around 30 GeV) which accumulates in the low-𝐻T region. The difference between
detector-level jet 𝑝T threshold (30 GeV) and generator-level jet 𝑝T threshold (25 GeV) ad-
ditionally contributes to this effect. Altogether, the overall selection efficiency in the 5j3b
region is larger than in the 6j4b region, which is explained, as aforementioned, with the
efficiency of b jet tagging.

Ancillary regions, as introduced in Section 8.4.2, are employed, separating the events
into regions of b jet multiplicity at the tight b tagging WP. This enables a separation
of fiducial signal events and background processes entering the detector level to some
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Figure 9.5: Δ𝑅 of the two closest b jets (Δ𝑅(bbextra)) in the 6j4b detector-level phase
space region separated into ancillary regions based on the tight b jet multiplicity.
Shown are the contributions of all processes to the detector-level phase space regions
as a stack of histograms. The contributions from the nominal ttB signal model (PP8 ttbb
4FS) are separated based on the pre-defined generator-level bins indicated by different
colors. Data events are shown as black dots.

degree, as ttbb events have, on average, more b jets than the background processes. In
the 5j3b phase space, events are separated into a region with fewer than two tight b tagged
jets, exactly two b tagged jets, and more than two tight b tagged jets. In the 6j4b phase
space, events are separated into a region with fewer or equal two tight b tagged jets and
more than two tight b tagged jets. In the light-jet enriched regions, the regions defined
for the 6j3b3l (7j4b3l) phase space follow the definitions of the 5j3b (6j4b) phase space. In
Figures 9.4 and 9.5, the distributions of the example observables are shown separated into
the ancillary regions. The contributions of the fiducial ttbb events to the ancillary regions
are around 12%, 20%, and 59% in the 5j3b phase space region, and 22% and 59% in the
6j4b event selection. This can be compared to the average fraction of fiducial ttbb events
to the 5j3b and 6j4b measurement regions of 26% and 40%, respectively, as summarized
in Table 8.7. This shows the increased fraction of fiducial ttbb events in the ancillary
bins with large b jet multiplicity requirement compared to the average fiducial ttbb event
contributions.

In order to measure the normalized differential cross sections of the ttbb process for the
selected observables, the distributions shown in Figures 9.4 and 9.5 are used in maximum
likelihood fits. For the fits, the distributions are additionally separated per data-taking
era and lepton flavor in order to account for differences in the detector conditions and
the leptons. The normalized differential cross sections are measured with the maximum
likelihood parameterizations introduced in Chapter 4. Accordingly, the POIs in the max-
imum likelihood fit are the fiducial cross section of the ttbb process in the phase space
region under scrutiny, 𝜎fid, and for all generator-level bins, except the last one, the frac-
tion of ttbb events in this bin, 𝑓𝑖. The contribution of the last bin is scaled according to
eq. (4.18), in order to retain the appropriate number of degrees of freedom. In the follow-
ing sections, the results of all measurements are discussed.

9.2 Inclusive cross section results

The cross section of the ttbb process is measured in four different phase space regions,
each of them defined purely on stable-particle level. The fiducial regions overlap and
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Figure 9.6: Representative observables in the 5j3b and 6j4b phase space regions after
the fit to data. Shown are |𝜂(b3)| in the 5j3b phase space (top), and 𝑝T(bbextra) in the
6j4b phase space (bottom). The contributions of all processes to the detector-level phase
space regions after the fit to data are shown as a stack of histograms. The distributions
are shown separately for each ancillary region but are combined across all eras and the
lepton channels. The blue line indicates the sum of all processes before the fit to data
using the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix. Modified from
Ref. [136].
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Figure 9.7: Representative observables in the 6j3b3l and 7j4b3l phase space regions af-
ter the fit to data. Shown are 𝐻 light

T in the 6j3b3l phase space (top), and |Δ𝜑(ljextra
1 , bsoft)|

in the 7j4b3l phase space (bottom). The contributions of all processes to the detector-level
phase space regions after the fit to data are shown as a stack of histograms. The distribu-
tions are shown separately for each ancillary region but are combined across all eras and
the lepton channels. The blue line indicates the sum of all processes before the fit to data
using the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix. Modified from
Ref. [136].
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Figure 9.8: Fiducial cross sections measured in each of the four phase space regions.
The measured cross sections in data are indicated with black dots, with inner (outer) ver-
tical bars indicating the systematic (total) uncertainties, also represented as gray (yellow)
bands. The cross section predictions from different modeling approaches as introduced
in Section 8.1 are shown as colored symbols with different shapes. The panel on the
right shows the ratio between the predicted and measured cross sections. Modified from
Ref. [136].

target different aspects of the ttbb process, as explained in Section 8.2. In Table 8.3 all
observables are listed for which a normalized differential cross section measurement is
performed. In each of the measurements, the fiducial cross section of the respective phase
space region is measured as one of the POIs. Due to variations in the post-fit values of the
nuisance parameters in each of the measurements, the resulting cross section values show
some variations between the different measurements. In order to provide a representative
cross section for each of the fiducial phase space regions, the observable for which the
fiducial cross section value is closest to the mean of all measured cross section values
in that phase space region is chosen as a representative observable. In the four phase
space regions, these observables are |𝜂(b3)| in the 5j3b phase space, 𝐻 light

T in the 6j3b3l
phase space, 𝑝T(bbextra) in the 6j4b phase space, and |Δ𝜑(ljextra

1 , bsoft)| in the 7j4b3l phase
space. The distributions of these observables after the fit to data (post-fit) are shown in
Figure 9.6 for the 5j3b and 6j4b phase space regions, and in Figure 9.7 for the 6j3b3l and
7j4b3l phase space regions. The post-fit distributions of all other observables are shown
in Appendix A.2. The measured fiducial cross sections from these four observables are
shown in Figure 9.8 and Table 9.1 together with the predictions of the different signal
models introduced in Section 8.1.

The measured cross sections in the four fiducial phase space regions are all larger than
the predictions, except for the prediction of the PP8 ttbb 4FS simulation. This confirms
previous measurements by the ATLAS and CMS Collaborations, where cross sections of
ttbb were similarly under-predicted in simulation (see discussion in Section 7.4.1). The
PP8 tt 5FS simulation, used e.g. in the background estimation of ttH(bb) measurements
in the past (see Section 7.4.2), shows an under-prediction of 10–30%, depending on the
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9 Measurement of the ttbb process

Table 9.1: Measured and predicted fiducial cross section values. All cross sections are
given in fb. Modified from Ref. [136].

Fiducial phase space 5j3b 6j3b3l 6j4b 7j4b3l

Measured cross section 2357 1032 292 144
±139 (syst) ±89 (syst) ±35 (syst) ±24 (syst)
±14 (stat) ±12 (stat) ±7 (stat) ±5 (stat)

PP8 ttbb 4FS 2361 1183 361 197
PP8 tt 5FS 1791 899 240 129
PH7 tt 5FS 1665 762 197 95
SHERPA ttbb 4FS 1391 677 216 116
AMCP8 ttbb 4FS 1024 524 187 101
AMCP8 tt+jets FXFX 5FS 1560 712 203 101

fiducial phase space region. The other simulation approaches exhibit even higher lev-
els of under-prediction with the generator settings used in the simulation, ranging up to
around 50%. In the 5j3b phase space region the PP8 ttbb 4FS simulation agrees with the
measurement. In all other phase space regions this simulation approach over-predicts
the fiducial cross section, increasingly in the phase space regions requiring more jets
and b jets. Similar trends are exhibited by the other ttbb ME simulation approaches
(AMCP8 ttbb 4FS, SHERPA ttbb 4FS), albeit with a large offset predicting smaller cross sec-
tions than measured. The simulation approaches using a tt ME (PP8 tt 5FS, PH7 tt 5FS)
or the AMCP8 tt+jets FXFX 5FS simulation approach predict a more even off-set w.r.t. the
measurement, suggesting that the jet, b jet, and light jet multiplicities are better modeled
with these generator setups compared to the generator setups using a ttbb ME.

For each normalized differential cross section measurement, the correlations of the POIs,
i.e. the fiducial cross section and the differential fractions, are shown in Appendix A.3.

9.2.1 Sensitivity and limitations of measurements

The measurement of the four fiducial cross section values exhibits uncertainties between
6–17%, depending on the phase space region. These constitute the highest precision on
the measurement of the ttbb cross sections to date. In Table 9.2, the contributions to these
uncertainties are broken down into groups of uncertainties following their introduction
in Section 8.7. The measurements of the fiducial cross sections are mostly limited by sys-
tematic uncertainties, where the dominant groups of uncertainties are uncertainties in 𝜇R
and 𝜇F scales and the parton shower (PS) modeling, as well as uncertainties in b tagging
efficiency determination and jet energy corrections. These limitations are expected from
the design of the measurement using phase space regions with large jet multiplicity and
b jet multiplicity requirements, and the nominal signal model (PP8 ttbb 4FS), which is
associated with large modeling uncertainties.

On the theory modeling side, the estimation of the signal process especially depends
strongly on the 𝜇R scale choice and exhibits large prior uncertainties due to this scale (see
Section 7.2). Similarly, both the ttbb and tt modeling, relevant for the estimation of the
majority of the contributions to the measurement regions, rely on accurate descriptions of
the additional radiation from the parton showering processes in the high jet multiplicity
phase space regions. Hence, uncertainties in the additional radiation described by the PS
are expected to limit these measurements.

On the experimental side, the design of measurement regions with large jet and b jet
multiplicities are expected to have limitations in the measurement precision due to the
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9.2 Inclusive cross section results

Table 9.2: Contributions of the sources of uncertainty considered to the total uncer-
tainty on the fiducial cross section measurements. For each group, the impact of the
corresponding nuisance parameters on the fiducial cross section are combined, taking
into account their correlations in the maximum likelihood fit. The numbers show the rel-
ative uncertainty on the fiducial cross section, given in %. The statistical uncertainty is
obtained as the difference, in quadrature, between the total uncertainty and the sum of
all systematic uncertainties. Modified from Ref. [136].

Uncertainty source 5j3b 6j3b3l 6j4b 7j4b3l

Luminosity 1.6 1.6 2.6 1.8
Lepton and trigger 1.2 0.9 1.0 1.9
JES, JER 2.1 1.6 1.3 5.8
b tagging 4.4 4.0 6.3 9.2
Pileup 0.2 0.8 0.2 0.6

PDF 0.2 0.8 1.1 1.9
𝜇R and 𝜇F scales 2.7 6.8 8.9 12.2
PS modelling 2.9 2.6 0.9 1.7
ℎdamp 0.4 1.1 1.4 2.3
ttC normalization 0.5 0.4 1.3 2.4

MC statistical 0.7 1.6 2.5 2.7

Total systematic uncertainty 5.9 8.6 11.9 16.6

Statistical uncertainty 0.6 1.2 2.5 3.4

Total uncertainty 5.9 8.6 12.1 16.9

determination of jet energy corrections and the calibration of b jets. Even small uncer-
tainties in these calibrations can have large effects when considering the large number
of jets and b jets they influence. The b jet calibration uncertainties also add to the limita-
tions due to the choice of defining the ancillary regions via the tight b tagging WP (see
Section 8.5), but their use outweighs the increase in uncertainty by improving the control
over background processes.

In Figure 9.9 the 30 nuisance parameters of the maximum likelihood fit with the largest
impact on the fiducial cross section in the 5j3b phase space region are shown. The figure
contains the post-fit nuisance parameter values, which are defined with pre-fit value zero
and unity uncertainty. Hence, derivations of the central nuisance parameter value from
zero indicate that the nuisance parameter value changed during the fit. The uncertainty of
the post-fit nuisance parameter value can be smaller than unity, indicating that the value
of the nuisance parameter was constrained beyond its a-priori uncertainty. This is possi-
ble in cases where the measurement is sensitive to a nuisance parameter, e.g. in the case
of the uncertainty of the renormalization scale 𝜇R on the OOA ttbb contribution, which
has a large a-priori rate-changing effect of up to 40%. In the fit, the associated nuisance
parameter can be determined with higher precision, constraining the variation on the
post-fit nuisance parameter. Similarly, uncertainties related to b tagging and jet energy
calibrations can be constrained to a moderate level due to the high sensitivity in changes
to the jet and b jet-related observables in this measurement. The figure also contains the
relative impact of nuisance parameters on the fiducial cross section measurement in the
5j3b phase space region. These relative impacts are obtained by fixing the nuisance pa-
rameter under scrutiny at its post-fit ±1𝜎 variations (indicated by the error bars in the
post-fit nuisance parameter values), and repeating the fit with that configuration. The
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Figure 9.9: Post-fit nuisance parameter values (left) and relative impacts on the fiducial
cross section (right) in the 5j3b phase space. The nuisance parameters are defined such
that the pre-fit value is zero with unity uncertainty. Shown are the thirty nuisance param-
eters with the largest impact on the fiducial cross section measurement. Modified from
Ref. [136].

relative impact then quantifies the difference between the central 𝜎fid value and the 𝜎fid
value obtained with this modification in the fit. The relative impact is given relative to
the central 𝜎fid value. The nuisance parameter with the highest impact on the fiducial
cross section in this fit is the type3 b tagging uncertainty (see Section 8.7.2) and exhibits a
relative impact of around 3% in both directions. Compared to the total uncertainty on the
𝜎fid measurement of 6%, this is a sizable contribution. Other nuisance parameters with
large impacts on the fiducial cross section measurement are associated with the model-
ing of signal and background processes, e.g. the PS FSR variation of the tt+light process,
which is the dominant contribution in this measurement region, or the renormalization
scale of the OOA contribution. Other nuisance parameters associated with b tagging and
jet energy calibrations are also present in the leading impacts. The uncertainties on the
luminosity also show large impacts on the fiducial cross section measurement, as these
uncertainties change the rate of all simulated processes simultaneously, e.g. by 1.6%, and
hence have a relatively high impact on this precise cross section measurement.

