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Introduction

The standard model of particle physics (SM) is the current most complete theory of the
fundamental nature of the Universe to date. When it was formulated in the 1960s and
1970s, it predicted various particles, physics processes and observables that were unknown
at the time but could be experimentally confirmed later. This culminated in the obser-
vation of a new boson with a mass of roughly 125 GeV by the ATLAS [1] and CMS [2]
collaborations in 2012. Since then, many measurements of the properties of this new boson
have been performed and up to this date no significant deviation from the prediction of
the SM has been found [3–6]. In addition to proving the predictive power of the SM once
more, this is also a great achievement for CERN and the Large Hadron Collider (LHC).
The LHC started its operation in 2010 with the main goal of enabling the discovery of
the Higgs boson, increasing the precision of SM parameters, and searching for physics
phenomena beyond the standard model (BSM). Four large detectors are located at the
LHC with the CMS detector being one of them. CMS is designed as a multi-purpose
experiment probing high-energy and high-intensity proton-proton collision. The CMS ex-
periment is able to measure the energy and position of thousands of particles produced in
the collisions with very high precision. At the time of writing this thesis, most production
and decay processes of the Higgs boson predicted by the SM have been observed. The
interaction of the Higgs boson with fermions is described by the Yukawa interaction, with
a coupling strength proportional to the mass of the fermion. Among these couplings, the
coupling between Higgs boson and the top quark is expected to be largest, because the
top quark is by far the heaviest fermion. Investigating this coupling is also an important
probe of the SM as it is important to vacuum stability, cosmology and plays a major role
in many new physics scenarios. The top-Yukawa coupling can be measured indirectly in
processes in which the Higgs boson is produced via a top-loop. A direct measurement is
indispensable because it is more robust against phenomena that can enter through the
loop unnoticed. Production modes where the Higgs boson is produced in association with
top quarks, either with a top-quark pair (tt̄H) or a single top quark (tH) are crucial for
the understanding of the SM as they provide an avenue for a direct measurement of the
top-Yukawa coupling, and it is the main topic of the work presented in this thesis.

The production of the Higgs boson via the tt̄H production mode was observed by the
CMS [7] and ATLAS [8] collaborations in 2018. The observation included the decay of
the Higgs boson into WW∗, ZZ∗, τ+τ−, γγ, and bb̄. The tt̄H production with the Higgs
boson decaying to a pair of bottom-quarks (tt̄H(bb̄)) is of particular importance given its
large branching ratio.
This thesis presents the results of the measurements of tt̄H(bb̄) with data collected by
the CMS experiment between 2016 and 2018 in proton-proton collisions at 13 TeV at the
LHC. The main focus of the work is on the fully-hadronic final state, in which the top
quarks decay exclusively to light and bottom quarks. A measurement of this final state
was published by the ATLAS collaboration using data collected at 8 TeV [9]. At CMS, this
channel was pioneered using 36.3 fb−1 of data collected in 2016 [10] at 13 TeV. A refined
version of this analysis was published in combination with other tt̄H(bb̄) final states using
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an additional 41.5 fb−1 of data collected in 2017 [11].
The final state in the fully-hadronic channel exhibits a total of eight jets, four coming from
the hadronization of light quarks from the W-boson decays and four from the bottom-
quarks. Ideally, signal events would present themself in the CMS detector with eight jets,
of which four could be identified as b-jets. Due to experimental reasons, events with at
least seven jets are used to measure this tt̄H(bb̄) process. Since no leptons are present in
the final state, the signal is hidden underneath a very large and dominating background
from QCD multijet events, the most common process at a hadron colliders. Additionally
the production of top-quark pairs with additional jets (tt̄ + jets), originating from gluon
splitting, contribute a sizable background. Especially tt̄ with additional bottom-quark jets
(tt̄+bb̄) is a background process that cannot be easily removed due to its similarity to the
signal. Separating the signal from the backgrounds is among the most crucial challenges
in the analysis of the fully-hadronic tt̄H(bb̄) channel. Furthermore, the modeling of the
QCD multijet background presents itself as a limiting factor on the sensitivity of the
measurement.
This thesis presents the analysis of fully-hadronic decay channel of tt̄H(bb̄). It directly
builds on the foundations of the analyses presented in references [10, 11] by improving
and refining the used methods: New dedicated triggers, targeting all-jets final states,
were developed for the 2017 and 2018 data-taking periods of the CMS detector. The
estimation method for the QCD multijet background was revised and improved. A novel
neural-network-based classifier was developed to separate the tt̄H(bb̄) signal from the
QCD multijet and, to a lesser extent, the tt̄ + jets background. An improved estimation
of the QCD multijet background allowed to avoid the previous statistical limitation and
use collected data events in the training of the neural-network classifier. Additionally, the
analysis implemented the state-of-the-art modeling of tt̄ + bb̄ and an improved algorithm
for b-jet identification.

This thesis is split into two main parts. In part I, the theoretical foundation, the exper-
imental setup and the tools and methods will be introduced. Chapter 1 summarizes the
standard model of particle physics, describes essential concepts of collider physics, and in-
troduces theoretical and phenomenological concepts of Higgs-boson physics with a focus on
the tt̄H production. In chapter 2 the LHC machine and the CMS experiment are described.
In chapter 3, the methods for signal identification and extraction are discussed. Part II
will cover the fully-hadronic tt̄H(bb̄) analysis and the combined measurement of tt̄H(bb̄)
in all decays of the top quark pair using data collected between 2016-2018 at the LHC.
The experimental aspects of the tt̄H(bb̄) analysis will be introduced, including a discussion
of the backgrounds and their modeling, in chapter 4. The analysis strategy of the fully-
hadronic decay channel will be described in chapter 5. This chapter includes the selection
of signal events, estimation of the QCD multijet background, and the signal identification.
Chapter 6 will cover the statistical model and systematic uncertainties considered in the
extraction of the measurement from the data. Lastly, the results are discussed in chap-
ter 7. The main result is the measurement of the tt̄H(bb̄) in the all-hadronic channel and
the effect of the combination with the leptonic channels. In addition, the measurement is
used to set a limit on the production of a single top quark and a Higgs boson (tH(bb̄)), a
measurement of the Top-Yukawa coupling, and a cross section measurement broken down
into various kinematic regions (following the simplified template cross- section (STXS)
framework).
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1. Theoretical foundations and collider
physics

The standard model of particle physics provides the basic framework for the measurements
presented in this thesis. It is briefly summarized in this chapter with a focus on the Higgs
mechanism as it plays a pivotal role in the work presented in this thesis. This chapter also
includes an introduction to hadron collider physics and summarizes the phenomenological
and experimental status of Higgs-boson physics.

1.1. The standard model of particle physics
The standard model of particle physics (SM) [12–27] is a quantum field theory [28] that
describes the elementary particles and their interaction. This theory provides a mechanism
to accurately predict certain observations in particle-physics experiments, like the cross
section of a particle-physics process.
The SM contains the description of the fundamental particles and most fundamental forces
known to date. The particles can be split into fermions and bosons. Tables 1.1 and 1.2
list all fermions and gauge bosons as they present themselves in the SM. The fermions
make up matter as we know it and the gauge bosons mediate the forces and describe the
interactions within the SM. The SM predicts one additional particle, that is also a boson
but does not mediate a force: The Higgs boson. In the SM it is introduced through a
mechanism that describes how the fermions and some of the gauge bosons obtain mass.

The SM was formulated during the 1960s and 1970s. In addition to the particles already
known at that time, like the electron, it also postulated further particles, that are necessary
for the internal consistency of the theory. This fact motivated a multitude of groundbreak-
ing experiments resulting in new observations. For example the charm quark [30, 31] was
found 1974, the bottom quark [32] in 1977, the W [33] and Z bosons [34] in 1983, the top
quark [35,36] in 1995, and finally the Higgs boson [1, 2] in 2012.
While the SM describes most observations in particle physics with unparalleled accuracy,
it is commonly accepted, that physics beyond the SM (BSM), i.e. physics not described
by the SM, must exists. The reasons for this are observations, like the neutrino oscillation
phenomenon [37,38], and strong evidences, like the recent measurements on the magnetic
momentum of the muon by the Muon-g2 experiment [39], that cannot be explained within
the SM framework. Searches for new particles that can be explained with extensions to
the SM (like Supersymmetry) or completely new theories are an active area of research
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6 1. Theoretical foundations and collider physics

Table 1.1.: The three generations of fermions in the standard model. The electric charge,
weak isospin T3 and color determine how fermions interact. The numerical
values are taken from [29].

Gen. particle charge/e T3 color mass

1st

Up quark (u) 2/3 1/2 r,g,b 2.16+0.49
−0.26 MeV

Down quark (d) −1/3 −1/2 r,g,b 4.67+0.48
−0.17 MeV

Electron (e) −1 −1/2 – 0.511 ± (0.31 · 10−8) MeV
Electron neutrino (νe) 0 1/2 – < 1.1 eV

2nd

Charm quark (c) 2/3 1/2 r,g,b 1.27 ± 0.02 GeV
Strange quark (s) −1/3 −1/2 r,g,b 93+11

−5 MeV
Muon (µ) −1 −1/2 – 105.7 ± (2.4 · 10−6) MeV
Muon neutrino (νµ) 0 1/2 – < 1.1 eV

3rd

Top quark (t) 2/3 1/2 r,g,b 172.76 ± 0.3 GeV
Bottom quark (b) −1/3 −1/2 r,g,b 4.18+0.03

−0.02 GeV
Tau (τ) −1 −1/2 – 1776.86 ± 0.12 MeV
Tau neutrino (ντ ) 0 1/2 – < 1.1 eV

Table 1.2.: Gauge bosons of the standard model. All numerical values are taken from [29].

Particle Interaction charge T3 color mass

photon (γ) electroweak 0 0 – massless (< 1 · 10−18eV)
W± boson electroweak ±e ±1 – 80.79 ± 0.012GeV
Z bosons electroweak 0 0 – 91.1876 ± 0.0021GeV
gluon (g) strong 0 0 all massless
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1.1. The standard model of particle physics 7

in particles physics. No further discussion of such theories will be included in this thesis.
The measurements presented in this thesis are done in the framework of the SM phenom-
ena. Measurements deviating from the SM prediction could hint at new physics and are a
motivation to improve in order to reach the highest precision possible.

1.1.1. Fermions

Fermions carry a spin of 1/2 in units of ℏ and follow the Fermi-Dirac statistics and subse-
quently the Pauli exclusion principle. An overview of the fermions and their properties in
the SM is given in table 1.1. The fermions of the SM are subdivided into leptons, which do
not carry color charge, and quarks, which do carry a color charge. Consequently quarks
can interact via the strong force while leptons cannot. For both groups, six particles,
which are subdivided into three generations or families, are part of the SM. Typically, the
masses of the particles within a group increase when ascending in generations (e.g. from
the first to the second generation). Because the mass increases from generation to gen-
eration, particles from higher generation typically decay to particles of lower generation.
This is also the reason that particles of the first generation are stable and are typically
observed in nature1. The two different groups, leptons and quarks, will be discussed in the
following paragraphs. Additionally each of the particles has an anti-particle with opposite
charge-type quantum numbers.

Leptons

The leptons can be further categorized in charged leptons and neutrinos. The first gener-
ation of leptons consists of the (charged) election (e) and the electron neutrino (νe). The
second generation out of the muon (µ) and muon neutrino (νµ) and the third out of the
tau lepton (τ) and the tau neutrino (ντ ). All charged leptons feature an electric charge
of Q = −e and can interact via the electromagnetic and the weak force. The neutrinos
on the other hand feature a charge of Q = 0 and can consequently only interact via the
weak interaction, which only interacts with left-handed neutrinos. Hence, right-handed
neutrinos are not part of the SM and have also not been observed so far.

Quarks

The quarks can be further categorized into up-type and down-type quarks per generation.
The first generation of quarks consists of the up quark (u) and the down quark (d).
Followed by the charm quarks (c) and strange quark (s) in the second generation, and
the top quark (t) and bottom quark (b) in the third generation. Up-type quarks feature
an electric charge of Q = 2/3e, while down-type quarks feature an electric charge of
Q = −1/3e. Furthermore, quarks carry one of the three color charges red, green, or blue.
Quarks can interact via all interactions described by the SM. Due to a special property
of the strong interaction, called confinement, which will be described in the next section,
they cannot be observed as individual particles. Instead they are always bound into color-
neutral states referred to as hadrons. The two main types of hadrons, which are commonly
observed, are mesons and baryons. Mesons are bound states of a quark and an antiquark,
carrying a color and the corresponding anticolor. Since they are comprised out of two
fermions, mesons exhibit an integer-number spin in units of ℏ, which makes them bosons.
Examples of mesons are pions, which consist of combinations of up and down quarks. π+

consist of a up and anti-down quarks, π− of down and anti-up quark and π0 of a linear
combination of up and anti-up and down and anti-down quarks. Baryons are bound states
of three quarks, each with a different color charge. Since their spin adds up to half-integer
1 The electron as well as the up and down quarks are part of the firs generation: Up and down quarks

comprise protons (uud) and neutrons (udd). Atoms are made from protons, neutrons and electrons.

7



8 1. Theoretical foundations and collider physics

values in units of ℏ, they are also fermions. Examples are the proton and neutron. Further
bound states, like ”pentaquarks”, are predicted by the SM and are a field of active research,
for example by the LHCb collaboration at the Large Hadron Collider.

1.1.2. Interactions

The SM defines a Lagrangian density that combines the electromagnetic, strong and weak
interactions in a single relativistic quantum field theory. The interactions are mediated by
vector bosons with a spin of one in units of ℏ. The vector bosons of the SM, also called
gauge bosons, are given in table 1.2.
Because the SM is formulated in the framework of a quantum field theory, particles and
forces are described by fields. The Lagrangian density L describes the kinematics and
interactions of the fields. Applying the Euler-Lagrange equation

∂µ

(
∂L
∂∂µϕ

)
− L
∂ϕ

= 0 (1.1)

to a given Lagrangian density L returns the equations of motion for the field ϕ. The
Lagrangian density of the SM is invariant under transformations of the SU(3)c ×SU(2)L ×
SU(1)Y symmetry group. This implies the conservation of three quantities (according to
Noethers’s theorem [40]). In the case of the SM, the invariance under SU(3)c yields the
conservation of the color charge, and the invariance under SU(2)L×U(1)Y the conservation
of the weak isospin I3 and the hypercharge Y . These three gauge groups of the SM are
responsible for three of the four fundamental forces: the strong force, the weak force, and
electromagnetism; as described below.

Electromagnetic Interaction

The photon γ is the mediator of the electromagnetic interaction. The photons couple to
the electric charge of particles. Since the photon itself carries no charge, no direct interac-
tion between photons, outside loops, is possible. Additionally the photon is massless. Both
properties lead to the characteristic long range of the electromagnetic interaction, because
photons traveling though space continue on their path until encountering a charged par-
ticle.
Quantum electrodynamics (QED) is the formulation of the electromagnetic force as a
relativistic quantum field theory. Its Lagrangian density is given by

LQED = iψ̄γµ∂µψ −mψ̄ψ − 1
4FµνF

µν − eψ̄γµA
µψ . (1.2)

The elements of this equation are: The Dirac matrices γµ. The bispinor fields ψ (ψ̄ = ψ†γ0)
representing spin 1/2 particles. The mass m of the spin 1/2 particle. The photon field
potential is represented by Aµ and the electromagnetic field strength tensor is given by
the Fµν = ∂µAν − ∂νAµ. Each term in the equation represents separate aspects of the
particles and their interaction: The first and second term describe the kinematics and the
mass of the particles, respectively. The third term expresses the kinematic properties of
the photon field. The last term describes the interaction between the field and the spin
1/2 particles. In the case of the SM, the spin 1/2 particles are the fermions.

Strong Interaction

The gluons g are the mediators of the strong interaction. Gluons couple to the three
color charges red, green and blue of a particle. Unlike photons, gluons also carry color
charge leading to the possibility of self-interaction. They carry a superposition of color

8



1.1. The standard model of particle physics 9

and anti-color charges, which results in eight distinct configurations. Even though the
gluons are massless, their self-interaction leads to the short range of the strong interac-
tion. Furthermore, this leads to the so-called confinement phenomena, which states that
the force between two strongly interacting particles does not get weaker when they are
separated. Instead the energy stored in the fields grows linearly with the distance and if
the energy is large enough, new strongly interacting particle-antiparticle pairs are formed.
This means that strongly interacting particles can only exist in color-neutral bound states
called hadrons. The counterpart to confinement is asymptotic freedom. According to this
concept, the strong coupling becomes weaker with increasing energy and the quarks can
be viewed as quasi-free particles. In this region perturbation theory can be applied. Quan-
tum chromodynamics (QCD) [26,27] is the formulation of the strong force as a relativistic
quantum field theory. Its Lagrangian density is given by

LQCD = iψ̄aγ
µ∂µδabψb −mδabψ̄aψb − 1

4G
A
µνG

Aµν − gψ̄aγ
µtCabψbA

C
µ (1.3)

This Lagrangian density exhibits a similar structure the QED Lagrangian density, given
in equation (1.2): The bispinor fields ψa represent the quarks with a color charge a, that
can be any of the three colors. The eight distinct gluon fields are represented by AC

µ . The
gluon field strength tensor GA

µν is constructed using the structure constants fABC of the
SU(3) symmetry group as GA

µν = ∂µA
A
ν − ∂νA

A
µ + gfABCAB

µA
C
ν . tab are 3 × 3 matrices

that represent the eight generators of the SU(3) symmetry group. The final element is
the quark-gluon coupling constant g =

√
4παs, with the strong-coupling constant αs. As

for the QED Lagrangian density, each term in equation (1.3) represents aspects of the
particles and their interaction: The kinematics and the mass of the quarks are described
by the first two terms. The third term expresses the kinematic properties of the gluon
field including the self-interaction. The last term describes the interaction between the
gluons and quarks.

Electroweak Interaction

The electroweak unification is a central pillar of the SM as it is known today. Due to
this unification, the electromagnetic and weak interaction are no longer described by two
separate theories but by a single theory, which is invariant under SU(2) ×U(1) symmetry
group. This symmetry is also known as the electroweak symmetry. Three massless boson
fields W1,W2, and W3 are introduced. They couple to a new charge-type quantum number,
called the weak isospin I3. Additionally a single boson field B, which couples to the
hypercharge Y , is introduced. These four fields lead to four massless particles. The
configuration of these four independent fields is accurate above a certain energy scale.
Below this energy scale, the electroweak symmetry is spontaneously broken by the Higgs
mechanism, which will be discussed in section 1.1.3, leading to a mixing between these
four fields and new particles. The four particles are the photon, the Z boson and the W±

bosons, which are the commonly known particles mediating the electromagnetic and weak
interactions. Mixing the fields B and W3 according to the Weinberg angle θW results in
the electrically neutral bosons(

γ
Z

)
=
(

cos θW sin θW

− sin θW cos θW

)(
B
W3

)
. (1.4)

Both couple to a linear combination of the weak hypercharge Y and weak isospin I3. In the
framework of the electroweak interaction, the electrical charge is given by Q = Y/2 + I3.
The positively and negatively charged W bosons W± result from a mixing of the W1 and

9



10 1. Theoretical foundations and collider physics

W2 fields according to:
W± = 1√

2
(W1 ∓ iW2) . (1.5)

The W± and Z bosons have masses of 80.4 GeV and 91.2 GeV [29], respectively. In the
context of elementary particles, these are very massive particles, leading to the short range
of the weak interaction.