9.2.2 Comparison to other measurements

The measurement of the fiducial ttbb cross section by the ATLAS Collaboration in Ref. [145]
(see Section 7.4.1) uses similar fiducial phase space definitions and also performs mea-
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surements in (slightly different) 6j4b and 5j3b phase space regions. The ATLAS mea-
surement uses electrons with 𝑝T ≥ 25 GeV (compared to 𝑝T ≥ 29 GeV here) and muons
with 𝑝T ≥ 25 GeV and |𝜂| ≤ 2.5 (compared to 𝑝T ≥ 26 GeV and |𝜂| ≤ 2.4 here). Fur-
thermore, jets in the ATLAS measurement are defined using |𝜂| ≤ 2.5, while this mea-
surement uses |𝜂| ≤ 2.4. The clustering of jets in the ATLAS measurement also includes
neutrinos, which are not considered in this measurement. For the definition of b jets via
ghost-hadron matching (see Section 5.8.1), ATLAS uses a 𝑝T ≥ 5 GeV threshold for the
B hadrons, while no such threshold is applied here. This difference is estimated to be
less than 0.1%, given that B hadrons in the jets usually carry large momentum fractions,
making this low 𝑝T threshold irrelevant. In summary, the fiducial volume of the ATLAS
measurement is larger than what is presented here. When using the ATLAS fiducial def-
initions, the fiducial cross section of the PP8 ttbb 4FS model with the generator settings
used in this thesis is 2685 fb (440 fb) in the 5j3b (6j4b) phase space region. These values are
larger by 14% (22%) relative to the fiducial phase space definitions of this measurement
(see Table 9.1). This matches the expectations due to the increased size of the ATLAS
fiducial volume. The cross section predictions corresponding to the ATLAS fiducial defi-
nitions can be compared to the ATLAS measurements of 2370 fb (331 fb). This shows that
the PP8 ttbb 4FS simulation approach with its generator settings overpredicts the fiducial
cross sections measured by the ATLAS Collaboration by a factor of 13% (30%), which
is compatible with the overprediction of 0% (25%) observed in this measurement when
taking into account the measurement uncertainties of 28% (17%) in the ATLAS measure-
ment. The ATLAS measurement is dominated by uncertainties from similar sources as
the measurements presented in this thesis.

The measurement of the fiducial ttbb cross section by the CMS Collaboration in Ref. [148]
also provides a measurement in a fiducial volume similar to the 6j4b measurement pre-
sented in this thesis. In the previous CMS measurement, leptons are defined with |𝜂| ≤
2.4 and 𝑝T ≥ 30 GeV in the single-lepton channel, while in the measurement presented in
this thesis electrons are defined with |𝜂| ≤ 2.5 and 𝑝T ≥ 29 GeV, and muons are defined
with 𝑝T ≥ 26 GeV. Furthermore, jets are defined with 𝑝T ≥ 20 GeV in the previous CMS
measurement, while in this thesis a threshold of 𝑝T ≥ 25 GeV is used. In summary, for the
fiducial phase space definition in Ref. [148], the PP8 tt 5FS simulation with its generator
settings predicts a cross section of 520 fb, which, compared to the 240 fb predicted for the
6j4b phase space in this thesis is larger by 116% This can mostly be explained by the lower
jet 𝑝T threshold. The 6j4b fiducial cross section (with the fiducial definitions of the previ-
ous CMS measurement) is measured to be 620 fb with an uncertainty of 11%. The PP8 tt
5FS model under-predicts the measured cross section by 17% in the measurement of this
thesis and 16% in the previous CMS measurement, indicating that both measurements
are compatible.

9.3 Differential cross section results

Normalized differential cross sections are measured as a function of 29 observables, six
in the 5j3b phase space, 17 in the 6j4b phase space, and three each in the 6j3b3l and 7j4b3l
phase space regions. The results will be discussed in detail in the following. The com-
patibility of predictions with the measurements is summarized in Figure 9.10, quantified
using 𝜒2-tests calculated from the normalized distributions of the predictions and the
measurement. In the calculation of the 𝜒2-tests, the uncertainties and correlations of the
measured differential cross section are taken into account, but not the uncertainty on the
predictions (e.g. uncertainties from the variation of modeling parameters). The 𝑝-values
of the 𝜒2-tests are converted into 𝑧 scores, i.e. number of standard deviations from the
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9 Measurement of the ttbb process

Figure 9.10: Observed 𝑧 score for each of the simulation approaches, given the mea-
sured normalized differential cross sections and their covariances. Lower values indi-
cate better agreement between prediction and measurement. The dashed line at 𝑧 = 2
indicates a 𝑝-value of 5%. Predictions for which the 𝑧 score exceeds the visible range of
the figure are marked with arrows (→). Modified from Ref. [136].

center of a Gaussian distribution1. A 𝑧 score of two corresponds to a 𝑝-value of 5%, larger
values indicate that the description of the observable by the simulation is insufficient.

9.3.1 Results in the 5j3b phase space region

The normalized differential cross sections of the𝑁jets,𝑁b,𝐻 jets
T , and𝐻b

T observables in the
5j3b phase space region are shown in Figure 9.11. In the 𝑁jets distribution, the simulation

1In this parameterization the sign of the 𝑧 score is retained for clarity, i.e. a negative 𝑧 score is possible if the
𝑝-value is larger than 50%.
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Figure 9.11: Predicted and observed normalized differential cross sections of the 𝑁jets
(top left), 𝑁b (top right), 𝐻

jets
T (bottom left), and 𝐻b

T (bottom right) observables in
the 5j3b phase space region. The measured cross sections in data are indicated with
black dots, with inner (outer) vertical bars indicating the systematic (total) uncertainties,
also represented as gray (yellow) bands. The cross section predictions from different
modeling approaches as introduced in Section 8.1 are shown as colored symbols with
different shapes. Where the observable can exceed the visible range, the last bin contains
the overflow. Modified from Ref. [136].

approaches in which the ttbb process is described at the ME (PP8 ttbb 4FS, AMCP8 ttbb
4FS, SHERPA ttbb 4FS) show similar trends in simulation relative to the measurement,
where all of these simulation approaches predict more jets than observed in data. This is
similarly reflected in the measurement of 𝑁b, where all of these simulation approaches
predict a larger fraction of events with ≥4 b jets than observed in data. This is related to
the observed disagreements in the fiducial cross section measurements discussed in the
previous section. The estimation obtained with the PP8 tt 5FS simulation shows similar
trends as the ttbb ME simulation approaches. An opposite (albeit smaller) trend in the
description of the 𝑁jets observable is present for the PH7 tt 5FS and AMCP8 tt+jets FXFX

5FS simulation approaches in which fewer jets are predicted than observed in data. Com-
paring the PH7 tt 5FS and PP8 tt 5FS simulation approaches suggests that the PYTHIA PS
and its tune describe the jet multiplicity of ttbb better than the HERWIG PS and its tune,
although both descriptions are insufficient based on the 𝑧 scores in Figure 9.10. In the
𝑁b measurement, the NLO tt simulation approaches (PP8 tt 5FS and PH7 tt 5FS) show
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Figure 9.12: Predicted and observed normalized differential cross sections of the
|𝜂(b3)| (left), and 𝑝T(b3) (right) observables in the 5j3b phase space region. The
measured cross sections in data are indicated with black dots, with inner (outer) verti-
cal bars indicating the systematic (total) uncertainties, also represented as gray (yellow)
bands. The cross section predictions from different modeling approaches as introduced
in Section 8.1 are shown as colored symbols with different shapes. Where the observable
can exceed the visible range, the last bin contains the overflow. Modified from Ref. [136].

the best agreement with data, while the AMCP8 ttbb 4FS simulation shows the largest
disagreement quantified by the 𝑧 score.

In the 𝐻 jets
T measurement strong trends are observed for the AMCP8 ttbb 4FS and PH7 tt

5FS simulation approaches, where the former tends towards higher and the latter to-
wards lower 𝐻 jets

T values than observed in data. Compared to the PH7 tt 5FS simulation,
the PP8 tt 5FS prediction agrees somewhat better with the measurement, suggesting that
the momentum content of the ttbb events is better described by the PYTHIA PS and its
tune compared to the HERWIG PS and its tune. Both however have 𝑧 scores >2, indicat-
ing that the description of the observable is insufficient. Only the SHERPA ttbb 4FS and
AMCP8 tt+jets FXFX 5FS simulations seem to describe the observable sufficiently well. In
the 𝐻b

T measurement, most of the simulation approaches show trends towards larger 𝐻b
T

values than observed in data, and all simulation approaches have troubles with the region
at small 𝐻b

T values, all predicting a smaller fraction than observed in data. The trend of
the PH7 tt 5FS simulation in 𝐻 jets

T is not present in 𝐻b
T , suggesting that the mis-modeling

of 𝐻 jets
T originates mostly in the description of light jets. Based on the 𝑧 scores, none of

the simulation approaches appear to describe the 𝐻b
T observable well, but among them,

the PH7 tt 5FS still exhibits the best description.

Figure 9.12 shows the measurements of the |𝜂(b3)| and 𝑝T(b3) observables in the 5j3b
phase space. In both observables the distributions of the different predictions are similar.
In the |𝜂(b3)| observable all simulations show small trends towards larger |𝜂| compared
to data. Similarly, in the 𝑝T(b3) observable all simulations show small trends towards
larger 𝑝T compared to data. None of the simulation approaches is able to describe either
observable sufficiently well based on the 𝑧 scores in Figure 9.10. For the |𝜂(b3)| observable
this can most likely be attributed to the fluctuation in the measurement in the fifth bin as
otherwise the distribution is described relatively well. Among the simulation approaches
the inclusive tt simulations at NLO (PP8 tt 5FS and PH7 tt 5FS) are able to describe the
𝑝T(b3) best and show the smallest level of disagreement, while the simulations using
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Figure 9.13: Predicted and observed normalized differential cross sections of 𝑁jets (top),
𝐻

jets
T (bottom left), and 𝐻b

T (bottom right) observables in the 6j4b phase space region.
The measured cross sections in data are indicated with black dots, with inner (outer) ver-
tical bars indicating the systematic (total) uncertainties, also represented as gray (yellow)
bands. The cross section predictions from different modeling approaches as introduced
in Section 8.1 are shown as colored symbols with different shapes. Where the observable
can exceed the visible range, the last bin contains the overflow. Modified from Ref. [136].

MADGRAPH5_aMC@NLO MEs (AMCP8 ttbb 4FS and AMCP8 tt+jets FXFX 5FS) show the
largest disagreements.

9.3.2 Results in the 6j4b phase space region

In the 6j4b phase space region the compatibility between simulation approaches and the
measurement results is generally better if using the 𝑧 scores for quantifying the agree-
ment, as the measurement uncertainties in this phase space region are larger than in the
5j3b region. In Figure 9.13, the measurements of the 𝑁jets, 𝐻

jets
T , and 𝐻b

T observables
in the 6j4b phase space region are shown. The 𝑁jets observable is described well by all
simulation approaches except the AMCP8 ttbb 4FS simulation which fails to describe the
larger jet multiplicity regions. Similar trends are seen in the AMCP8 tt+jets FXFX 5FS and
PH7 tt 5FS simulation approaches, but are not as pronounced. The 𝐻 jets

T observable is
described sufficiently well by all simulation approaches except the PH7 tt 5FS simulation,
which already showed similar mis-modeling in the 5j3b phase space, predicting on aver-
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Figure 9.14: Predicted and observed normalized differential cross sections of |𝜂(b3)|
(top left), 𝑝T(b3) (top right), |𝜂(b4)| (bottom left), and 𝑝T(b4) (bottom right) observ-
ables in the 6j4b phase space region. The measured cross sections in data are indicated
with black dots, with inner (outer) vertical bars indicating the systematic (total) uncertain-
ties, also represented as gray (yellow) bands. The cross section predictions from different
modeling approaches as introduced in Section 8.1 are shown as colored symbols with
different shapes. Where the observable can exceed the visible range, the last bin contains
the overflow. Modified from Ref. [136].

age lower 𝐻 jets
T values than observed in data. This again suggests that the configuration

of the PYTHIA PS and tune as used for the PP8 tt 5FS simulation is better suited for the de-
scription of this observable compared to the HERWIG PS and its tune. The 𝐻b

T observable
is described well by all simulation approaches.