Interactions mediated via W bosons are accompanied with flavor transitions because of
charge conservation: Charged leptons are converted to neutrinos (charge ±1e → 0) and
vice versa, up-type quarks are converted to down-type quarks (charge ±2/3e → ∓1/3e),
and down-type quarks are converted to up-type quarks (charge ±1/3e → ∓2/3e). In the
SM, quark transitions can also extend beyond the generation of the incoming quarks (e.g.
from a up-type u quark to down-type s quark, compared to u → d). The reason for this
is, that the quark flavor eigenstates of the weak interaction are not equal to the mass
eigenstates. How these two states are mixing is given by the CKM matrix [41,42]d

′

s′

b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


ds
b

 , (1.6)

with the electroweak flavor eigenstate q′ and the mass eigenstates q of the quarks. The
values Vxy of the CKM matrix can be understood as a transition frequency for a given
process. Mathematically, the elements are included in the calculation of the transition
amplitude for a given vertex with quark contribution. Generally speaking, the diagonal
elements Vud, Vcs, and Vtb are close to one and off-diagonal elements are small. There-
fore, transitions within a generation are favored. For this thesis, especially the top-quark
transitions are important. The currently best measurement of Vtb is 0.999172+0.000024

−0.000035 [29].
This means that (in experimental practice) all top-quarks decay to bottom quarks and W
bosons.

The Lagrangian density after the symmetry breaking is given by

LEW = ψ̄
(
iγµ∂µ −m

)
ψ − g sin θWQψ̄γµψAµ

− g

2
√

2
ψ̄γµ(1 − γ5)(T+W+

µ + T−W−
µ )ψ (1.7)

− g

2 cos θW
ψ̄γµ(gV − gAγ

5)ψZµ .

The fields Aµ, Zµ, and W±
µ for photons, neutral boson and charged bosons are defined

as given by equation (1.4) and (1.5). The operators T± are the weak isospin raising
and lowering operators. The factors gV and gA are vector and axial-vector couplings,
respectively. The first term describes the kinematics and mass of the fermions. The second
term describes the electromagnetic interaction (QED), as also given in equation (1.2). The
third term represents the weak charged-current interactions and the last term describes
the weak neutral-current interactions.

1.1.3. Higgs mechanism

As already mentioned in section 1.1.2 in the discussion of the electroweak interaction, the
Higgs-mechanism (or more precisely the Anderson-Brout-Englert-Higgs-Mechanism) [14–
16] is required to describe the mass of the particles within the SM Lagrangian density.
Equation (1.7) already includes these mass terms. The Higgs mechanism will be be dis-
cussed in more detail in this section.

10



1.1. The standard model of particle physics 11

The introduction of a scalar filed ϕ, which couples to the particle mass, is the first step
in the Higgs mechanism. The filed ϕ is also called the Higgs field. It is represented
by a complex SU(2) doublet and therefore can be described by four real parameters.
Furthermore, the corresponding potential

V (ϕ) = −µϕ⋆ϕ+ λ(ϕ⋆ϕ) , (1.8)

also called the Mexican hat potential, is introduced. For positive values of µ and λ, this
potential features a global minimum at the vacuum expectation value |ϕ| = v =

√
µ/(2λ)

and a local maximum at ϕ = 0. The Higgs field takes on different values depending on
the energy scale. At a large energy scale, the whole potential including its symmetries are
important and conserved. However, at low energy scales, the Higgs field will be confined
to a valley of the potential near the global minimum. In this case the effective potential of
the field can be given by approximating the potential around a single point |ϕ| in the valley
and the symmetry of the full potential is no longer apparent; it is said to be ”broken”.
In the following, the general concept of the Higgs-mechanism will be explained based on a
simplified Higgs field ϕ = ϕ1 + iϕ2 and a massless gauge field Aµ, based on reference [43].
Using the potential given in equation (1.8), the Lagrangian density for this field can be
formulated as

L = 1
2
[(
∂µ − iqAµ

)
ϕ⋆] [(∂µ − iqAµ)ϕ] + µϕ⋆ϕ− λ(ϕ⋆ϕ) − 1

16πF
µνF νµ , (1.9)

with the field strength tensor F νµ of the gauge field Aµ. By introducing ϕ1 = η−
√
µ/(2λ)

and ϕ2 = ξ, a parameter transformation is performed such that the field is described at
the location of a chosen global minimum. Applying this transformation to the Lagrangian
density in equation (1.9), results in terms describing a massless Goldstone boson arising
from the field ξ and couplings of this field to the gauge field Aµ. The Goldstone theo-
rem [44–46] predicts one massless bosons for each broken symmetry and correspondingly
in this case there is one massless gauge field for the single broken symmetry. By apply-
ing further transformations that exploit gauge invariance, the contribution of ξ can be
eliminated and the following Lagrangian density can be formulated:

L =
[1

2(∂µη)(∂µη) − 2µη2
]

+
[ 1

16πF
µνF νµ + µ

4λAµA
µ
]

+
[√

µ

2λq
2AµA

µ + 1
2q

2η2AµA
µ −

√
8λµη3 − λη4

]
+ µ2

16λ . (1.10)

This Lagrangian density exhibits the following features: The term in the first line of
equation (1.10) corresponds to a new massive spin-zero particle, which we identify with
the Higgs boson. The term in the second line describes the kinematics and dynamics of the
gauge field and includes a mass term. The term in the third line represent the interaction
of the gauge field and the Higgs field, parametrized by the coupling strength

λV = 2m
2
V

v
, (1.11)

as well as the self interaction of the Higgs field.
Applying analogue transformations in the SM, leads to non-zero masses for the vector
bosons Z and W±. In order to also describe massive fermions, the interaction of the Higgs
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12 1. Theoretical foundations and collider physics

field and the fermions has to be added to the SM Lagrangian density. This is accomplished
by adding terms, which transform like a singlet under the operation of the SU(2) × U(1)
symmetry group, to the Lagrangian density:

LYukawa = −yf

(
ψ̄LϕψR + ψ̄Rϕ̄ψL

)
. (1.12)

This is the Yukawa interaction with the so-called Yukawa coupling, which is given by

yf =
√

2mf

v
. (1.13)

By adding the interaction between the Higgs field and the fermion fields, the fermions
acquire a non-zero mass for a non-zero vacuum expectation value. Understanding the
properties of the coupling between the top quark and the Higgs fields, the so-called Top-
Yukawa coupling, is one of the main motivations for pursuing measurements of the tt̄H
and tH processes. This will be discussed further in section 1.3.

1.2. Hadron collider phyiscs
Analyzing the outcome of high-energy collisions of elementary particles is the main source
of our knowledge of the sub-nuclear domain. Hereby, the general experimental setup
did not change significantly since the formulation of the SM and the consequent first
measurements in the 1960’s. Particles are accelerated and brought to collision at the so-
called interaction point. Because of the large energies in such collisions, new particles, like
the Higgs boson, can be produced. Around the interaction point, detectors are placed with
the goal of measuring all resulting particles and reconstructing the collision and physical
processes. Colliding hadrons, as it is done at the LHC, instead of elementary particles,
like electrons, has the advantage that much higher energies can be achieved since hadrons
loose less energy while being accelerated, e.g. through synchrotron radiation. The main
drawback is the more complicated theoretical and experimental description because of the
composite nature of the hadrons. In the context of this thesis, only proton collisions are
studied, but the following concepts apply to all hadron collisions.
The asymptotic freedom of the strong interaction and the confinement are essential con-
cepts in the context of hadron collider physics. Asymptotic freedom enables the use of
perturbation theory for the calculation of processes in the context of the SM and the con-
finement is the reason that only composite objects like hadrons instead of the elementary
quarks can be observed at hadron colliders. Characterizing these composite objects re-
quires the description of processes like the substructure of the proton or the formation of
hadrons, which cannot be done from first principles within the SM. It is nevertheless pos-
sible to probe the SM above certain energy scales because the collisions can be factorized
into mostly independent components for which a model exists or that can be calculated.
The models are usually parametric and can be determined, tested and tuned using inde-
pendent measurements.
This section will outline relevant hadron collider physics concepts necessary for this thesis:
cross sections, Feynman diagrams, renormalization, calculation and simulation of the final
states at hadron colliders, collider kinematics and jets.

1.2.1. Cross sections and decays
The scattering process of two beams of particles colliding head-on is usually described in
terms of the cross section σ. The rate Ṅ at which a process occurs is given by the process
specific cross section and the luminosity L, describing the beam particle flux

Ṅ = L · σ . (1.14)

12
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In practice, the cross section is usually measured using by counting the number of scattered
particles produced in the collision. In a time-interval [ta, tb], the number of expected
occurrences of some process is given by:

N =
∫ tb

ta

Lσdt = Lσ , (1.15)

with the integrated luminosity L. Usually the cross section depends on the initial energy
of the colliding particles. The probability of a particle x to decay to a final state y per
unit time is expressed in terms of the decay rate Γx→y, which is also the inverse of the
particle lifetime. Often, particles can decay into multiple different final states. Therefore,
the total decay rate is defined as:

Γx,tot =
∑

i

Γx→i . (1.16)

The branching fraction
Bx→y =

Γx→y

Γx,tot
, (1.17)

is used to describe the probability of a particle (or initial state) x to transition to the final
state y.