Figure 9.14 shows the measurments of the |𝜂(b3)|, 𝑝T(b3), |𝜂(b4)|, and 𝑝T(b4) observables
in the 6j4b phase space. All simulation approaches are able to describe the observables
sufficiently well based on the 𝑧 scores in Figure 9.10. The simulation approaches pre-
dict similar distributions for a given observable. These results suggest that the b jets with
lower energies are modeled well and similar in the different modeling approaches probed.
Small differences between the modeling approaches accumulate more in observables re-
lating to the full event content, like the 𝑁jets and 𝐻

jets
T or 𝐻b

T measurements discussed
above, and hence emphasize the differences, while in the description of a single jet, as
shown here, the differences are small, and the agreement with data is generally good.
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Figure 9.15: Predicted and observed normalized differential cross sections of Δ𝑅
avg
bb

(left), and 𝑚max
bb (right) observables in the 6j4b phase space region. The measured cross

sections in data are indicated with black dots, with inner (outer) vertical bars indicating
the systematic (total) uncertainties, also represented as gray (yellow) bands. The cross
section predictions from different modeling approaches as introduced in Section 8.1 are
shown as colored symbols with different shapes. Where the observable can exceed the
visible range, the last bin contains the overflow. Modified from Ref. [136].

Figure 9.15 shows the results of the measurement of the Δ𝑅avg
bb and 𝑚max

bb observables in
the 6j4b phase space, which again reference more than a single jet and take into account
all jet kinematics in the fiducial events. Due to the size of the measurement uncertain-
ties, all simulation approaches are able to describe the Δ𝑅avg

bb observable well based on
the 𝑧 scores in Figure 9.10. Some simulation approaches however exhibit trends towards
larger Δ𝑅avg

bb values than measured in data, most pronounced for the SHERPA ttbb 4FS

and AMCP8 ttbb 4FS simulation approaches. Even though at this point the quality of
the description of this observable with the aforementioned simulation approaches can-
not be criticized, future measurements with a larger amount of data could reduce the
measurement uncertainties (which are dominated by data statistics in this phase space re-
gion), and thereby quantify possible disagreements between the simulation approaches
and data. Based on the indication that the PP8 ttbb 4FS simulation is closer to the measure-
ment compared to the AMCP8 ttbb 4FS simulation, this suggests that the angular distribu-
tion of b jets in ttbb events is somewhat better described using the POWHEG-BOX-RES ME
simulation with the chosen simulation settings rather than the MADGRAPH5_aMC@NLO

ME simulation with the chosen simulation settings. In the𝑚max
bb observable all simulation

approaches show similar trends towards higher masses compared to the measurement.
These trends are, however, not very pronounced and the interpretation is limited due to
the size of the measurement uncertainties.

In Figure 9.16, the measurements relating to the single b jets of the pair of b jets clos-
est in Δ𝑅 are shown, i.e. |𝜂(bextra

1 )|, 𝑝T(bextra
1 ), |𝜂(bextra

2 )|, and 𝑝T(bextra
2 ). Similar to Fig-

ure 9.14, the simulation approaches exhibit similar descriptions for each of the four mea-
sured observables and all simulation approaches are compatible with data indicated by
the 𝑧 scores.

Finally, in Figure 9.17 the four remaining observables related to the pair of b jets closest in
Δ𝑅 are shown, i.e. |𝜂|(bbextra), Δ𝑅(bbextra), 𝑚(bbextra), and 𝑝T(bbextra). As these observ-
ables are designed to probe the collinear gluon splitting regime (g→bb) in the simulation
of ttbb events, differences in the description of these observables are expected because of
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Figure 9.16: Predicted and observed normalized differential cross sections of |𝜂(bextra
1 )|

(top left), 𝑝T(bextra
1 ) (top right), |𝜂(bextra

2 )| (bottom left), and 𝑝T(bextra
2 ) (bottom right)

observables in the 6j4b phase space region. The measured cross sections in data are
indicated with black dots, with inner (outer) vertical bars indicating the systematic (total)
uncertainties, also represented as gray (yellow) bands. The cross section predictions from
different modeling approaches as introduced in Section 8.1 are shown as colored symbols
with different shapes. Where the observable can exceed the visible range, the last bin
contains the overflow. Modified from Ref. [136].

the differences in the simulation of the g→bb splitting in the different signal models. In
the Δ𝑅(bbextra) observable a significant trend towards smaller Δ𝑅 values is seen for the
PH7 tt 5FS and AMCP8 tt+jets FXFX 5FS simulation approaches relative to the measure-
ment, i.e. showing that these simulation approaches predict b jets from g→bb splitting
that are too close to each other when compared with the measurement. The simulation
approaches using a description of ttbb at the ME level (PP8 ttbb 4FS, AMCP8 ttbb 4FS,
SHERPA ttbb 4FS) show good agreement with the measurement. This suggests that the
description of the collinear g→bb splitting regime in ttbb events is described more accu-
rately in the ME simulations compared to NLO tt simulation approaches in which the
description of the g→bb splitting relies mostly on the PS. Further, comparing the PH7 tt
5FS and PP8 tt 5FS simulation approaches shows that the PYTHIA PS and its tune are able
to describe this observable sufficiently well while the HERWIG PS and its tune is not able
to describe this observable well. The invariant mass of the bbextra pair shows similar
trends as discussed for the Δ𝑅(bbextra) observable. The PH7 tt 5FS and AMCP8 tt+jets
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Figure 9.17: Predicted and observed normalized differential cross sections of
|𝜂|(bbextra) (top left), Δ𝑅(bbextra) (top right), 𝑚(bbextra) (bottom left), and 𝑝T(bbextra)
(bottom right) observables in the 6j4b phase space region. The measured cross sections
in data are indicated with black dots, with inner (outer) vertical bars indicating the sys-
tematic (total) uncertainties, also represented as gray (yellow) bands. The cross section
predictions from different modeling approaches as introduced in Section 8.1 are shown
as colored symbols with different shapes. Where the observable can exceed the visible
range, the last bin contains the overflow. Modified from Ref. [136].

FXFX 5FS simulation approaches predict on average smaller masses than measured in
data while the simulation approaches using ttbb MEs (PP8 ttbb 4FS, AMCP8 ttbb 4FS,
SHERPA ttbb 4FS) exhibit a better agreement with the measurement. Compared to the
Δ𝑅(bbextra) measurement the uncertainties in the measurement of the 𝑚(bbextra) observ-
able are larger which yields 𝑧 scores that are all <2, suggesting that the description of the
observable is sufficient. The increase in uncertainties can be explained via the increased
size of migrations for observables depending on jet energy measurements compared to
angular observables like Δ𝑅 (see Section 9.1). All simulation approaches are able to de-
scribe the |𝜂|(bbextra) and 𝑝T(bbextra) observables well based on the 𝑧 scores shown in
Figure 9.10. In the 𝑝T(bbextra) observable trends towards smaller 𝑝T values in the sim-
ulation approaches compared to the measurement are indicated, but are not significant
enough given the size of the measurement uncertainties. The 𝑧 scores suggest that the an-
gle (|𝜂|) and momentum (𝑝T) of the intermediate gluon before g→bb splitting is modeled
sufficiently well with the probed modeling approaches. However, given that no attempt
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Figure 9.18: Predicted and observed normalized differential cross sections of 𝐻
light
T

(top) and 𝑝T(ljextra
1 ) (bottom) observables in the 6j3b3l (left) and 7j4b3l (right) phase

space regions. The measured cross sections in data are indicated with black dots, with
inner (outer) vertical bars indicating the systematic (total) uncertainties, also represented
as gray (yellow) bands. The cross section predictions from different modeling approaches
as introduced in Section 8.1 are shown as colored symbols with different shapes. Where
the observable can exceed the visible range, the last bin contains the overflow. Modified
from Ref. [136].

at identifying the origin of the bbextra pair is made for these observables, and hence the
exact fraction of cases in which the two bbextra jets originate from g→bb splitting is un-
known, the interpretation of this is limited.

9.3.3 Results in the 6j3b3l and 7j4b3l phase space regions

In Figure 9.18, the measurements of the 𝐻 light
T and 𝑝T(ljextra

1 ) observables are shown in
the 6j3b3l and 7j4b3l phase space regions. As the phase 6j3b3l phase space is signifi-
cantly larger than the 7j4b3l phase space, the 𝑧 scores in Figure 9.10 are generally better
in 7j4b3l than 6j3b3l. The 𝐻 light

T observable is not described well by the PP8 ttbb 4FS

simulation in both phase space regions, indicated by 𝑧 scores >2. In both phase space re-
gions, the PP8 ttbb 4FS simulation exhibits a trend towards larger 𝐻 light

T values compared
to the measurements. Contrary trends are observed for the PH7 tt 5FS and AMCP8 ttbb
4FS simulation approaches, which predict on average smaller 𝐻 light

T values compared to
the measurements, but only significant enough in the 6j3b3l phase space. The PP8 tt 5FS
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Figure 9.19: Predicted and observed normalized differential cross sections of
|Δ𝜑(ljextra

1 , bsoft)| observable in the 6j3b3l (left) and 7j4b3l (right) phase space regions.
The measured cross sections in data are indicated with black dots, with inner (outer) ver-
tical bars indicating the systematic (total) uncertainties, also represented as gray (yellow)
bands. The cross section predictions from different modeling approaches as introduced
in Section 8.1 are shown as colored symbols with different shapes. Where the observable
can exceed the visible range, the last bin contains the overflow. Modified from Ref. [136].

simulation approach can describe the 𝐻 light
T observable well in both phase space regions,

suggesting that the light jets in ttbb events are better described with the PYTHIA PS and
its tune compared to the HERWIG PS and its tune. This confirms the results discussed for
the 𝐻b

T observable, which showed a better description by the PH7 tt 5FS simulation ap-
proach compared to the 𝐻 jets

T observable, suggesting that the origin of the mis-modeling
is the description of the light jets, i.e.𝐻 light

T . In the 𝑝T(ljextra
1 ) observable similar trends can

be observed, showing trends towards smaller 𝑝T values for PH7 tt 5FS compared to the
measurements, and trends towards larger 𝑝T values for AMCP8 ttbb 4FS compared to the
measurements. The description of the 𝑝T(ljextra

1 ) observable by the PP8 ttbb 4FS simula-
tion approach appears to be better than its description of the𝐻 light

T observable, suggesting
that the origin of the mis-modeling observed in the 𝐻 light

T observable originates not from
the hardest light jet radiation but potentially from softer jets or the light jets from top
quark decays. The hardest light jet radiation in PP8 ttbb 4FS can be described via the ME
using the NLO ttbb ME calculation, suggesting that the origin of the mis-modeling seen
in the 𝐻 light

T observable could originate from the PS simulation.

In Figure 9.19, the measurements of the |Δ𝜑(ljextra
1 , bsoft)| observables in the 6j3b3l and

7j4b3l phase space regions are shown. All simulation approaches are able to describe
these observables sufficiently well based on the 𝑧 scores in Figure 9.10, in part also due
to the large measurement uncertainties. The observables are described similarly by all
simulation approaches.

9.3.4 Sensitivity and limitation of measurements

Contrary to the fiducial cross sections, the normalized differential cross sections are lim-
ited in sensitivity by data statistics. The measurements exhibit a wide range of uncer-
tainty sizes, ranging from about 2% in some bins in the 5j3b phase space to up to 50% in
some bins in other phase space regions. For one representative observable the contribu-
tions of groups of uncertainties as introduced in Section 8.7 to the total uncertainty in each
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Figure 9.20: Effect of sources of uncertainties on the measurement of the normalized
differential cross section of the 𝐻

jets
T in the 5j3b phase space region. The impacts of

the nuisance parameters associated to the displayed uncertainty groups are obtained by
combining their impacts taking into account their correlation in the fit.

of the measured bins is shown in Figure 9.20. As can be seen, the statistical uncertainty
due to the limited amount of data dominates the uncertainty in each of the bins already in
the largest phase space (5j3b), exceeding the combined contribution of all systematic un-
certainties in most of the bins. Subdominant contributions arise from uncertainties on the
𝜇R and 𝜇F scales and the size of simulated samples, followed by b tagging, PS modeling,
and jet energy calibrations.

9.4 Scale choices of the nominal signal model

The nominal signal model (PP8 ttbb 4FS) exhibits a strong dependence on the choices of
renormalization (𝜇R) and factorization (𝜇F) scales in the calculation of the hard scattering
MEs. As explained in Section 7.2, this is due to the dependence of the ttbb cross sec-
tion on the renormalization scale through the strong coupling constant with ∼𝛼𝑠(𝜇R)4.
In Ref. [137], inclusive and fiducial cross section predictions of the PP8 ttbb 4FS model
are discussed assuming scales with 𝜉R = 𝜉F = 1 (see eqs. (7.1) and (7.3)), while in this
measurement as nominal scales these factors are set to 𝜉R = 𝜉F = 0.5 (see eq. (8.2)). In
the ttH(bb) and tttt measurements by the ATLAS Collaboration [149, 152] the ttbb back-
ground is modelled using 𝜉R = 𝜉F = 1, but is seen to predict ttbb cross sections that are
too low compared to what is seen in data (see Section 7.4.2). Hence in this section, the re-
sults of the measurements in this thesis are compared to different 𝜇F and 𝜇R scale choices
of the PP8 ttbb 4FS simulation. This study does not include a full simulation of PP8 ttbb
4FS events with adjusted scales but takes as basis for the comparison the simulation of
PP8 ttbb 4FS events with the nominal scale choices reweighted to other 𝜇R and 𝜇F scales.
The PP8 ttbb 4FS signal model is compared between its nominal 𝜇R and 𝜇F scale choices
and both of these scales independently varied up (𝜉R/𝜉F = 1) and down (𝜉R/𝜉F = 0.25)
by a factor of two. This does not constitute a full simulation of the process with adjusted
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Figure 9.21: Fiducial cross sections measurement compared to the PP8 ttbb 4FS signal
model and alternative 𝜇R and 𝜇F scale choices. The measured cross sections in data are
indicated with black dots, with inner (outer) vertical bars indicating the systematic (total)
uncertainties, also represented as gray (yellow) bands. The cross section predictions of
the PP8 ttbb 4FS simulation are shown as black diamonds. Variations of the 𝜇R and 𝜇F
scales by factors of two up and down are indicated via triangles. The panel on the right
shows the ratio between the predictions and measured cross sections.

scales and is therefore only an approximation. For a more accurate comparison, the full
simulation would have to be repeated with adjusted settings, which is beyond the scope
of this thesis.