1.2.2. Feynman diagrams, renormalization, and the running coupling

Feynman diagrams are used to graphically represent terms in the calculation of cross
sections and decay rates. These calculations are typically performed in a perturbation
framework, where the full results is approximated by a series of terms, with each term
having a corresponding Feynman diagram representation. The first term is denoted as
the leading order (LO), the second term as the next-to-leading order (NLO), and so forth.
Leading order diagrams always represent the graph with the smallest number of vertices,
i.e. points of particle interaction, possible. Since the number of vertices increases with the
number of orders considered, as are the possibilities how vertices can be added to the Feyn-
man diagram, the complexity of these calculations can increase rapidly. Approximating
a process by omitting higher orders is useful, because each vertex in a diagram is associ-
ated with a multiplication by a coupling constant in the calculation. In case of hadronic
collision, which are described by QCD, the perturbation expansion is given in orders of
the strong coupling constant αs. In the regime where these perturbative calculations are
performed, the couplings are small and the largest, most important, terms correspond to
the diagrams having the fewest number of vertices. Using higher order predictions is still
important for precise measurements, e.g. for predicting the yield of a certain simulated
background or for modeling underlying phenomena that only manifest in higher orders.
Another important concept are loops: Feynman diagrams can contain particle loops, e.g.
a particle pair that is emitted and absorbed within the process, that cannot be directly ob-
served in the final state of the process. Nevertheless they represent important phenomena.
For example the dominant Higgs-boson production mechanism via gluon fusion is only
possible because of a loop process involving top quarks (c.f. section 1.3.1 and figure 1.4a).
Figure 1.1a shows the qq̄ → qq̄ process at LO and Figure 1.1b shows a diagram contribution
to higher order terms in the calculation with a fermion-pair loop.

The evaluation of diagrams at higher orders containing loops requires the calculation of
divergent integrals. By redefining the fields and constants of the theory, a process called
renormalization, these divergent integrals can be absorbed and regularized, in such a way
that the infinities are not present, or cancel out and the final result of the calculation
becomes finite. An a-priori defined energy scale, called the renormalization scale µR, is

13



14 1. Theoretical foundations and collider physics
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Figure 1.1.: Feynman graphs for qq̄ → qq̄ in leading order (a) and next-to-leading order
with a fermion loop (b).

required in this case. For the strong coupling αs, the dependency on the renormalization
scale µR can be written at LO as

αs (µ)2 ≈ 1

b0 log
(

µ
2

ΛQCD

) , (1.18)

with b0 > 0 and ΛQCD ≈ 200 GeV. This running coupling also implies the asymptotic
freedom of QCD. The coupling αs becomes small at high energies and the perturbation
theory can be applied. At low energies (close to to ΛQCD), perturbation theory is not
valid, the coupling becomes strong and the quarks cannot exists freely but are bound.

1.2.3. Simulation of the hard process and final states

At high energy scales, the hard processes can be calculated using perturbative QCD. The
starting point is the Matrix Element M, which encodes the underlying theory described
by the SM and can be systematically calculated at fixed orders of αs. In reality the de-
scriptions of these processes with such perturbative calculations reaches its limits - for a
variety of reasons - quite fast. The two major reasons are: First, most final states exhibit
many final state particles, leading to very complex calculations. Second, the energy scale
decreases due to particles radiation, which results in stronger αs, making perturbation
theory invalid. Additionally the proton structure, the parton shower, and the hadroniza-
tion need to be modeled. Therefore, additional techniques are necessary when calculating
processes, as they occur at the LHC. This section loosely follows reference [47] chapter 2
and outlines the necessary concepts and techniques used to calculate and simulate final
states at hadron colliders.

The phase-space specific integrals of the scattering, which is necessary to make predic-
tions or simulate processes, are usually calculated using Monte Carlo (MC) techniques.
These techniques are used because of their superior convergence speed compared to other
techniques for complex high-dimensional integrals. MC techniques are used for various
applications when simulating hadronic collisions. This includes both the short distance
predictions of the hard process and long-distance phenomena like the hadronization. These
simulations are collectively referred to as Monte Carlo event generation. A general intro-
duction on the topic of Monte Carlo event generation and their application in hadron-
collider physics can for example be found in reference [47] chapter 3 or reference [48].

1.2.3.1. Factorization and parton distribution functions

Since protons are not fundamental particles, their substructure needs to be considered
when they collide. The quarks comprising the proton constantly interact with each other
via gluon absorption and emission and the intermediate gluons do the same with quarks
and gluons. Therefore, the proton is actually a ”cloud” of quarks and gluons (also called
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Figure 1.2.: Parton density functions for quarks and gluons at two different factorization
scales as a function of the momentum fraction x for the NNPDF3.1 PDF-set [50].
At higher energies Q (right compared to left), the fraction of anti-quarks,
heavier quarks and gluons carrying higher fractions of the proton momentum
x increase.

constituents). Hereby additional quarks, or valence quarks, inside the proton can be of
any flavor. According to the factorization theorem [49], the hard process can be separated
from these low-energy scale-dynamics inside of the proton. Hereby the incoming partons
(in the case of the LHC the quarks and gluons constituting the protons) are essentially
free, each carrying the momentum fraction xi of the proton momentum pi. The low-
energy dynamics inside the proton are separated from the high-energy dynamics of the
hard process by introducing a factorization scale µF . The cross section of two colliding
protons yielding the final state f can then be calculated using:

σ(p1, p2 → f) =
∑
ji

∫ 1

0
dxi

∫ 1

0
dxjfi(xi, µ

2
F )fj(xj , µ

2
F )σ̂(p̂i, p̂j → f) . (1.19)

The parton distribution function (PDF) fi, describes the probability for finding a certain
parton i with the momentum fraction xi. Up to the scale µF , gluon splittings and emissions
as well as gluon to quark splittings are absorbed into the PDF. Because PDFs describe
universal properties of the proton, they can be determined in independent measurements.
Figure 1.2 shows examples for PDFs at different energies. The cross section σ̂(p̂i, p̂j → f),
with the momentum p̂i of the parton originating from proton p1 and momentum p̂j of the
parton originating from proton p2, can be calculated using perturbation theory.

1.2.3.2. Parton shower and hadronization

Quarks and gluons interact via the strong interaction and emit or collinearly split into
further quarks and gluons producing a color-charged shower, more commonly referred to
as parton shower (PS). Similar to the factorization into low-energy dynamics inside the
proton and the high-energy hard process, this low-energy shower can be factorized from
the high-energy hard process. The process is usually implemented using MC shower gen-
erators, which sequentially add lower and lower energy emissions to the final state until a
cutoff is reached. Similarly initial state radiation is included.
The approximations made by the PS work very well at the soft and collinear limit but
not for hard and large-angle radiation. This is modeled much better by the matrix el-
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16 1. Theoretical foundations and collider physics

ement calculations. If one wants to combine both, the main practical issue is to avoid
double counting configurations that can either originate from a higher order ME or the
PS. Various methods are available to achieve this and are considered in the simulated
samples used for the analysis presented in part II of the thesis. Generally, this matching
(or merging) is achieved by either splitting the phase space into two regimes (jet evolution
and jet production) at a certain energy scale or by generating ME’s with multiple exclu-
sive numbers of emissions and vetoing these configurations produced by the PS. In the
process of simulating collisions, the PS is stopped once all partons are at the energy scale
of hadronization (∼ 1 GeV). The process of hadronization is the evolution of a set of col-
ored partons to a set color singlet primary hadrons. How this mapping is accomplished is
encoded in models, that are motivated by the structure of QCD but still contain a number
of free parameters that can be tuned. Different MC parton shower generators implement
different hadronization models. For example pythia [51], which is used as parton shower
generator for all simulated samples in this thesis, implements the so-called string model.
After the primary hadrons are formed, their decay is simulated until only stable particles
remain.

1.2.3.3. Underlying event and pileup

Due to the fact that composite particles collide, multi-parton interaction are always present
at hadron colliders. These interactions, occurring in addition to the hard process, along
with beam remnants are referred to as underlying event. It is usually simulated as multiple
soft parton-parton interactions. Large non-perturbative effects, that can also affect the
hard process, are present. Therefore, this simulation has to be tuned extensively from
data measurements.
The term pileup refers to the effect of proton-proton collisions that occur in addition to the
collision of the hard process. Two different kinds of pileup can occur at the hadron colliders:
In-time pileup results from multiple protons colliding in the same bunch crossing. Out-of
time-pileup occurs due to finite detector response time, which can lead to recording collision
from previous and following bunch crossings. At CMS a technique called premixing is used
to simulate both processes. The pileup is included in the event simulation by overlaying
events solely reflecting the expected pileup and without the hard process.

1.2.4. Simulation of the detector response

The measurements in particle physics are conducted with complex machines that impart
certain responses on the recorded collisions, as it will be explained in more detail in
section 2.2. In order to compare the measurement to simulation, the detector response,
i.e. the interaction of the final state particles with the detector, needs to be simulated
as well. This includes the interaction with detector material and magnetic field as well
as the simulation of the hits in the tracker and energy deposits in the calorimeters. The
readout of the electronics has to also be simulated. Using such a procedure enables the
reconstruction of the simulated events with the exact same procedures as are used to
interpret the collected data. A commonly used toolkit is Geant4 [52], which is also used
for the CMS experiment.