In Figure 9.21, the measurements of the fiducial cross sections from Figure 9.8 are shown
again, but are compared to the different 𝜇R and 𝜇F scale choices of the PP8 ttbb 4FS model.
As explained in Section 7.2, individual or simultaneous increase of 𝜇R and 𝜇F by a factor
of two (𝜉R/𝜉F = 1) decreases the predicted fiducial cross sections, while a decrease of
𝜇R and 𝜇F by a factor of two (𝜉R/𝜉F = 0.25) increases the predicted fiducial cross sections.
The 𝜇R scale steers the value of the strong coupling constant 𝛼𝑠 at which the calculation of
the scattering ME is performed (see Section 5.2). Following the discussions in Ref. [142],
variations of 𝜇R → 𝜉R𝜇R affect the strong coupling constant to first order as

𝛼𝑠(𝜉𝜇R) = 𝛼𝑠(𝜇R)
1 + ln(𝜉)

ln(𝜇R/ΛQCD)

∝ 1
1 + ln 𝜉 , (9.1)

where ΛQCD is the reference scale for QCD interaction. Hence, an increase in the 𝜇R scale
decreases the coupling constant 𝛼𝑠 which decreases the available phase space for the ra-
diation of gluons outside the tt system, which reduces the cross section of the process.
Similarly, an increase in the 𝜇F scale increases the scale at which the pdfs are evaluated,
which decreases the phase space for the ttbb ME, decreasing its cross section. With these
considerations, the decrease of the predicted fiducial ttbb cross sections due to an in-
crease in 𝜇R and 𝜇F scales in the simulation is expected, as is confirmed by the results in
Figure 9.21. The difference in predicted fiducial cross sections is of the order of 50% for
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Figure 9.22: Observed 𝑧 score for the PP8 ttbb 4FS simulation approach and alternative
𝜇R and 𝜇F scale choices. Lower values indicate better agreement between prediction and
measurement. The 𝑧 scores of the PP8 ttbb 4FS simulation are shown as black diamonds.
Variations of the 𝜇R and 𝜇F scales by factors of two up and down are indicated via trian-
gles. The dashed line at 𝑧 = 2 indicates a 𝑝-value of 5%. Predictions for which the 𝑧 score
exceeds the visible range of the figure are marked with arrows (→).

the 𝜇R scale and below 10% for the 𝜇F scale. The alternatives where the 𝜇R or 𝜇F scales
are reduced w.r.t. the nominal scale choices overpredict the measured cross sections in
each of the fiducial phase space regions, as the nominal PP8 ttbb 4FS simulation already
overpredicts the cross sections in most cases. Increase of the 𝜇R scale by a factor of two
(𝜉R = 1) yields, in most cases, cross sections that are lower than the measurement. The
increase of the 𝜇F scale by a factor of two (𝜉F = 1) yields cross sections that are in most
cases compatible with the measurement, and in each of the phase space regions except
for the 5j3b phase space closer to the measured cross section values than the nominal
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Figure 9.23: Predicted and observed normalized differential cross sections of the 𝐻
jets
T

(top left) and 𝑁jets (top right) observables in the 5j3b phase space region, and the 𝐻
light
T

and 𝑝T(ljextra
1 ) observables in the 6j3b3l phase space region. The measured cross sec-

tions in data are indicated with black dots, with inner (outer) vertical bars indicating the
systematic (total) uncertainties, also represented as gray (yellow) bands. The predictions
of the PP8 ttbb 4FS simulation are shown as black diamonds. Variations of the 𝜇R and 𝜇F
scales by factors of two up and down are indicated via triangles. Where the observable
can exceed the visible range, the last bin contains the overflow.

PP8 ttbb 4FS model with 𝜉R/𝜉F = 0.5. This indicates that for the description of the fidu-
cial cross sections, an increased 𝜇F scale would be beneficial. With the adjusted 𝜇F scale
the configuration of the signal modeling corresponds to the value chosen by the ATLAS
Collaboration in the ttbb modeling studies in Ref. [165]. The scale choices made in the
ttH(bb) and tttt measurements by the ATLAS Collaboration [149, 152] (see Section 7.4.2),
which predate Ref. [165], appear to be too large as the ttbb background is underestimated
in these measurements.

Figure 9.22 summarizes the 𝑧 scores of the PP8 ttbb 4FS simulation and the alternative
𝜇R and 𝜇F scale choices discussed in this section for all of the measured observables
discussed in Section 9.3. While for many observables no significant difference in the
𝑧 scores is visible when changing the scale choices in the simulation, in some observables
the agreement with the measurement changes significantly. As explained in Section 7.2,
changes in the 𝜇R and 𝜇F scales are expected to not influence the normalized distributions
of observables related to the part of the ttbb process fully described by the ME at NLO,
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but predominantly the observables related to the additional radiation [137]. In the 5j3b
phase space, where the nominal PP8 ttbb 4FS signal model is not able to describe either
of the six measured observables, variations of the 𝜇R scale by a factor of two (𝜉R = 1) are
able to describe two observables, indicated by 𝑧 ≤ 2. These observables are 𝐻 jets

T and
𝑁jets, which are shown in Figure 9.23 in the top row for all the scale choices discussed
here. These observables include all jets, also the ones not described by the ttbb ME, and
hence show large shape effects with varying the 𝜇R and 𝜇F scales, while observables such
as 𝐻b

T or 𝑁b show only smaller changes as the b jets are described by the ME. These dis-
tributions also indicate that, besides the increased 𝜇R scale, also the increased 𝜇F scale is
closer to data than the nominal PP8 ttbb 4FS model. Both these scale variations predict,
on average, more 𝐻T and more jets than the nominal PP8 ttbb 4FS model, which is also
the trend observed in data. Variations in which either the 𝜇R or 𝜇F scales are decreased
show even larger differences in the measurement than the nominal model.

Besides the two aforementioned observables, also observables related to the description
of light jets in the 6j3b3l and 7j4b3l phase space regions show significant differences in
the signal modeling when changing the 𝜇R or 𝜇F scales. As shown representatively in the
bottom row of Figure 9.23 for the 𝐻 light

T and 𝑝T(ljextra
1 ) in the 6j3b3l phase space region,

an increase of either the 𝜇R or 𝜇F scale by a factor of two is able to better describe these
observables in the normalized differential cross section.

In order to probe not only variations of 𝜉𝑅/𝐹 by a factor of two, an interpolation of the
variations shown in Figure 9.23 is performed. The interpolation is performed linearly,
between the symmetrized ratio of upward and downward variations (i.e. assuming that
a variation of the scale parameter by half and two has a symmetric effect). For each in-
terpolated point the 𝑧 score is calculated as shown in Figure 9.24 for the four observables.
In the figure, the area where 𝑧 < 2 is indicated via a contour. This simple interpola-
tion suggests that the PP8 ttbb 4FS model with adjusted scales would be able to describe
the observables well. For the four observables shown, the interpolations hint towards
increased 𝜇R and 𝜇F scales where sufficiently small 𝑧 scores are obtained for variations
smaller than a factor two in most cases.

When taking into account also the fiducial cross sections in Figure 9.21, especially an
increased 𝜇R scale is not able to describe the fiducial cross sections, suggesting that a
simple variation of the two parameters 𝜉𝑅 and 𝜉𝐹 alone is not able to resolve all the
observed issues of the PP8 ttbb 4FS model simultaneously. Also, the trends in the fiducial
cross section agreement between the more inclusive (5j3b) and more exclusive (7j4b3l)
phase space regions can apparently not be resolved with these simple variations.

In Ref. [142] also alternative 𝜇R and 𝜇F scales are proposed, incorporating (in addition) ad-
ditional jets outside the ttbb system e.g. from NLO corrections (ttbbj). One modification
that is proposed is

𝜇R = 𝜉R

(︁
𝜇2

tt𝜇
2
bb𝑝T,𝑗

)︁1/5
, (9.2)

i.e. introducing the 𝑝T of additional jets 𝑗 to the geometric average of 𝜇tt and 𝜇bb scales
as defined in eq. (7.2). The results presented in this thesis and in the corresponding CMS
publication [136] will be able to be compared to such alternative scale choices by the mod-
eling experts in more detail than in this section. This will enable the theory community
to update the recommendations of generator scales and settings for future CMS and AT-
LAS measurements. For the purpose of comparing the results of this measurement with
updated ttbb modeling approaches the results are published in a Rivet routine [166].
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Figure 9.24: Interpolation of 𝑧 scores in the normalized differential cross section mea-
surement Shown are the interpolation of 𝑧 scores from variations of the 𝜇R and 𝜇F scales
of the PP8 ttbb 4FS model for the𝐻 jets

T (top left) and𝑁jets (top right) observables in the 5j3b
phase space region, and the 𝐻 light

T (bottom left) and 𝑝T(ljextra
1 ) (bottom right) observables

in the 6j3b3l phase space region. The contour indicates 𝑧 < 2.
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10 Introduction

In this part of the thesis, additional studies on tt production with additional jets (tt+jets)
will be presented. In the modeling of the tt production process at NLO precision a
common issue is the accurate modeling of the top quark momentum, discussed e.g. in
Ref. [167], which will be investigated in this part of the thesis for the tt production pro-
cess in association with jets. Observables directly related to the top quark momentum
or just related to the general modeling of the tt+jets production process are probed via
normalized differential cross section measurements, analog to the procedure employed
for the ttbb process in Part II. The measured normalized differential cross sections are
compared to cross section predictions from different simulation approaches of the tt pro-
duction process at NLO precision, and one simulation approach reweighted to the ex-
pected distribution of top quark momenta in NNLO simulations from Ref. [167]. Also
the description of additional jet radiation in tt+jets events is probed and compared to
simulation approaches of tt at NLO precision. Furthermore, the b jet multiplicity distri-
bution is measured, giving additional insight in the description of the ttbb process as a
subset of the tt+jets process.

In Section 10.1, first, the available simulation approaches for tt+jets production are briefly
reviewed. In Section 10.2, the setup of the tt+jets measurements is summarized and
related to the measurements of ttbb from Part II. The observables for which a normalized
differential cross section measurements are performed are introduced in Section 10.3. In
Chapter 11, the results of the measurements are described and interpreted.

10.1 Modeling of tt+jets events

For measurements performed in the CMS Collaboration, the usual approach during Run 2
was to estimate the contributions of tt production with generator setups modeling tt pro-
duction at NLO precision in the ME, interfaced with a PS. Two examples are the PP8 tt
5FS and PH7 tt 5FS simulation approaches already studied in the context of ttbb (see Sec-
tion 8.1). Analog to the discussion of ttbb modeling with tt NLO simulation approaches,
the description of tt+jets production relies to a large degree on the description of addi-
tional radiation by the PS. As discussed in Section 7.2, this simulation approach describes
the gg/qq → ttg process at LO precision on the ME-level, which corresponds to the de-
scription of tt+1 jet at LO precision. For additional jet radiation the PS is necessary, e.g.
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for the description of the gluon splitting g → qq/gg, potentially yielding tt+2 jets. Ad-
ditional jet radiation has to be described exclusively by additional gluon radiation in the
PS simulation. Consequently, the description of the additional jets mostly relies on the PS
with leading-log precision, and is only available at LO precision for one additional jet.

The AMCP8 tt+jets FXFX 5FS simulation approach, already discussed in Section 7.2, merges
separate simulated samples of tt+0, 1, 2 jets production at the ME-level based on the num-
ber of resolved additional partons which are defined based on a merging scale 𝑄. Hence,
the additional jet radiation is only described at the ME-level at larger momenta, poten-
tially providing a more accurate description of additional jet radiation in that kinematic
regime.

In tt+jets events with at least two additional jets, these jets can originate from different
parts of the process. For example, a g → gg splitting in the initial state, described by the
PS, could yield one jet radiation, and the additional gluon in the ttg process could yield
another jet radiation. This implies a smaller angular correlation of additional jet radiation
in tt+jets events compared to ttbb events, where the dominant production process for
the additional bb pair is from gluon splitting in final state radiation [137]. As shown
in Ref. [168], the angular separation of two additional jets in tt+jets events contains a
large fraction of dijet pairs with low opening angle Δ𝑅, attributed more dominantly to
gluon splitting effects, and a large contribution at larger angles, peaking at Δ𝑅 = 𝜋,
attributed more dominantly to two independent radiation processes. The description of
this observable will also be probed in this measurement.

10.1.1 Mismodeling of the top quark momentum

Previous measurements of the CMS Collaboration, e.g. in Ref. [169], show that the mo-
mentum of the top quark is not accurately modeled in tt events simulated at NLO preci-
sion in the ME calculation. Ref. [169] also shows that with simulations and calculations of
tt production at higher orders of perturbation theory, the top quark momentum is mod-
eled more accurately and agrees well with the measurement. The corresponding result
of Ref. [169] is shown in Figure 10.1. In this figure, the measurement of the top quark
𝑝T in tt events is compared to the PP8 tt 5FS model that is also used in this thesis, and
differential tt calculations of beyond-NLO precision (the details of these models can be
found in Section 9.4 of Ref. [169]). The trend of the PP8 tt 5FS model to predict, on av-
erage, larger 𝑝T for the partonic top quarks is not observed for the beyond-NLO models
and the predictions agree well with the measurement. One of the beyond-NLO modeling
approaches probed in Ref. [169] is a prediction with full NNLO precision in QCD inter-
faced with a PS and an appropriate pdf set. The ME calculations use the MINNLOPS
method [170–172] to reach full NNLO precision. This model is a promising candidate for
future modeling of tt and tt+jets processes. The description of the observables measured
in this thesis (both the ttbb and tt+jets observables) can be compared against predictions
from this NNLO model in future works to validate its performance also for tt production
with additional jet and b jet radiation.

For the interpretation of the results obtained in this part of the thesis, the PP8 tt 5FS model
is reweighted in order to gauge the effect of improved top quark 𝑝T modeling without
explicitly comparing to beyond-NLO simulation approaches which would be beyond the
scope of this study presented in this thesis. The reweighting of the top quark 𝑝T descrip-
tion from NLO to NNLO is based on calculations in Ref. [167]. The NNLO/NLO-ratio of
the partonic top quark 𝑝T is parameterized as

𝑟NNLO/NLO[𝑝T] = 0.103 · 𝑒−11.8·(𝑝T/ TeV) − 0.134 · (𝑝T/TeV) + 0.973 . (10.1)
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Figure 10.1: Normalized differential tt production cross section as a function of the
partonic top quark 𝑝T at the parton level. The measured cross sections are shown as
filled circles with grey and yellow bands indicating the statistical and total uncertainties,
respectively. The cross sections are compared to predictions corresponding to the PP8 tt
5FS model (POW+PYT) and simulation approaches with beyond-NLO precision. From
Ref. [169].

The tt events obtained from the PP8 tt 5FS simulation are reweighted using both top
quarks on the parton level via

𝑤NNLO/NLO =
√︁
𝑟[𝑝T(t)] · 𝑟[𝑝T(t)] . (10.2)

This reweighting procedure is only used for the interpretation of results and is not con-
sidered in the measurement itself.

10.2 Setup of the tt+jets measurement

In Part II, tt production with additional b jet radiation has been explicitly studied. The
focus of that measurement was the overall description of ttbb events in simulation, and
explicitly the focus on observables related to b jet radiation. In this chapter, the measure-
ment is extended to tt production with additional jet radiation of any flavor (tt+jets), i.e.
a more inclusive phase space.

The strategy of the measurement of the tt+jets process is equivalent to the measure-
ment of the ttbb process. Normalized differential cross sections of the tt+jets process
are measured, using the same strategy as described in Section 9.1. The object definitions
on the generator and detector level correspond to what has already been described in
Sections 8.2 and 8.3. Two fiducial phase space regions are defined for the measurement
of the tt+jets process, again based exclusively on the particle-level information. One
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Figure 10.2: b jet multiplicity at the tight b tagging WP in the 5j2b (left) and 6j2b (right)
measurement regions. The measurement regions are defined via the medium b-tagging
WP. Shown are the contributions of all processes to the detector-level phase space regions
as a stack of histograms. The tt+jets and tt (other) contributions are estimated from the
PP8 tt 5FS simulation. Data events are shown as black dots. The lower panel shows the
ratio of data to the expectations from simulated events. The vertical dashed line indicates
the ancillary regions used for the measurements of the tt+jets process. For visualization,
the contributions from simulation have been scaled by a common factor to match the
yield in data. The shaded bands include all a-priori uncertainties described in Section 8.7.
Only effects on the shape of the distributions are considered.

generator-level phase space, 5j2b, requires at least five jets, of which at least two are b
jets. With this selection, events with a tt pair and at least one jet are selected. A second
generator-level phase space, 6j2b, requires at least six jets, of which at least two are b jets.
With this selection, similarly, events with a tt pair and at least two jets are selected. This
procedure is equivalent to what has been employed for the identification of ttbb with the
5j3b and 6j4b phase space regions, where one or two b jets in addition to the tt system are
required. Here, the same is repeated, but agnostic towards the flavor of the additional jet
radiation. The modifications of signal phase space regions are also reflected in the event
selections for the extraction of the fiducial cross sections. Events are selected by requiring
≥5 (≥6) jets and ≥2 b tagged jets (at the medium WP) for the measurements of the 5j2b
(6j2b) phase space regions.

In the tt+jets measurements, the PP8 tt 5FS simulation is used as the nominal signal
model. This also includes the simulation of tt events that are not part of the fiducial
phase space regions, which are treated similar to the OOA process in the ttbb measure-
ment (see Section 8.6). These events are referred to as tt (other) and for example encom-
pass tt events with more or fewer than one fiducial electron or muon, or fewer jets or b
jets on generator level than required by the fiducial phase space selections.

Similar to Section 8.5, an ancillary variable is defined, here also the number of b jets at the
tight b tagging working point. The event selections are divided into two ancillary regions,
one with ≤1 tight b jets, and one with ≥2 tight b jets. The distributions of the tight b jet
multiplicity after the two aforementioned event selections are shown in Figure 10.2. As
exactly two b jets are expected from the signal process, the first ancillary region is a bit
more enriched in the background processes, to give an additional handle on their contri-
bution. Due to the dominance of the signal process, however, this effect is small and does
not add as much value to the measurement as the procedure employed in the ttbb mea-
surement. In the bins with ≥3 b tagged jets the majority of the contribution is expected
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Table 10.1: Fractions of tt+jets, tt (other) and other background processes to the two
measurement regions, separated by ancillary region. All fractions are given in %. Esti-
mated from the PP8 tt 5FS simulation. The uncertainties on these values from a limited
sample size are less than 1% and are hence omitted.

Event selection 5j2b 6j2b

Anc. region ≤1 b ≥2 b ≤1 b ≥2 b

tt+jets 78 86 76 84
tt (other) 15 8 17 11

Other backgrounds 7 6 7 5

to be from ttB events. These control distributions already show a clear mismodeling of
the fraction of ttB events in the tt+jets phase space regions, as was discussed in detail
in Section 9.2, and will be discussed again in the context of the tt+jets measurements in
Section 11.2. In Table 10.1, the fraction of tt+jets, tt (other), and background processes
contributing to the measurement regions are summarized, and separated in the two an-
cillary regions.

The systematic uncertainties as described for the ttbb measurement (see Section 8.7) are
also applied for the measurements of the tt+jets process. The modeling uncertainties
which are indicated to be decorrelated between the signal process and the OOA process in
Section 8.7 are similarly decorrelated between the tt+jets signal and the tt (other) process.
As the separation in tt+light, ttC, and ttB processes is no longer relevant for the tt+jets
measurements, the uncertainties applied only to the tt+light and ttC processes are not
explicitly considered here.

10.3 Definition of observables

A range of observables targeting different aspects of tt+jets production is measured in
the 5j2b and 6j2b phase space regions. In both phase space regions, the scalar sum of jet
𝑝T (𝐻 jets

T ), the jet multiplicity (𝑁jets), and the b jet multiplicity (𝑁b) are measured. These
event observables quantify the overall quality of the tt+jets simulation. With the 𝑁b
observables also the fraction of ttbb events in the fiducial tt+jets phase space regions can
be extracted.

As discussed in Section 10.1.1, the top quark momentum in tt events is not described well
in tt simulation approaches using ME calculations at NLO accuracy in the perturbative
ME calculation. In order to access the top quarks, a particle-level reconstruction is em-
ployed, referred to as pseudo top quark reconstruction. The reconstruction algorithm is a
simplified approach compared to discussions in Ref. [173]. The reconstruction algorithm
is described in the following. On both generator-level and detector-level, one b(-tagged)
jet and two light(-tagged) jets (i.e. non-b(-tagged) jets) are combined to a hadronic top
quark candidate. This aims at mimicking the decay of the top quark, t → b(W → qq ′),
in cases where the W boson decays into a pair of quarks (referred to as hadronic top).
For each hadronic top quark candidate (i.e. each trijet combination), the invariant mass
of the three jets 𝑚3𝑗 , representing the top quark, and the invariant mass of only the two
light jets 𝑚2𝑗 , representing the W boson, are calculated. The trijet combination with the
smallest 𝜒2

t value

𝜒2
t = (𝑚3𝑗 −𝑚t)

2 + (𝑚2𝑗 −𝑚W)2 , (10.3)
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is chosen to represent the pseudo top quark. The parameters 𝑚t = 172.5 GeV and 𝑚W =
80.4 GeV correspond to the assumed top quark and W boson masses. The transverse
momentum 𝑝T(thad) of the pseudo top quark is measured in order to access the top quark
momentum.

Similarly, the top quark for which the W boson from the t → Wb decay decays into a
charged lepton and a neutrino (W → ℓ𝜈) can be reconstructed from a combination of a b(-
tagged) jet, a charged lepton, and a neutrino (referred to as leptonic top quark). Neutrinos
are not reconstructed on the detector-level as they are not detected, and are only accessi-
ble via the missing transverse momentum (see Section 3.4). As the longitudinal compo-
nent and the composition of the missing energy are not known (it could originate from
multiple neutrinos or energy mismeasurements), the reconstruction of the leptonic top
quark exhibits larger migration effects (of that top quark component) between detector-
and generator-level. The identification of the charged lepton is, however, a lot more pre-
cise and has only little ambiguity in the assignment of the correct object on detector- and
generator-level. In this part of the thesis, only the hadronic top quark is reconstructed
and analyzed. As a cross-check, corresponding results of the leptonic pseudo top quark
(𝑝T(tlep)) are shown in Appendix B.5. These results do not differ significantly from the
hadronic top quark results. A proper measurement of this observable would require ad-
ditional uncertainties related to the reconstruction of the missing transverse momentum
to be considered.

For a more accurate quantification of the top quark momentum mismodeling effect in
tt+jets events, a definition of the top quark at the parton level would be necessary, in
order to access its momentum. Accordingly, suitable observables would have to be con-
structed on the reconstruction level that correspond to the partonic top quark momentum.
This is not possible with simple kinematic reconstruction methods and is therefore not
explored in this initial study. In Appendix B.6, the migration matrices and detector-level
distributions are shown for the partonic top quark 𝑝T, using the pseudo top reconstruc-
tion to model the observable on the detector level. This takes into account the charge of
the lepton to assign either the hadronic or leptonic pseudo top quark candidate to the par-
tonic top quark candidate on the detector level. From these distributions, it is apparent
that an unbiased measurement is not possible, as the correspondence of generator and
detector-level observable is small.

One additional observable is measured in the 6j2b phase space, targeting the radiation
of jets outside of the tt system. The pseudo top quark reconstruction is applied for the
hadronic and leptonic top quarks, and the remaining jets (referred to as additional jets)
are identified. For the additional jets, the angular distance between the two jets leading
in 𝑝T is probed, Δ𝑅(jjadd.). This observable aims at probing the angular correlation of
additional jet radiation, as discussed in Section 10.1.
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11 Measurement of the tt+jets process

Analog to the ttbb measurements in Part II, normalized differential cross section measure-
ments are performed for the observables introduced in the previous section. This follows
the same strategy as introduced in Section 4.2 and using the same systematic uncertainty
model as introduced in Section 8.7 for the ttbb measurement.

In Figure 11.1, the distribution of events for the 𝑝T(thad) and 𝐻 jets
T observables in the 5j2b

phase space region are shown after detector-level selection, before the fit to data, where
the tt+jets process is separated into the generator-level bins. The migration matrices of
all observables are shown in Appendix B.1. The 𝐻 jets

T observable exhibits a high level of
correspondence between detector and generator level, as expected (see Section 9.1). The
𝑝T(thad) observable exhibits larger migrations as the reconstruction of the observable on
detector and generator level is more prone to differences, e.g. different combinations of
three jets could be chosen as the pseudo top quark, leading to larger migrations.

For each normalized differential cross section measurement, the correlations of the POIs,
i.e. the fiducial cross section and the differential fractions, are shown in Appendix B.3.