1.2.5. Collider kinematics

For collider measurements, a coordinate system in which the z-axis is aligned with the beam
axis, as illustrated in figure 1.3a, is used. At hadron colliders, the interacting partons can
carry very different fractions of the proton momenta. The final state particles produced
in the collisions tend to be boosted along the z-axis. While these final state particles
are similar in their respective center-of-mass frame, they can seem very different when
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(a) (b)

Figure 1.3.: Illustrations of the coordinate-system generally used at hadron collider exper-
iments (a) and the relation between pseudorapidity η and the angle in the
transversal plane Θ (b).

described in terms of the total momentum and energy due to their respective boost in the
lab frame. Furthermore, an unknown fraction of the beam energy in an event can escape
through the beam axis. Hence, quantities invariant under longitudinal Lorentz boosts are
generally preferred.
The transverse momentum is given by

pT =
√
p2

x + p2
y , (1.20)

and the transverse mass by
MT =

√
E2 − p2

z . (1.21)

Both are Lorentz invariant under boosts along the beam axis. The rapidity y is defined as

y = 1
2 ln

(
E + pz

E − pz

)
. (1.22)

Differences in rapidity are invariant under longitudinal Lorentz boosts but generally the
pseudorapidity

η = − ln
(

tan
(
θ

2

))
, (1.23)

with θ as the angle to the z-axis, will be used. The pseudorapidity is equal to the rapidity if
the kinetic energy of the particle is large compared to its mass. Because its near invariance
under longitudinal Lorentz boosts, is is common practice to use η instead of the angle θ.
The relation between these two quantities is illustrated in figure 1.3b. Another commonly
used observable is the angular separation between two objects (partons, particles, jets,
etc.)

∆R =
√

(ϕ1 − ϕ2)2 + (η1 − η2)2 . (1.24)

1.2.6. Jets

Due to QCD confinement, quarks and gluons cannot be observed directly. Instead they
generate, through the strong interaction, collimated streams of particles, which are called
jets. Experimentally these jets can be reconstructed by clustering the observed particles
(or more precisely the tracks and energy depositions in the detector). The resulting jets
are used to draw conclusions about the kinematic properties of the quarks and gluons
which originated the particle spray. The calculations of perturbative QCD can also be
expressed in terms of jets. Since soft and collinear emissions cannot be reliably predicted
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Figure 1.4.: Example Feynman diagrams for different Higgs boson production modes:
Gluon fusion (a), vector boson fusion (b) and Higgs strahlung (c). Drawn
using JAXODRAW [54].

by these calculations, the jet clustering should ideally be insensitive to both.
The process of clustering jets is determined by a set of rules describing how to group the
particles and assign momenta to the resulting jets. These algorithms should be applicable
to partonic calculations, experimental measurements and parton-showering Monte-Carlo
simulation. This enables a common treatment of jets in theory, experiments and simula-
tion. Jets that are derived from intermediate particles in a simulation are also referred to
as generator-level or particle-level jets. An overview of jet clustering algorithms can be
found in reference [53]. The algorithm used for the measurement presented in part II of
this thesis will be covered in detail in section 2.3.5.

Jets play an outstanding role at hadron colliders in general, since quarks and gluons are
participating in all collisions, and for the analysis presented in part II of this thesis in
particular, since it aims to measure an all-jet final state.

1.3. Higgs-boson physics
This section serves as an introduction to Higgs-boson physics, phenomenology and exper-
imental status at the LHC. The tt̄H production mode, especially with the decay of the
Higgs boson to bottom quarks, will be discussed in more detail, since it is the main focus
of the work presented in this thesis. Details on the experimental status will be covered in
section 1.3.5.

1.3.1. Higgs-boson properties

At the LHC, the Higgs boson is produced in four main production modes:

Gluon fusion The dominant production mode at the LHC is shown in fig-
ure 1.4a. In this mode, the Higgs boson is produced via a
fermion-quark loop from the interaction of two gluons. Due to
the virtual nature of the loop, the corresponding coupling to
the Higgs boson cannot be measured directly. This mode is
also referred to as ggH.

Vector boson fusion In this process, which is shown in figure 1.4b, the Higgs boson is
produced by two vector bosons radiated from incoming quarks.
This mode depends on the coupling of the W, Z and Higgs
bosons and is commonly referred to as VBF production. The
jets originating from the final state quarks exhibit a compar-
atively large distance in η (”forward jets”) and large invariant
mass, which can be used to identify this production mode in
the detector.
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(a) (b)

Figure 1.5.: Production cross sections for a Higgs Boson, with a mass of 125 GeV, as func-
tion of center-of-mass energy at the LHC and Higgs-boson branching fractions
as function of Higgs-boson mass. Taken from reference [55]

Higgsstrahlung The production of the Higgs boson in association with a W or
Z boson is shown in figure 1.4c. This mode is also referred to as
Higgs boson production in association with vector bosons (VH).

tt̄H The production of a Higgs boson in association with a top-quark
pair. Due to the large mass of the final-state particles it has
the smallest cross section of the four main production modes.
This process will be discussed in detail in section 1.3.2.

Figure 1.5a shows the production cross sections for these four processes as well as the
associated production with bottom quarks (bb̄H) and the single-top Higgs (tH) production
for a Higgs boson with a mass of 125 GeV as function of the center-of-mass energy

√
s .

The cross-section dependency on
√
s for the top-quark associated Higgs-boson production

modes is large compared to the other modes.
Due to its coupling to leptons, quarks and the W and Z bosons, the Higgs boson has a wide
array of possible decay channels. An overview of the branching fractions of the possible
decay modes is given in figure 1.5b. Due to the mass dependency of the coupling, decays
with more massive particle are preferred, if they are not restricted by phase-space factors.
The decays can be categorized into vector boson, fermion and loop induced decays:

Vector boson decays

The Higgs boson couples strongly to the Z and W± bosons due to their large mass.
Nevertheless, decays to two on-shell vector bosons are suppressed because of the mass of
the Higgs boson. The branching fractions are still quite sizable with ≈ 21 % and ≈ 2.6 %
for the WW and ZZ decays, respectively [55]. In combination with further subsequent
leptonic decays, these decay channels can be used to identify the VH production mode.
The decay to a pair of Z bosons plays an outstanding role the LHC, due to very clean
experimeental signature and its role in the Higgs boson discovery [1, 2].

Fermion decays

Since the Higgs boson couples to fermions via Yukawa couplings, direct decays are possible.
Because of the direct mass dependency of this coupling, as given in equation (1.13), heavier
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Figure 1.6.: Example LO Feynman diagrams for the tt̄H production process. Drawn using
JAXODRAW [54].

fermions are preferred. The most common decay modes are the bb̄ and τ+τ− modes, with
branching fractions of ≈ 58 % and ≈ 6 %, respectively [55]. The decays to quarks are
generally hard to distinguish from the typical background at hadron colliders. Therefore,
they are most commonly analyzed in the context of vector bosons or top-quark associated
production modes, since the distinct characteristic of the associated production modes
enable separation from the background.

Loop induced decays

Gluons and photons do not couple to the Higgs boson directly since they are massless.
Decays involving both are nevertheless possible, if loops involving massive particles are
considered. The decay to a gluon pair, which is induced by quark loops, is impossible
to detect at hadron colliders and therefore irrelevant in the context of the experimental
program at the LHC. The decay to photons (or a photon and a Z boson) can be induced by
W-boson loops as well as fermion loops. Because of its very clean experimental signature
and low backgrounds it has been one of the discovery modes of the Higgs boson even though
its branching fraction is very low (≈ 0.2 % for γγ and ≈ 0.1 % for Zγ [55]) compared to
the other described decay modes.

1.3.2. Associated production with top quarks

The production of a Higgs boson in association with a top-quark pair was observed by the
ATLAS [8] and CMS [7] collaborations at the LHC.

As described in section 1.1.3, the coupling strength of the Higgs boson to charged fermions
is characterized by the mass-dependent Yukawa-coupling yf ∼ mf/ν, with ν = 246 GeV.
Since the top quark is far more massive than any other SM particle, the coupling to the
Higgs boson, yt, is expected to be the largest Yukawa coupling. On-shell top quarks are
too heavy to be produced directly in the Higgs-boson decay. Therefore, the coupling has
to be obtained by measuring the modes where the Higgs boson is produced in association
with top quarks. This makes the measurement of the tt̄H cross section the only way
to extract yt directly, since other measurements extract the coupling only indirectly via
loop processes. In addition, detailed understanding of the interaction between top quarks
and the Higgs boson is instrumental in testing the SM and constraining models for BSM
physics which predict different yt coupling strength. Example LO Feynman diagrams for
the tt̄H production process are given in figure 1.6.

In the final state, the top quarks cannot be observed directly since the top-quark lifetime is
extremely short. Top quarks decay almost exclusively to a W boson and a bottom quark,
as described by the CKM matrix (c.f. section 1.1.2). The W boson couples with equal
strength to all weak isospin doublets of the SM but due to the number of color charges,
hadronic decays are three times as likely as leptonic decays. Decays to third generation
quarks are kinematically impossible and therefore the ratio of leptonic to hadronic decays
is three to six. The tt̄H final states can be categorized by the decays of the two top quarks.
The experimentally relevant decay modes are: The dileptonic mode (both W bosons decay
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Figure 1.7.: Relative size of tt̄ decay channels based on the decays of the W bosons of the
t → Wb decay. Branching fractions are taken from reference [29].

to (e/µ) leptons), the semileptonic mode (one W boson decays to (e/µ) leptons while to
other decays to quarks) and fully-hadronic mode (both W bosons decay to quarks). These
three modes can be viewed as a tradeoff between purity and expected yield. With the
dileptonic mode as purest mode with smallest yield and the fully-hadronic channel as
impurest mode with larges yield. The relative sizes of the tt̄ decays are visualized in
figure 1.7.

All measurements, available at the time of writing the thesis, suggest the Higgs-boson
coupling to top quarks is SM-like. Due to the indirect nature of most measurements (top
quarks are only present in quantum loops) or the large uncertainties, as in the case of
the tt̄H measurement, it is still possible that significant non-SM particles could be hidden
in loops. Only more precise measurements, especially of the tt̄H process, can provide
evidence for the absence or presence of such non-SM contributions.

The measurement of tt̄H includes most of the Higgs-boson decays shown in figure 1.5b.
The multilepton final states (µ+µ−, e+e−, τ+τ−), the H → γγ channel, and the H → bb̄
channel are the main channels with significant contributions to the overall result. Other
channels, like H →cc , with good prospects for later stages of the LHC are under inves-
tigation but are currently not sensitive enough due to experimental challenges, like very
small production cross-sections or the requirement for better detector technology.

1.3.3. The tt̄H(bb̄) channel

The analysis presented in this thesis focuses on the tt̄H(bb̄) channel where both W bosons
decay hadronically. This section will introduce the theoretical foundations for tt̄H(bb̄) in
general and the fully-hadronic decay channel in particular.

Different combinations of Higgs-boson production and decay modes result in unique chal-
lenges and possibilities for the measurement. The predicted production cross section of
the tt̄H process, with approximately 0.5 pb at 13 TeV2, is small compared to the dominant
Higgs-boson production channels. The cross-section of the dominant gluon-gluon fusion
production mode (ggH) is approximately 100 times as large [55]. For this reason, Higgs-
boson decay modes with a very pure experimental signature but small branching fraction,
like the decay to four leptons or a pair of photons, are not the first choice to measure tt̄H
production. For a Higgs boson with a mass of 125 GeV, the expected branching fraction of
the H → bb̄ decay mode is (0.58±0.02)[55]. Due to this, the H → bb̄ decay mode is a very
attractive channel for the measurement of tt̄H. Figure 1.8a shows an example Feynman
graph for the tt̄H(bb̄) process. The final state exhibits four bottom quark as well as up to
2 This results in roughly 70000 tt̄H events during the four-year operation of the LHC Run-2.
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Figure 1.8.: Topology of tt̄H(bb̄) and the tt̄ + bb̄ processes. Drawn using JAXODRAW [54]

four leptons and lighter quarks from the W-boson decays. Identifying the bottom quarks
and understanding their properties is a vital part of the tt̄H(bb̄) measurement.

The main goal of the work presented in the thesis is to measure the cross section of tt̄H(bb̄)
from data collected at the LHC. This is achieved by extracting the magnitude of the
signal relative to the SM expectation using statistical methods, which will be introduced
in section 3.3 and covered in more detail in section 6.1.

Backgrounds

Multiple other processes can produce final states with very similar kinematic properties.
Due to the rarity of the tt̄H process, background processes are far more likely to be
observed. Some have experimental signatures that resemble the signal so closely that they
can be not be distinguished. These backgrounds are also called irreducible backgrounds. A
detailed understanding of these background processes is a vital ingredient in any tt̄H(bb̄)
measurement. Processes with significant contributions are listed below:

tt̄ + jets This background includes all tt̄ processes in which initial or final-
state radiation produces an additional quark-pair. The irreducible
tt̄ + bb̄ process, shown in figure 1.8b, poses a limiting factor to
every tt̄H(bb̄) measurement. Other tt̄ processes with additional
charm or light quarks also pose a significant contribution but can
be separated from the signal more easily. Since the tt̄ process itself
is very difficult to measure, large theoretical and systematic uncer-
tainties for these background processes have to be considered in the
tt̄H measurement. More details on this background and how it is
modeled are given in section 4.2.3.

QCD multijet The production of multiple quarks or gluons via processes only in-
volving the strong-interaction, collected under the term QCD mul-
tijet process, plays a non-negligible role. While it is unlikely that
a QCD multijet final state exhibits as many bottom quarks as ex-
pected in the signal, the sheer scale of such processes at hadron
colliders makes it likely to encounter them anyways. Requiring at
least one of the W bosons to decay to a lepton-neutrino pair can
be used suppress this contribution significantly.

Single-top The cross section of the single top-quark production (Single-top) is
larger than the tt̄H(bb̄) cross section. While this should result in a
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Figure 1.9.: Overview of measurements for various processes including top quarks at the
LHC by the CMS collaboration. Taken from [56]. The plot includes measure-
ments published up to May 2021.

large background, it is only a minor background in the context of
this analysis. Single-top production is unlike to exhibit a signal-like
final state because a large number of quarks or gluons from initial
and final state radiation would be required.

tt̄V The production of top-quark pairs in association with Z and W
bosons (tt̄Z and tt̄W production; also collectively denoted as tt̄V
production) have similar cross sections to the tt̄H processes. Both
contribute very little to the overall yield since the Z → bb̄ branching
fraction is smaller than of H → bb̄ and W bosons cannot decay to
bb̄ pairs. Therefore, it is also considered a minor background.

V + jets and VV The production of Z and W bosons with jets (Z + Jets and W +
Jets or commonly referred to as V + jets) as well as the Diboson
(ZZ, WZ and WW) production, have cross sections much larger
than the signal but have a very small final contribution to the
overall yield due to the necessary amount of initial or final-state
radiation to resemble the signal final state. Both are considered
minor backgrounds.

Figure 1.9 shows an overview of the measurements by the CMS collaboration of production
cross sections of processes involving top-quarks, including the tt̄H, tt̄, tt̄ + jets, tt̄ + bb̄,
Single-top, and tt̄V processes. The large differences in cross-sections, described above, can
be clearly observed in the measurements.

The fully-hadronic channel

The fully-hadronic decay mode of the tt̄H(bb̄) process has four bottom quarks and four
lighter quarks in the final state. An example Feynman digram is shown in figure 1.10.
The quarks are typically produced with large angles with respect to the beam axis, thus
resulting in relatively large transverse momenta. Assigning the final state jets to the quarks
is vital for the analysis since this information can be used to separate the signal from the
background. One example is a highly efficient assignment which jets originated from the

23



24 1. Theoretical foundations and collider physics

b

b̄

b

b̄

q̄

q̄

q

q

t

t

t̄

t̄

H

W+

W−

Figure 1.10.: Topology of the fully-hadronic tt̄H(bb̄) decay mode. Drawn using
JAXODRAW [54]

bottom quarks, making it for example possible to differentiate between bb̄ pairs from
gluon splitting or the Higgs boson. Due to the many similar final state objects, the fully-
hadronic channel has to deal with a high ambiguity when making this assignment. Despite
this drawback, this channel can be fully reconstructed since all final state objects can be
measured in the detector. For the leptonic channels this is not the case due to the produced
neutrinos. The fully-hadronic tt̄H(bb̄) process is overwhelmingly dominated by the QCD
multijet background, since no lepton is present in the final state. This background, which
cannot be modeled easily in simulation, requires an analysis approach that is very different
to the leptonic decay modes, which solely rely on simulated backgrounds. In hadronic
analyses, the multijet background is usually estimated from data in signal depleted control
regions. In the case of the analysis presented in this thesis, the procedure for estimating
this background will be discussed in section 5.5.
These characteristics make sophisticated methods for separating signal and background a
necessity. The main approaches chosen for this analysis will be covered in chapter 3 in
general and in section 5.6 specifically for the tt̄H(bb̄) fully-hadronic measurement.

1.3.4. Associated production of a Higgs boson in association with a single
top quark

The production of the Higgs boson in association with a single top quark (tH) is very
similar to the tt̄H production mode but exhibits unique properties that can be exploited
to measure properties that are not accessible with tt̄H alone. Example Feynman diagrams
are given in figure 1.11. Two tH production modes can be distinguished: The production
in association with a light quark tHq and the production in association with a W boson
tHW. Both are shown in figures 1.11a and 1.11b, respectively. The tHq production is the
dominant process with roughly 5 times the cross section of tHW.
In general, the signature and backgrounds for the tH(bb̄) process is very similar con-
strains as previously described for tt̄H(bb̄). Therefore, adding a measurement of tH(bb̄)
is relatively straight forward within the framework of tt̄H(bb̄) measurements.

1.3.4.1. Coupling measurement

In the tH process, the Higgs boson can couple to either a top quark or a W boson. These
properties can be exploited to measure the sign of the top-Higgs-Yukawa coupling yt rel-
ative to the coupling to the vector bosons gHV V . If both exhibit the same sign, it results
in constructive interference while an opposite sign results in destructive interference.
Typically, further non-SM modifications to the couplings are considered when carrying out
a measurement of tH, in order to further probe the SM. One example is the measurement
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of the Charge Parity (CP) properties of the Higgs boson. The CP transformation combines
charge conjugation (interchanging particles and antiparticles by conjugating all internal
quantum numbers) and parity conjugation (reversing the handedness). While most phe-
nomena observed in the SM are invariant under CP transformation, some processes of e.g.
the weak interaction violate this symmetry. In the SM, the CP symmetry is broken by
complex phases in the Yukawa coupling, i.e. the coupling of the Higgs boson to quarks.
At the current level of experimental and theoretical understanding, subdominant sources
of CP violation from new physics are still possible.

For the top-Higgs-boson coupling measurement presented in this thesis, the SM Higgs
boson coupling structure is supplemented with an additional coupling to a non-SM CP-
odd Higgs boson described by the parameter κ̄t:

L = − yt√
2
ψ̄t (κt + iγ5κ̃t)ψtX0 . (1.25)

In this framework, modifications to the SM couplings are parameterized in three coupling
modifiers: κt and κV for the SM and κ̃t for a CP-mixing measurement. The couplings κ are
normalized to the expected values. In the case of κt and κV these are the SM expectations
ySM

t and gSM
HV V . All other coupling are kept at the SM values. The cross section in the SM

can be parametrized as follows [57]:

σtHq = (2.63κ2
t + 3.58κ2

V − 5.21κtκV ) · σSM
tHq , (1.26)

σtHW = (2.91κ2
t + 2.40κ2

V − 4.22κtκV ) · σSM
tHW and (1.27)

σtt̄H = κ2
t · σSM

tt̄H (1.28)

with κt = yt/y
SM
t and κV = gHV V /g

SM
HV V . It can be seen, that tt̄H is not sensitive to the

sign of κt since it only depends on κ2
t , while this is not the case for tH.