11.1 Inclusive cross section results

The fiducial cross sections in the 5j2b and 6j2b phase space regions are representatively
shown for the measurements of the 𝐻 jets

T observable in Figure 11.2. The distributions of
the 𝐻 jets

T observable after the fit to data in both phase space regions are shown in Fig-
ure 11.3. The distributions of all other observables are shown in Appendix B.2. The 𝐻 jets

T
observable is chosen as the representative observable for the fiducial cross section as it ex-
hibits the best correspondence between generator and detector level and hence allows for
a larger number of bins in the measurement, increasing the measurement precision. The
cross sections are measured with a precision of around 2% and 5% in the 5j2b and 6j2b
phase space regions, owing to the statistically rich measurement regions. In Table 11.1,
the contributions to the measurement uncertainties are shown separated into groups of
uncertainties. The statistical uncertainty is negligible (<0.2%), while uncertainties such
as the luminosity, jet energy calibrations, b tagging calibrations, and the variation of the
ME-PS matching scale (ℎdamp) have the largest impact on the measurements.

The measurement is compared to the three modeling approaches that have already been
probed for ttbb (see Section 8.1) that describe the full tt phase space, namely PP8 tt 5FS,
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Figure 11.1: The 𝐻
jets
T observable (left) and 𝑝T(thad) observable (right) in the 5j2b

detector-level phase space region, The upper plots show the contributions of all pro-
cesses to the detector-level phase space regions as a stack of histograms. The contribu-
tions from the signal model are separated based on the pre-defined generator-level bins
indicated by different colors. Data events are shown as black dots. The lower panel
shows the ratio of data w.r.t. the simulated events. Uncertainties on the simulated events
from systematic uncertainty sources are indicated as gray bands.
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Figure 11.2: Fiducial cross sections of tt+jets measured in the 5j2b and 6j2b phase
space regions. The measured cross sections in data are indicated with black dots, with in-
ner (outer) vertical bars indicating the systematic (total) uncertainties, also represented as
gray (yellow) bands. The cross section predictions from different tt modeling approaches
as introduced in Section 8.1 are shown as colored symbols with different shapes. The
panel on the right shows the ratio between the predicted and measured cross sections.

PH7 tt 5FS, and AMCP8 tt+jets FXFX 5FS. The fiducial cross section of these three mod-
els are obtained from the predicted fraction of fiducial tt+jets events in the two phase
space regions, all assuming an inclusive tt cross section of 𝜎(tt) = 833.7 pb based on
NNLO+NNLL calculations [59, 154]. In the 5j2b phase space, the three modeling ap-
proaches are shown to overestimate the fiducial cross section by >5%, while the predic-
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Figure 11.3: Distributions of 𝐻
jets
T in the 5j2b and 6j2b phase space regions after the

fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data . The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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11 Measurement of the tt+jets process

Table 11.1: Contributions of the sources of uncertainty considered to the total uncer-
tainty on the fiducial cross section measurements. For each group, the impact of the
corresponding nuisance parameters on the fiducial cross section are combined, taking
into account their correlations in the maximum likelihood fit. The numbers show the rel-
ative uncertainty on the fiducial cross section, given in %. The statistical uncertainty is
obtained as the difference, in quadrature, between the total uncertainty and the sum of
all systematic uncertainties.

Uncertainty source 5j2b 6j2b

Luminosity 1.4 1.7
Lepton and trigger 0.7 0.6
JES, JER 0.8 2.2
b tagging 1.2 2.3
Pileup 0.3 0.2

PDF 0.3 2.8
𝜇R and 𝜇F scales 0.3 0.5
PS modelling 0.2 0.8
ℎdamp 0.7 1.5
MC statistical 0.4 1.0

Total systematic uncertainty 2.2 4.9

Statistical uncertainty 0.1 0.2

Total uncertainty 2.2 4.9

tions are compatible with the measurement in the 6j2b phase space. Relating the mea-
sured fiducial cross section values to the inclusive cross section of tt yields fractions of

𝜎(tt+jets5j2b)/𝜎(tt) = (4.3 ± 0.1)%, and (11.1)

𝜎(tt+jets6j2b)/𝜎(tt) = (1.7 ± 0.1)% , (11.2)

only considering the measurement uncertainties. The measurement in the 5j2b phase
space suggests that the corresponding fraction is overestimated from the NLO tt simula-
tion approaches.

11.2 Differential cross section results

The measurement of the normalized differential cross sections of tt+jets production are
summarized in the following. The sources of uncertainty of the differential measure-
ments are shown in Figure 11.4 as an example for measurement of the 𝐻 jets

T observable
in the 5j2b phase space region. The precision of the normalized differential cross sections
is limited to approximately equal parts by data statistics and systematic uncertainties.
Among the systematic uncertainties, the jet energy calibration and b tagging calibration
have the largest impact on the results. The total uncertainties of the normalized differen-
tial cross sections are, in most cases, below 5%.

In Figure 11.5, the measurements of the 𝑁jets and 𝑁b observables are shown. In both
fiducial phase space regions, the probed modeling approaches do not describe either ob-
servable well, all showing trends to underpredict the high jet and b jet multiplicity re-
gions. In the measurements of 𝑁jets, the trend is the largest for the AMCP8 tt+jets FXFX

5FS simulation approach, which predicts up to 50% smaller fractions of events at high jet
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Figure 11.4: Effect of sources of uncertainties on the measurement of the normalized
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jets
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nuisance parameters associated with the displayed uncertainty groups are obtained by
combining their impacts taking into account their correlation in the fit.

multiplicity compared to the measurement. This is contrary to the expectation towards
the AMCP8 tt+jets FXFX 5FS modeling, which should show a better description of at least
the five and six jet bins compared to the other two modeling approaches, as these addi-
tional jet radiation processes are in part simulated at the ME-level. This implies that this
tt+jets model requires an improved tuning of its modeling parameters to better describe
the jet multiplicity distribution (and by extension other distributions). The PP8 tt 5FS sim-
ulation approach, used as the nominal background and signal model for the tt process by
the CMS Collaboration during Run 2, is able to describe the lower jet multiplicities well
but starts to deviate from the measurement at around eight jets. These regions of large jet
multiplicity are relevant for the background estimation for example in measurements of
tttt production. This measurement suggests that the background from tt production is
underestimated in these measurements. In Appendix B.4, variations of the PS scales, the
ME scales (𝜇R and 𝜇F), the ME-PS matching scale, and the reweighting of the top quark
𝑝T (see Section 10.1.1) are probed for the PP8 tt 5FS simulation approach. These variations
show that a decrease of either ME or PS scales, or an increase of the ℎdamp scale provides
a better description of the 𝑁jets observable than the nominal scale choices of the PP8 tt
5FS model. The reweighting of the top quark momenta to NNLO does not improve the
description of the observable.

In the measurements of 𝑁b, all NLO tt simulation approaches significantly underpredict
the fraction of fiducial events with ≥3 b jets, while slightly overpredicting the fraction
of fiducial events with two b jets. As the fiducial definitions of the tt+jets process are
equivalent to the fiducial definitions of the ttbb process, minus the b jet multiplicity re-
quirements, this measurement of 𝑁b quantifies the fraction of ttbb events in the fiducial
phase space of tt+jets. In the 5j2b phase space region, the 𝑁b bin with ≥3 b jets cor-
responds to the 5j3b fiducial phase space defined in Section 8.2. All three NLO tt sim-
ulation approaches predict around 30% lower fractions of 5j3b events compared to the
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Figure 11.5: Predicted and observed normalized differential cross sections of the 𝑁jets
(top) and 𝑁b (bottom) observables in the 5j2b (left) and 6j4b (right) phase space re-
gions. The measured cross sections in data are indicated with black dots, with inner
(outer) vertical bars indicating the systematic (total) uncertainties, also represented as
gray (yellow) bands. The cross section predictions from different tt modeling approaches
as introduced in Section 8.1 are shown as colored symbols with different shapes. Where
the observable can exceed the visible range, the last bin contains the overflow.

measurement. Explicitly, the measurement yields

𝑓obs.
≥3b = 𝜎(ttbb5j3b)/𝜎(tt+jets5j2b) = (6.5 ± 0.8)% , (11.3)

while with the PP8 tt 5FS simulation approach a value of 𝑓 PP8 tt 5FS
≥3b = 4.6% is predicted,

corresponding to a relative fraction of

𝜇≥3b = 𝑓obs.
≥3b/𝑓

PP8 tt 5FS
≥3b = 1.41 ± 0.17 . (11.4)

In the uncertainty on this value only the uncertainty of the measurement and not of the
prediction is considered. This relative fraction is consistent with the measurement of
the fiducial 5j3b cross section in Section 9.2. In the 6j2b phase space region, three b jet
multiplicity bins are measured, containing two, three and at least four b jets. The last bin
corresponds to the fiducial definition of the 6j4b phase space in Section 8.2. For this bin
the measurement yields

𝑓obs.
≥4b = 𝜎(ttbb6j4b)/𝜎(tt+jets6j2b) = (2.3 ± 0.3)% , (11.5)
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Figure 11.6: Predicted and observed normalized differential cross sections of the 𝐻
jets
T

observable in the 5j2b (left) and 6j4b (right) phase space regions. The measured cross
sections in data are indicated with black dots, with inner (outer) vertical bars indicating
the systematic (total) uncertainties, also represented as gray (yellow) bands. The cross
section predictions from different tt modeling approaches as introduced in Section 8.1
are shown as colored symbols with different shapes. Where the observable can exceed
the visible range, the last bin contains the overflow.

while the PP8 tt 5FS simulation approach predicts a value of 𝑓 PP8 tt 5FS
≥4b = 1.6%, correspond-

ing to a relative fraction of

𝜇≥4b = 𝑓obs.
≥4b/𝑓

PP8 tt 5FS
≥4b = 1.44 ± 0.19 . (11.6)

This value is also consistent with the measurement of the fiducial 6j4b cross section in
Section 9.2.

This measurement can be compared to a previous measurement by the ATLAS Collabo-
ration in Ref. [145], as discussed in Section 7.4.1. In Ref. [145], a measurement of the b jet
multiplicity in a fiducial phase space with ≥2 b jets is performed, showing similar levels
of disagreement of NLO tt simulation approaches at larger b jet multiplicity (also around
40%). In that measurement, the uncertainty on the normalized differential cross section
is of the order of 30% in the bins with ≥3 b jets, while in the measurements of this thesis
uncertainties of around 15% are achieved. This increase in measurement precision makes
the difference between prediction and measurement more significant, further confirming
the mismodeling of the b jet radiation fraction in tt+jets simulation. As shown in Ap-
pendix B.4, among variations of the PS scales, the ME scales (𝜇R and 𝜇F) and the ME-PS
matching scales in the PP8 tt 5FS simulation approach, the variation of the amount of final
state radiation from the PS shows the largest effect on the modeling of the 𝑁b observable,
but none of the tested variations are able to properly describe the b jet multiplicity. In
NLO simulations of tt , the description of the b jets outside the tt system, and by exten-
sion the b jet multiplicity distribution at ≥3 b jets are expected to be described by the PS.
The results suggest that the tuning of the PS requires a readjustment in order to better
describe the b jet multiplicity, and by extension the ttbb fiducial cross sections.

In Figure 11.6, the measurement of the 𝐻 jets
T observable is shown for the 5j2b and 6j2b

phase space regions. Similar trends are observed in both fiducial regions, where the
PH7 tt 5FS simulation approach shows on average 𝐻 jets

T values significantly smaller than
the measurement. This suggests that the HERWIG PS requires improved tuning to de-
scribe the momentum distribution of jets in tt events. Among the three probed modeling
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Figure 11.7: Predicted and observed normalized differential cross sections of the
𝑝T(thad) observable in the 5j2b (left) and 6j4b (right) phase space regions. The mea-
sured cross sections in data are indicated with black dots, with inner (outer) vertical bars
indicating the systematic (total) uncertainties, also represented as gray (yellow) bands.
The cross section predictions from different tt modeling approaches as introduced in Sec-
tion 8.1 are shown as colored symbols with different shapes. Where the observable can
exceed the visible range, the last bin contains the overflow.

approaches, the AMCP8 tt+jets FXFX 5FS simulation is able to describe the 𝐻 jets
T observ-

able best, but still exhibits small trends towards smaller 𝐻 jets
T values than measured in

data. Similar to the measurements in the fiducial ttbb regions in Section 9.3, the PP8 tt
5FS simulation approach also predicts on average smaller 𝐻 jets

T values than measured in
data, but does not deviate as much from the measurement as the PH7 tt 5FS model. Also
for this observable, variations of the modeling parameters and a reweighting of the top
quark 𝑝T is performed and compared to the measurement (see Appendix B.4). The trend
towards smaller values than predicted in data is mitigated to some degree via decreased
ME or (to a lesser extent) PS scales, or (best) an increased ℎdamp scale. The reweighting
of the top quark 𝑝T does not improve the modeling of the 𝐻 jets

T observable and rather
enhances the discrepancy with respect to the measurement. This suggests that the origin
of the discrepancies of jet momentum distributions, which collimate in the description of
the 𝐻 jets

T observable, is not due to the poor description of the top quark momentum, but
can rather be associated with an insufficient tuning of the ME or PS.

To probe the top quark 𝑝T, the measurements of the 𝑝T(thad) observable (the 𝑝T of the
pseudo top quark reconstructed on particle level) are shown in Figure 11.7 in both phase
space regions. In all NLO tt modeling approaches probed, a trend towards higher 𝑝T(thad)
values compared to the measurement is observed, the smallest deviations from the mea-
surement are present in the PH7 tt 5FS model. The trend of the PP8 tt 5FS simulation
approach is similar as in the measurement of the partonic top quark 𝑝T from Ref. [169]
in tt events, shown in Figure 10.1. For the PP8 tt 5FS simulation, again variations in the
modeling parameters are tested as shown in Appendix B.4. The variations of ME and PS
scale choices and the ℎdamp parameter only have small effects on the 𝑝T(thad) distribution.
As expected, a larger difference is observed for the PP8 tt 5FS simulation reweighted to
the NNLO partonic top quark 𝑝T spectrum. The reweighted distribution generally agrees
better with the measurement than the nominal description obtained with the NLO tt sim-
ulation, but still exhibits some residual differences.
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Figure 11.8: Predicted and observed normalized differential cross sections of the
Δ𝑅(jjadd.) observable in the 6j4b phase space region. The measured cross sections
in data are indicated with black dots, with inner (outer) vertical bars indicating the sys-
tematic (total) uncertainties, also represented as gray (yellow) bands. The cross section
predictions from different tt modeling approaches as introduced in Section 8.1 are shown
as colored symbols with different shapes. Where the observable can exceed the visible
range, the last bin contains the overflow.

Finally, in Figure 11.8 the measurement of the Δ𝑅(jjadd.) observable in the 6j2b phase
space is shown. This observable is, as 𝑝T(thad), only a proxy for the measurement of the
angular distance of non-tt jets defined on the parton level. The measurement shows two
peaks in the Δ𝑅(jjadd.) spectrum, one at small Δ𝑅, which can be associated with collinear
gluon splitting (g → qq/gg) in tt+jets events, and one peak around Δ𝑅 = 𝜋, correspond-
ing to back-to-back emission of the additional jet radiation attributed to different origins
of the jet radiation (see Section 10.1). In the probed tt simulation approaches at NLO,
the collinear region is significantly underpredicted, while the bulk of the distribution at
moderate Δ𝑅 is overpredicted. This result hints towards a mismodeling of the angular
correlation of additional jet radiation in the parton shower (PS) probed here, as the addi-
tional jets are predominantly modeled with the PS and not at the ME-level. Simulations
of tt+jets at the ME-level with NLO precision are expected to provide more accurate mod-
eling of this observable as discussed in Ref. [168]. The variations of ME and PS and ℎdamp
scales do not have any noteworthy effect on the predicted distributions and are hence not
shown.
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Summary and Outlook

Precision measurements of the particles and interactions of the standard model are an
active field of study in high-energy physics and at the LHC. In this thesis, the differential
cross section measurement of the ttbb process is presented. Normalized differential cross
sections are measured as a function of 29 observables across four fiducial phase space
regions. The measurements make use of pp collision events recorded at the CMS detector
between 2016 and 2018 with either one electron or muon and at least five jets. The differ-
ential cross sections probe observables related to the b jets in the ttbb system, as well as
global observables describing the full event signatures. The four fiducial phase space re-
gions probe different aspects of tt production with additional b jets. In the most inclusive
phase space region, where at least one b jet in addition to the tt system is required, the
fiducial cross section is measured with a precision of 6% and constitutes the most precise
measurement of tt production in association with a b jet to date. More exclusive phase
space regions, requiring additional b jet and light jet radiation, are measured with preci-
sions of 9–17%. The limitations of these fiducial cross section measurements are mostly
attributed to uncertainties in the modeling of the ttbb signal simulation and b jet tagging
and jet energy calibrations.

The results are compared to six different modeling approaches of ttbb. Some of these
modeling approaches fully describe the ttbb process at the ME-level at NLO accuracy,
while some other approaches use a description of tt at the ME-level at NLO accuracy and
obtain a description of ttbb with the PS, where g→bb splitting processes are modeled.
These comparisons show that the probed generator setups and their chosen generator
settings are not able to simultaneously describe all measured observables and the fidu-
cial cross sections well. Large differences are seen between the predicted fiducial cross
sections and the measurements, where most of the generator setups predict fiducial cross
sections that are lower than the measurement, except for the PP8 ttbb 4FS model which
uses an ME simulation of ttbb. This generator setup is able to describe the fiducial cross
section in the 5j3b phase space region well but is seen to overpredict the fiducial cross
sections in the more exclusive phase space regions. An important observation is made in
the measurement of the jet and b jet multiplicity observables, showing that the simulation
approaches using a tt ME describe the b jet multiplicity, and to some degree also the jet
multiplicity, more accurately than the simulation approaches using a ttbb ME, i.e. tend
to be more suitable for the description of the relative rate of ttbb events with different jet
and b jet multiplicities. At the same time, the angular separation of the two b jets clos-
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Summary and Outlook

est to each other is described well with the generator setups using a ttbb ME, while the
other simulation approaches do not describe the observable comparably well. This can be
traced back to potential mis-modeling in the PS settings as these simulation approaches
rely on the PS for the simulation of these b jets.

Variations of the renormalization and factorization scale choices of the PP8 ttbb 4FS model
are tested and show that an increase of the renormalization and factorization scales could
improve the description of some observables such as the jet multiplicity or the scalar 𝑝T
sum of all jets. However, simple variations of these two scales were not able to resolve all
differences in the differential measurements and the fiducial cross sections. Especially the
trend to overpredict the fiducial cross sections in the more exclusive phase space regions
cannot be resolved with these scale variations.

In this thesis, also studies on tt production with additional jet radiation of any flavor are
performed as an extension of the ttbb measurements. Measurements are performed for
the jet and b jet multiplicities, showing that for example the relative rate of tt events with
and without additional b jets is modeled poorly with the probed generator setups. All
three generator setups which describe the full tt phase space show that the fraction of
events with additional b jet radiation is significantly underpredicted, but all of them also
show that this mis-modeling is relatively homogeneous also for larger b jet multiplicities,
confirming the results of the ttbb measurements.

Measurements of the top quark momentum are performed with a particle-level-based
reconstruction of top quarks, confirming that simulation approaches using a tt ME at
NLO accuracy are not able to describe the momentum of top quarks well. The results
are compared to the PP8 tt 5FS simulation approach in which the top quark momenta are
reweighted to the expected top quark momentum distribution at NNLO. These show
an improved description of the top quark momentum. The modeling of the top quark
momentum has been probed in inclusive tt phase space regions, but has not been probed
in tt events which explicitly require additional jet radiation.

For future measurements at the CMS and ATLAS experiments, the choices made for the
modeling of the ttbb process will have to be reevaluated. Important feedback from the
experts on ttbb modeling is expected based on the results presented in this thesis. For
example, alternative choices of modeling parameters, such as the renormalization and
factorization scales, will have to be tested against the measurements provided in this
thesis. More detailed studies on the modeling choices will have to be performed in order
to update and implement the recommendations for data analysis. Future measurements
of the ttH process or the tttt process will continue to rely on accurate modeling of the
ttbb process and will greatly benefit from updated modeling prescriptions, with a better
estimate of the contributions of the ttbb process to the measurement regions.

Similar measurements, as have been performed for the ttbb process in this thesis, should,
in the future, be performed also for tt production in association with charm jets (ttC) and
the ttbb process where the two b jets from g→bb splitting are close enough to be clus-
tered into one large-radius jet. The dedicated measurement of the ttC process will give
additional insight into the background contributions for measurements of ttH where the
Higgs boson decays into a pair of charm quarks (ttH(cc)). Measurements of the ttH(cc)
process will be able to constrain, or even discover, the coupling of the Higgs boson to the
charm quark, which is one of the major milestones expected in the physics program at the
LHC in the coming years. Such a measurement would rely on an accurate background
description of ttC production, which has as of yet not been probed differentially. With
the advances in jet flavor tagging, e.g. via tagging algorithms using graph networks, the
accurate identification of c jets and their differentiation from b jets is possible, giving a
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good opportunity for measuring the ttC process. Similarly, the advances in jet flavor tag-
ging of large-radius jets, where, for example, the decay of the Higgs boson to a pair of b
or c quarks is clustered in a single jet, make the measurements of ttH(bb) and ttH(cc)
with these high-𝑝T signatures more promising than was possible before. For successful
measurements of these large-radius jet signatures in ttH, a good understanding of the
background from ttbb and ttC with similar signatures is necessary, and has also not yet
been probed explicitly.

To summarize, the measurements presented in this thesis provide valuable input for the
physics program at the LHC Run 3, which started in 2022, and beyond, where the obser-
vations of the ttH(bb) process and the coupling of the Higgs boson to the charm quark
are expected, both benefiting from these results.
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Appendix

A Supplemental material for the ttbb measurement
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Figure A.1: Migration matrices of the observables in the 5j3b phase space region. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.
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Figure A.2: Migration matrices of observables in the 6j4b phase space region. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.
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Figure A.3: Migration matrices of observables in the 6j4b phase space region. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.
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Figure A.4: Migration matrices of observables in the 6j4b phase space region. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.
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Figure A.5: Migration matrices of observables in the 6j4b phase space region. The
generator-level observable is shown on the vertical axis and the detector-level observable
on the horizontal axis. The migration matrix corresponds to the generator-level bins de-
fined for the corresponding observables. Entries in the migration matrix are normalized
per generator-level bin (i.e. horizontally). The panel on the vertical axis shows the selec-
tion efficiency per generator-level bin. The panel on the horizontal axis shows the purity
of events per detector-level bin.
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Figure A.6: Migration matrices of observables in the 6j3b3l (left) and 7j4b3l (right)
phase space regions. The generator-level observable is shown on the vertical axis and
the detector-level observable on the horizontal axis. The migration matrix corresponds
to the generator-level bins defined for the corresponding observables. Entries in the mi-
gration matrix are normalized per generator-level bin (i.e. horizontally). The panel on
the vertical axis shows the selection efficiency per generator-level bin. The panel on the
horizontal axis shows the purity of events per detector-level bin.
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A.2 Post-fit distributions
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Figure A.7: Distributions of 𝑁jets and 𝑁b in the 5j3b phase space region after the fit to
data. The contributions of all processes to the detector-level phase space regions after
the fit to data are shown as a stack of histograms. The distributions are shown separately
for each ancillary region, but are combined across all eras and the lepton channels. The
blue line indicates the sum of all processes before the fit to data using the PP8 ttbb 4FS

sample for the estimation of the ttB contribution. The lower panel shows the ratio of data
to the processes after the fit to data. The shaded bands include all uncertainties described
in Section 8.7 after profiling the nuisance parameters in the fit, estimated by sampling the
predicted yields from the fit covariance matrix.
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Figure A.8: Distributions of 𝐻
jets
T and 𝐻b

T in the 5j3b phase space region after the fit to
data. The contributions of all processes to the detector-level phase space regions after
the fit to data are shown as a stack of histograms. The distributions are shown separately
for each ancillary region, but are combined across all eras and the lepton channels. The
blue line indicates the sum of all processes before the fit to data using the PP8 ttbb 4FS

sample for the estimation of the ttB contribution. The lower panel shows the ratio of data
to the processes after the fit to data. The shaded bands include all uncertainties described
in Section 8.7 after profiling the nuisance parameters in the fit, estimated by sampling the
predicted yields from the fit covariance matrix.
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Figure A.9: Distributions of |𝜂(b3)| and 𝑝T(b3) in the 5j3b phase space region after the
fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data using the PP8 ttbb
4FS sample for the estimation of the ttB contribution. The lower panel shows the ratio
of data to the processes after the fit to data. The shaded bands include all uncertainties
described in Section 8.7 after profiling the nuisance parameters in the fit, estimated by
sampling the predicted yields from the fit covariance matrix.
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Figure A.10: Distribution of 𝑁jets in the 6j4b phase space region after the fit to data.
The contributions of all processes to the detector-level phase space regions after the fit
to data are shown as a stack of histograms. The distributions are shown separately for
each ancillary region, but are combined across all eras and the lepton channels. The blue
line indicates the sum of all processes before the fit to data using the PP8 ttbb 4FS sample
for the estimation of the ttB contribution. The lower panel shows the ratio of data to the
processes after the fit to data. The shaded bands include all uncertainties described in
Section 8.7 after profiling the nuisance parameters in the fit, estimated by sampling the
predicted yields from the fit covariance matrix.
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Figure A.11: Distributions of 𝐻
jets
T and 𝐻b