Because of the interference of the different diagrams, the tH production cross section is
sensitive to the CP state of the Higgs boson. For a CP-mixing measurement, an additional
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term with quadratic dependency on κ̃t has to be added to equation (1.26) - (1.28). The
Higgs boson has a CP quantum number of JCP = 0+ [29] and any violation of the CP
invariance of the Higgs sector would directly indicate new physics.

1.3.5. Experimental Status

When the scalar (Higgs) boson was discovered in 2012 at the LHC, the exact properties
were not fully known. Characterizing the properties of the Higgs boson is one of the main
scientific goals of the ATLAS and CMS collaborations with the increasing luminosity (and
therefore increasing expected sensitivity) delivered by the LHC machine. At the time of
writing this thesis, it is mostly undisputed that the particle discovered in 2012 is the SM
Higgs boson. Nevertheless, many of the very rare production and decay modes of the
Higgs boson, in which new physics could hide, have not been observed yet. Moreover,
many extensions of the SM that include a non-SM Higgs boson, are still not excluded.
The studies of the Higgs-boson sector can be categorized in the precise understanding of
the particle found in 2012 in the context of the SM and in the expectation that new physics
can most likely be found in the Higgs-boson sector. The analysis presented in this thesis
is mostly motivated by enhancing the knowledge of the SM Higgs boson.

The current experimental average (as given in reference [29] by combining various mea-
surements by the ATLAS and CMS collaborations) of the Higgs-boson was determined
to

mH = (125.25 ± 0.17) GeV

with ha total decay width of

ΓH = 0.0032+0.0028
−0.0022 GeV ,

All measurements are compatible with the neutral, spin zero, scalar and CP-even Higgs
predicted by the SM. More information on the current status can be found in reference [29].
Often, results are given relative to the SM expectation. Most commonly the signal strength

µprocess =
σprocess

σSM
process

,

is used to quantify the measurement. Either as absolute value, i.e. a µprocess = 1 would
mean the measurement is exactly the SM expectation, or as 95 % CL exclusion limit. In
the following a selection of recent results of the Higgs-boson sector will be highlighted.

H → γγ decays

The H → γγ decay channel is one of the most sensitive channels for measurements of the
Higgs sector even though the branching fraction is very small with 0.23 % [29]. The reason
for its sensitivity is that it exhibits a very clear experimental signature of two energetic
photons over an exponentially falling background. The ATLAS [58] and CMS [59] col-
laboration published results combining various production modes using the data collected
from 2016 to 2018 at the LHC. The ATLAS analysis measured the inclusive cross section
times branching fraction for H → γγ (Higgs boson with |η| < 2.5) to be (127 ± 10) fb at
a SM expectation of (116 ± 5) fb. The CMS analysis determined the signal strength to
µ = 1.12 ± 0.09 at a fixed value of mH = 125.38 GeV. Both publications include mea-
surements of the CP structure of the Higgs boson, which point to SM-like Higgs boson.
Figure 1.12 shows the signal strength per Higgs-boson production-mode in the H → γγ
decay mode for the CMS measurement [59].
The tt̄H production mode is included in these measurements but the sensitivity is mainly
driven by the gluon fusion (ggH) production mode. Additionally, both collaborations
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production modes in the H → γγ decay mode using 137.2 fb−1 of data col-
lected by the CMS collaboration. Taken form reference [59].

published standalone tt̄H measurements that could claim the first observation of tt̄H in
a single decay mode: The ATLAS analysis [60] determined the tt̄H signal strength to
be 1.43+0.33

−0.31(stat)+0.21
−0.15(syst) times the SM expectation. The observed (expected) signif-

icance of this measurement is 5.2 (4.4)σ. The CMS analysis [61] determined the tt̄H
signal strength to be 1.38+0.29

−0.27(stat)+0.21
−0.11(syst) times the SM expectation at an observed

(expected) significance of 6.6 (4.7)σ.

The H → ZZ → 4l decay channel

The H → ZZ → 4l decay channel is, together with the H → γγ channel, the most sensitive
channel for Higgs-boson measurements at the LHC. Similarly, the branching fraction is
small but the final state can be fully reconstructed and leptons can be resolved well enough
to reconstruct a sharp Higgs-boson-mass peak over the background. The general strategy
is to select pairs of oppositely charged lepton pairs (µ+µ−µ+µ−, µ+µ−e+e−, e+e−e+e−)
in order to reconstruct the Z bosons and apply additional kinematic selection criteria.
This allows for individual measurements of the ggF, VBF, VH, and tt̄H + tH modes and
inclusive measurements.
The ATLAS [62, 63] and CMS [64] collaborations published results using the data col-
lected from 2016 to 2018 at the LHC. The ATLAS analysis determined the inclusive
fiducial cross section for H → ZZ to be (3.28 ± 0.32) fb to be in agreement with the SM
expectation of (3.41 ± 0.18) pb. The CMS analysis determined the signal strength to be
0.94 ± 0.07(stat)±0.09(syst) at a fixed value of mH = 125.38 GeV. This corresponds to a
inclusive fiducial cross section of 2.84+0.23

−0.22(stat)+0.26
−0.21(syst)pb, which is in agreement with

the SM expectation of (2.84 ± 0.15) pb.
The tt̄H production mode is included in these measurements but the sensitivity is mainly
driven by the gluon fusion (ggH) production mode.

H → bb̄ decay channel

This channel has the largest branching fraction of all Higgs boson decay channels. However,
the sensitivity suffers because the final state is difficult to distinguish from other hadronic
activity and exhibits a worse energy resolution compared to the previously described chan-
nels. This means that measurements cannot rely on reconstructing a Higgs-boson mass
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peak over the background and fitting the data but instead sophisticated statistical meth-
ods are required to extract the signal. Nevertheless, the H → bb̄ decay mode was observed
by CMS [65] and ATLAS [66] in 2018 and 2019, respectively. These results do not include
all of the data collected during LHC Run-23. The main contribution for these results
comes from the Higgs-boson production in association with vector bosons (VH), followed
by tt̄H and ggH. Since these two measurements were published, newer results have been
published in individual production modes.
The ATLAS collaboration published results for the VH production mode using 139 fb−1

of data collected between 2015 and 2018 at 13 TeV [67]. The associated production with
W and Z bosons could be established with an observed (expected) significance of 4.0 (4.1)
and 5.3 (5.0) standard deviations, respectively. The corresponding signal strength are
0.95+0.27

−0.26 and 1.08+0.25
−0.24 are in accordance with the SM.

Furthermore, the ATLAS collaboration published results for the VBF production mode
using 126 fb−1 data collected between 2016 and 2018 at 13 TeV [68]. The signal strength
of the VBF was determined to be 0.99+0.36

−0.34, corresponding to a observed (expected) sig-
nificance of 2.9 (2.9) standard deviations.
A detailed overview of the tt̄H production mode in this decay channel will be given in
section 4.1.1.
With increasing sensitivity, other measurements, like coupling or CP measurements, are
also possible in this channel. The previously mentioned ATLAS publication include mea-
surements of the CP-state of the Higgs boson. No deviations from the SM were found in
both cases.

Further measurements

The experimental program targeting the SM Higgs sector at the LHC is vast, and fully
exploring recent results is beyond the scope of this thesis. Nevertheless, a small fraction
of further results should be highlighted as this point.

For tt̄H, the Higgs to WW, ZZ and ττ decay modes (except for H → ZZ → 4l) are
collectively published under the label of ”multilepton” final states by the ATLAS and
CMS collaboration. The CMS experiment published a results using 137.2 fb−1 of data [69]
with an observed (expected) significance of 4.7 (5.2) standard deviations, i.e. just short
of an observation of this process, and 1.4 (0.3) standard deviations for the tH process.
Furthermore, the measurement constrained the Top-Yukawa-coupling relative to the SM
prediction to values of −0.9 < κt < −0.7 or 0.7 < κt < 1.1, at a 95 % confidence level.

Due to its even smaller cross-section than tt̄H, the sensitivity for the tH production is much
worse. The CMS collaboration could set and upper limit on the fiducial cross-section for a
SM-like tH of 1.9 pb, corresponding to 25 times the cross-section times branching fraction
expected from the SM, in WW, ZZ, ττ and semileptonic bb̄ decays of the Higgs boson
using 36.3 fb−1 of data [70]. As it is the case for the analysis presented in this thesis, tH
measurements are included in more and more analyses and combined measurements. For
example, ATLAS [58] and CMS [59] included tH measurements in their recent LHC Run-2
H → γγ publication. In this channel alone, ATLAS could set an upper limit of 8 times
the SM expectation on the tH production and CMS could set an upper limit of 12 times
the SM expectation, using the full LHC Run-2 dataset.
3 For its result, the CMS collaboration used all data collected at the LHC up to 2017. The measurement

includes ≤ 5.1 fb−1 at 7 TeV, ≤ 19.8 fb−1 at 8 TeV, and ≤ 77.2 fb−1 at 13 TeV. Similarly, the ATLAS
collaboration combined its measurements in the same period. The measurement included 4.7 fb−1 at
7 TeV, 20.3 fb−1 at 8 TeV, and 24.5 − 79.8 fb−1 at 13 TeV.
The integrated luminosity is given in ranges because not all considered measurements were conducted
on the same datasets.
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Figure 1.13 shows an overview over the latest measurements for the coupling of the Higgs
boson to fermions and weak bosons using 35.9 fb−1 to 137.2 fb−1 of data collected by the
CMS Collaboration. It can be clearly seen that all currently available measurements agree
with the theory prediction for a SM Higgs boson.
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2. Experimental environment

This chapter will introduce the experimental environment used for the analysis presented in
part II of this thesis. The chapter starts with an introduction of the Large Hadron Collider
and the CMS detector in sections 2.1 and 2.2, respectively. Section 2.3 will introduce how
the detector signals are used to reconstruct physics objects like electrons, muons, and jets.
Section 2.4 will cover information on the luminosity measurement, data certification, and
pileup definition.