T in the 6j4b phase space region after the fit
to data. The contributions of all processes to the detector-level phase space regions after
the fit to data are shown as a stack of histograms. The distributions are shown separately
for each ancillary region, but are combined across all eras and the lepton channels. The
blue line indicates the sum of all processes before the fit to data using the PP8 ttbb 4FS

sample for the estimation of the ttB contribution. The lower panel shows the ratio of data
to the processes after the fit to data. The shaded bands include all uncertainties described
in Section 8.7 after profiling the nuisance parameters in the fit, estimated by sampling the
predicted yields from the fit covariance matrix.
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Figure A.12: Distributions of |𝜂(b3)| and 𝑝T(b3) in the 6j4b phase space region after
the fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data using the PP8 ttbb
4FS sample for the estimation of the ttB contribution. The lower panel shows the ratio
of data to the processes after the fit to data. The shaded bands include all uncertainties
described in Section 8.7 after profiling the nuisance parameters in the fit, estimated by
sampling the predicted yields from the fit covariance matrix.
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Figure A.13: Distributions of |𝜂(b4)| and 𝑝T(b4) in the 6j4b phase space region after
the fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data using the PP8 ttbb
4FS sample for the estimation of the ttB contribution. The lower panel shows the ratio
of data to the processes after the fit to data. The shaded bands include all uncertainties
described in Section 8.7 after profiling the nuisance parameters in the fit, estimated by
sampling the predicted yields from the fit covariance matrix.
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Figure A.14: Distributions of Δ𝑅
avg
bb and 𝑚max

bb in the 6j4b phase space region after the
fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data using the PP8 ttbb
4FS sample for the estimation of the ttB contribution. The lower panel shows the ratio
of data to the processes after the fit to data. The shaded bands include all uncertainties
described in Section 8.7 after profiling the nuisance parameters in the fit, estimated by
sampling the predicted yields from the fit covariance matrix.
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Figure A.15: Distributions of |𝜂(bextra
1 )| and 𝑝T(bextra

1 ) in the 6j4b phase space region
after the fit to data. The contributions of all processes to the detector-level phase space
regions after the fit to data are shown as a stack of histograms. The distributions are
shown separately for each ancillary region, but are combined across all eras and the lep-
ton channels. The blue line indicates the sum of all processes before the fit to data us-
ing the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.16: Distributions of |𝜂(bextra
2 )| and 𝑝T(bextra

2 ) in the 6j4b phase space region
after the fit to data. The contributions of all processes to the detector-level phase space
regions after the fit to data are shown as a stack of histograms. The distributions are
shown separately for each ancillary region, but are combined across all eras and the lep-
ton channels. The blue line indicates the sum of all processes before the fit to data us-
ing the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.17: Distributions of |𝜂|(bbextra) and Δ𝑅(bbextra) in the 6j4b phase space re-
gion after the fit to data. The contributions of all processes to the detector-level phase
space regions after the fit to data are shown as a stack of histograms. The distributions
are shown separately for each ancillary region, but are combined across all eras and the
lepton channels. The blue line indicates the sum of all processes before the fit to data
using the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.18: Distributions of 𝑚(bbextra) and 𝑝T(bbextra) in the 6j4b phase space re-
gion after the fit to data. The contributions of all processes to the detector-level phase
space regions after the fit to data are shown as a stack of histograms. The distributions
are shown separately for each ancillary region, but are combined across all eras and the
lepton channels. The blue line indicates the sum of all processes before the fit to data
using the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.19: Distributions of 𝐻
jets
T in the 6j3b3l and 7j4b3l phase space regions after

the fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data using the PP8 ttbb
4FS sample for the estimation of the ttB contribution. The lower panel shows the ratio
of data to the processes after the fit to data. The shaded bands include all uncertainties
described in Section 8.7 after profiling the nuisance parameters in the fit, estimated by
sampling the predicted yields from the fit covariance matrix.
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Figure A.20: Distributions of 𝑝T(ljextra
1 ) in the 6j3b3l and 7j4b3l phase space regions

after the fit to data. The contributions of all processes to the detector-level phase space
regions after the fit to data are shown as a stack of histograms. The distributions are
shown separately for each ancillary region, but are combined across all eras and the lep-
ton channels. The blue line indicates the sum of all processes before the fit to data us-
ing the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.21: Distributions of |Δ𝜑(ljextra
1 , bsoft)| in the 6j3b3l and 7j4b3l phase space

regions after the fit to data. The contributions of all processes to the detector-level phase
space regions after the fit to data are shown as a stack of histograms. The distributions
are shown separately for each ancillary region, but are combined across all eras and the
lepton channels. The blue line indicates the sum of all processes before the fit to data
using the PP8 ttbb 4FS sample for the estimation of the ttB contribution. The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure A.22: Correlations between the parameters of interest 𝜇⃗ for the observables in
the 5j3b phase space region.
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Figure A.23: Correlations between the parameters of interest 𝜇⃗ for the 𝑁jets, 𝐻
jets
T , 𝐻b

T ,
Δ𝑅

avg
bb and 𝑚max

bb observables in the 6j4b phase space region.
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Figure A.24: Correlations between the parameters of interest 𝜇⃗ for the 𝑝T(b3), 𝑝T(b4),
|𝜂(b3)| and |𝜂(b4)| observables in the 6j4b phase space region.
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Figure A.25: Correlations between the parameters of interest 𝜇⃗ for the 𝑝T(bextra
1 ),

𝑝T(bextra
2 ), |𝜂(bextra

1 )| and |𝜂(bextra
2 )| observables in the 6j4b phase space region.
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Figure A.26: Correlations between the parameters of interest 𝜇⃗ for the Δ𝑅(bbextra),
|𝜂|(bbextra), 𝑚(bbextra) and 𝑝T(bbextra) observables in the 6j4b phase space region.
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Figure A.27: Correlations between the parameters of interest 𝜇⃗ for the observables in
the 6j3b3l and 7j4b3l phase space regions.
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B.1 Migration matrices
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Figure B.28: Migration matrices of the observables in the 5j2b and 6j2b phase space re-
gions. The generator-level observable is shown on the vertical axis and the detector-level
observable on the horizontal axis. The migration matrix corresponds to the generator-
level bins defined for the corresponding observables. Entries in the migration matrix
are normalized per generator-level bin (i.e. horizontally). The panel on the vertical axis
shows the selection efficiency per generator-level bin. The panel on the horizontal axis
shows the purity of events per detector-level bin.
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Figure B.29: Migration matrices of the observables in the 5j2b and 6j2b phase space re-
gions relating to additional jets. The generator-level observable is shown on the vertical
axis and the detector-level observable on the horizontal axis. The migration matrix corre-
sponds to the generator-level bins defined for the corresponding observables. Entries in
the migration matrix are normalized per generator-level bin (i.e. horizontally). The panel
on the vertical axis shows the selection efficiency per generator-level bin. The panel on
the horizontal axis shows the purity of events per detector-level bin.
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Figure B.30: Migration matrices of the observables in the 5j2b and 6j2b phase space
regions relating to top quarks. The generator-level observable is shown on the vertical
axis and the detector-level observable on the horizontal axis. The migration matrix corre-
sponds to the generator-level bins defined for the corresponding observables. Entries in
the migration matrix are normalized per generator-level bin (i.e. horizontally). The panel
on the vertical axis shows the selection efficiency per generator-level bin. The panel on
the horizontal axis shows the purity of events per detector-level bin.
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Appendix

B.2 Post-fit distributions
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Figure B.31: Distributions of 𝑁jets in the 5j2b and 6j2b phase space regions after the
fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.
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Figure B.32: Distributions of 𝑁b in the 5j2b and 6j2b phase space regions after the fit to
data. The contributions of all processes to the detector-level phase space regions after the
fit to data are shown as a stack of histograms. The distributions are shown separately for
each ancillary region, but are combined across all eras and the lepton channels. The blue
line indicates the sum of all processes before the fit to data The lower panel shows the
ratio of data to the processes after the fit to data. The shaded bands include all uncertain-
ties described in Section 8.7 after profiling the nuisance parameters in the fit, estimated
by sampling the predicted yields from the fit covariance matrix.
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Figure B.33: Distributions of Δ𝑅(jjadd.) in the 6j2b phase space region after the fit to
data. The contributions of all processes to the detector-level phase space regions after the
fit to data are shown as a stack of histograms. The distributions are shown separately for
each ancillary region, but are combined across all eras and the lepton channels. The blue
line indicates the sum of all processes before the fit to data The lower panel shows the
ratio of data to the processes after the fit to data. The shaded bands include all uncertain-
ties described in Section 8.7 after profiling the nuisance parameters in the fit, estimated
by sampling the predicted yields from the fit covariance matrix.
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Figure B.34: Distributions of 𝑝T(thad) in the 5j2b and 6j2b phase space regions after the
fit to data. The contributions of all processes to the detector-level phase space regions
after the fit to data are shown as a stack of histograms. The distributions are shown sepa-
rately for each ancillary region, but are combined across all eras and the lepton channels.
The blue line indicates the sum of all processes before the fit to data The lower panel
shows the ratio of data to the processes after the fit to data. The shaded bands include
all uncertainties described in Section 8.7 after profiling the nuisance parameters in the fit,
estimated by sampling the predicted yields from the fit covariance matrix.

197



Appendix

B.3 Correlation of POIs
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Figure B.35: Correlations between the parameters of interest 𝜇⃗ for the global event
observables in the 5j2b (left) and 6j2b (right) phase space regions.
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Figure B.36: Correlations between the parameters of interest 𝜇⃗ for the Δ𝑅(jjadd.) ob-
servable in the 6j2b phase space region.
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Figure B.37: Correlations between the parameters of interest 𝜇⃗ for the 𝑝T(thad) observ-
ables in the 5j2b (left) and 6j2b (right) phase space region.
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Appendix

B.4 Variation of modeling parameters in the PP8 tt 5FS model
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Figure B.38: Predicted and observed normalized differential cross sections of the 𝑁jets
observable in the 5j2b (left) and 6j2b phase space region compared to variations of
modeling uncertainties in the PP8 tt 5FS model. The measured cross sections in data are
indicated with black dots, with inner (outer) vertical bars indicating the systematic (total)
uncertainties, also represented as gray (yellow) bands. The predictions of the PP8 tt 5FS

simulation are shown in black. The plots in the first row show variations of the 𝜇R and
𝜇F scales by factors of two up and down. The plots in the second row show variations of
the PS initial-state and final-state radiation by factors of two up and down. The plots in
the third row show variations of the ℎdamp parameter and the reweighting of the signal
model to NNLO predictions of the top quark 𝑝T (see Section 10.1.1).
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Figure B.39: Predicted and observed normalized differential cross sections of the 𝑁b
observable in the 5j2b (left) and 6j2b phase space region compared to variations of
modeling uncertainties in the PP8 tt 5FS model. The measured cross sections in data are
indicated with black dots, with inner (outer) vertical bars indicating the systematic (total)
uncertainties, also represented as gray (yellow) bands. The predictions of the PP8 tt 5FS

simulation are shown in black. The plots in the first row show variations of the 𝜇R and
𝜇F scales by factors of two up and down. The plots in the second row show variations of
the PS initial-state and final-state radiation by factors of two up and down. The plots in
the third row show variations of the ℎdamp parameter and the reweighting of the signal
model to NNLO predictions of the top quark 𝑝T (see Section 10.1.1).
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Figure B.40: Predicted and observed normalized differential cross sections of the 𝐻
jets
T

observable in the 5j2b (left) and 6j2b phase space region compared to variations of
modeling uncertainties in the PP8 tt 5FS model. The measured cross sections in data are
indicated with black dots, with inner (outer) vertical bars indicating the systematic (total)
uncertainties, also represented as gray (yellow) bands. The predictions of the PP8 tt 5FS

simulation are shown in black. The plots in the first row show variations of the 𝜇R and
𝜇F scales by factors of two up and down. The plots in the second row show variations of
the PS initial-state and final-state radiation by factors of two up and down. The plots in
the third row show variations of the ℎdamp parameter and the reweighting of the signal
model to NNLO predictions of the top quark 𝑝T (see Section 10.1.1).
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Figure B.41: Predicted and observed normalized differential cross sections of the
𝑝T(thad) observable in the 5j2b (left) and 6j2b phase space region compared to vari-
ations of modeling uncertainties in the PP8 tt 5FS model. The measured cross sections
in data are indicated with black dots, with inner (outer) vertical bars indicating the sys-
tematic (total) uncertainties, also represented as gray (yellow) bands. The predictions of
the PP8 tt 5FS simulation are shown in black. The plots in the first row show variations
of the 𝜇R and 𝜇F scales by factors of two up and down. The plots in the second row show
variations of the PS initial-state and final-state radiation by factors of two up and down.
The plots in the third row show variations of the ℎdamp parameter and the reweighting of
the signal model to NNLO predictions of the top quark 𝑝T (see Section 10.1.1).
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B.5 Unfolding of leptonic pseudo top quark momentum
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Figure B.42: Migration matrices of the 𝑝T(tlep) observable in the 5j2b and 6j2b phase
space regions. The generator-level observable is shown on the vertical axis and the
detector-level observable on the horizontal axis. The migration matrix corresponds to the
generator-level bins defined for the corresponding observables. Entries in the migration
matrix are normalized per generator-level bin (i.e. horizontally). The panel on the vertical
axis shows the selection efficiency per generator-level bin. The panel on the horizontal
axis shows the purity of events per detector-level bin.
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Figure B.43: Predicted and observed normalized differential cross sections of the
𝑝T(tlep) observables in the 5j2b (left) and 6j4b (right) phase space regions. The mea-
sured cross sections in data are indicated with black dots, with inner (outer) vertical bars
indicating the systematic (total) uncertainties, also represented as gray (yellow) bands.
The cross section predictions from different tt modeling approaches as introduced in Sec-
tion 8.1 are shown as colored symbols with different shapes. Where the observable can
exceed the visible range, the last bin contains the overflow.
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B.6 Reconstruction of partonic top quark momentum
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