2.1. The Large Hadron Collider

The Large Hadron collider (LHC) is a circular collider with a 26.7 km circumference. It
is located near Geneva in the underground tunnel originally build for the LEP collider at
the European Organization for Nuclear Research, commonly referred to as CERN1. If not
otherwise indicated, the following information and details are taken from reference [73].
Four large physics experiments are located at different interaction points around the LHC
ring. The two large multi-purpose detectors ATLAS [74] and CMS [75] are searching
for a wide array of physics phenomena. Furthermore, two specialized detectors are in
operation: The ALICE experiment [76], dedicated to heavy ion physics, and the LHCb
experiment [77], with focus on B-Hadron physics, rare decays, and CP violation. The
LHC is mainly operated as a proton-proton collider but configurations with heavy ions are
possible. Since heavy-ion collisions are not relevant for this thesis, such collisions will not
be discussed further.
In addition to the LHC, multiple smaller accelerators, that provide the LHC with protons,
are in operation at CERN. Initially, the protons, which are produced by ionizing hydrogen
gas, are injected as bunches into the linear accelerator LINAC2. Using the LINAC2, proton
bunches are accelerated up to an energy of 50 MeV and injected into a chain of circular
colliders: The Proton Synchrotron Booster (BOOSTER), the Proton Synchrotron (PS),
and the Super Proton Synchrotron (SPS). At the end of this chain, the proton bunches
reach the minimum energy required by the LHC. At this point, the proton bunches contain
1.1 × 1011 protons each and exhibit an energy of 450 GeV and a temporal spacing of
25 ns. Inside the LHC, the beams are accelerated up to their final energy of 6.5 TeV using
superconducting radio frequency cavities. The resulting center-of-mass energy of 13 TeV
1 The name CERN is derived from Conseil européen pour la recherche nucléaire, which was the name of

the temporary council established for building the laboratory.
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is slightly below the initial design energy of 14 TeV2. Figure 2.1 shows an overview of the
accelerator complex at CERN described previously.
The LHC is designed to deliver a high instantaneous luminosity and high proton-proton
center-of-mass energies. The instantaneous luminosity is given by

L ∼ fnbN
2
b

4πσxσy
, (2.1)

with the revolution frequency f , number of protons nb in each of the Nb bunches, and the
beam size at the interaction point σx and σy (characterized by a Gaussian profile). The
design luminosity is 1034 cm−2 s−1 at 14 TeV. Since the rate of events directly depends
on the instantaneous luminosity, it needs to be as large as possible if the goal is to find
rare events. When searching for heavy particles, like the Higgs boson, high centre-of-mass
energies in the collisions are necessary. This is a reason that the LHC is designed to
collide protons instead of other particles like electron pairs, which loose too much energy
due to synchrotron radiation, or proton-antiproton pairs, for which antiprotons cannot
be produced in sufficient quantities. The two proton beams are accelerated in isolated
beam pipes, which are required to be kept under an ultra-high vacuum, below 10−10 mbar,
and circle to LHC ring in opposite directions. For this to be possible, opposite magnetic

2 Collisions with a center-of-mass energy of 14 TeV are planned for the Run-3 operation starting in 2022
and beyond.
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fields are required in each beam pipe. The magnetic field is generated by dipole magnets
made from NbTi cables that are cooled to 2 K using superfluid helium. The magnets are
designed to deliver an 8 T field, which is required for the operation with energies of up to
7 TeV per beam. Additional quadrupole magnets are used to stabilize and focus the beam.
Once the beams reach the target energy, they are maintained and brought to collisions.
These collisions can last up the 30 hours per fill. The instantaneous luminosity usually
peaks at the beginning of the fill and then continuously decreases while the beam is
maintained. This decrease does not only result from collisions but also from interactions
with the detector material, gas in the beam pipe, and losses from particles escaping the
magnetic field of the dipole magnets responsible for bending the beam. In addition to the
events of interest, which occur with a rate of L · σproc, for a process with a production
cross section σproc, uninteresting, but much more common, p-p collisions occur with a
cross section of ∼ 70 mb. Separating these uninteresting events, also referred to as pileup,
from the interesting events is one of the main challenges presented by a hadron collider
compared to other collider types.
The LHC started its operation in 2008 and could reach beam energies of 3.5 TeV and
4 TeV in 2011 and 2012, respectively. With such energies, first measurements probing the
mechanism of electroweak symmetry breaking were possible and resulted in the discovery
of the Higgs boson in 2012 [1,2]. In February 2013, this first run of the LHC machine (also
called LHC Run-1) finished and the LHC was shut down to improve the machinery with
the goal of increasing the beam energy to 6.5 GeV. The LHC Run-2 started in 2015 and
lasted until 2018 at a target beam energy of 6.5 GeV. The design instantaneous luminosity
of 1034 cm−2 s−1 could also be reached during the Run-2 operation. For practical reasons,
the LHC Run-2 is further divided into per-year data-taking periods.

2.2. The CMS Detector
The Compact Muon Solenoid (CMS) detector is a multi-purpose experiment. It was mainly
designed to study proton-proton collisions but can also be used to study other hadron
collisions at the LHC. It is located near the village of Cessy in France opposite of the
ATLAS detector, which is located at the main CERN site. The CMS detector is housed in
a cavern 100 m underground and is built from multiple circular slices covering all directions
around the LHC beam pipe. The detector slices can be moved to enable maintenance.
The detector exhibits a lengths of 21.6 m, a diameter of 14.6 m, and a mass of 14 000 t.
Figure 2.2 shows the detector and the placement of all subcomponents. The central design
feature is the superconducting solenoid with a 6 m wide inner bore that provides an uniform
magnetic field in its center. The silicon tracker, which is used to reconstruct the tracks
of charged particles, and the electromagnetic and hadronic calorimeters are placed within
the solenoid while the muon detector systems is placed outside within the iron yoke, which
returns the magnetic flux of the solenoid. The detector exhibits two distinct elements
with different design principles in all detector subcomponents: The barrel in the center of
the detector, covering the central region around the interaction point, and the endcaps on
both sides of the detector, covering the forward region. The orientation of the particles
trajectories require different approaches in both cases.
As a multi-purpose detector, the CMS detector is designed to be able to identify a wide
array of particle signatures that can be produced in hadronic collision. Therefore, it has to
be able to identify and precisely measure the momenta and charge of electrons, muons and
photons as well as the energy of strongly interacting particles, that can be used to identify
B Hadrons or τ -leptons and reconstruct jets and missing transverse energy. Furthermore,
it has to be nearly hermetic. These design goals have to be reached in a very challenging
environment: A fast detector response and trigger system is required by the high bunch-
crossing rate. All components need to be radiation hard to survive the showers of particles
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Figure 2.2.: Cutaway drawing of the CMS detector and its subsystems as configured during
the 2017 and 2018 data-taking periods. [78].

produced in every collision. Multiple interactions, that occur in addition to the primary
interaction, challenge the reconstruction and identification of particles.
For CMS measurements, the following coordinate system is used: The z-axis is aligned
with beam axis and points towards the Jura mountains, the x-axis points towards the
center of the LHC, and the y-axis points towards the surface. Due to the cylindrical
design of the CMS detector, the angles ϕ (x-y-plane) and θ (measured from the z-axis) as
well as the radial distance r are more commonly used.
The subsystems of the CMS detector will be described in general in the following sec-
tions. A detailed description of the CMS detector and its subcomponents can be found
in reference [75], which will also be used as main source of information for the following
sections.

2.2.1. Solenoid
The solenoid is the central element of the CMS detector. A magnetic field is required to
force charged particles on a helix shaped trajectory and measure their transverse momen-
tum. Since the radius r of the helix is given by

r = p

q ·B
,

with the field B as well as particle momentum p and charge q, a strong magnetic field is
required to measure particles with high transverse momentum. The solenoid of the CMS
detector has an inner bore of 6.3 m, a length of 12.5 m, and is built from NiTb cable. A
magnetic field of 3.8 T is reached when the solenoid is in its superconducting state. For
this, the solenoid is cooled with liquid helium to a temperature below 4.6 K. The iron yoke
returns the magnetic flux and functions as main structural element of the CMS detector.

2.2.2. Tracking system
The CMS tracking system, also referred to as the tracker, is the subsystem closest to the
beam pipe and thus the interaction point. The main purpose of the tacker is to measure
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Figure 2.3.: Illustration of one quarter of the Phase-1 CMS tracking system in the r-z
plane. The pixel detector is shown in green, while single-sided and double-
sided strip modules are shown as red and blue segments, respectively. For
the strip detector, the tracker inner barrel (TIB), tracker inner disks (TID),
tracker outer barrel (TOB), and tracker endcaps (TEC) subcomponents are
shown. Adapted from reference [79].

the trajectories, also referred to as tracks, of charged particles with momenta ≳ 1 GeV.
Due to the magnetic field, the tracks are bent and can also be used to determine the charge
of the particle. By reconstructing the tracks, the tracker also enables the identification of
the primary vertices, i.e. the point of the p-p collision, and secondary vertices created by
in-flight decays of particles, like B hadrons.
In reality, the tracker can only detect the points at which particles interacted with the
active material. The reconstruction of the tracks and vertices from theses interaction
points is accomplished with algorithms that will be covered in section 2.3.1. The CMS
tracker has a size of 5.8 m in lengths and a diameter of 2.5 m. It contains two subsystems
- the inner pixel detector and the outer strip detector - made from sensors that exploit
the semiconducting properties of silicon: Charged particles traversing the depletion zone,
which develops after applying a reverse bias voltage to the silicon doped with n-p-junctions,
can create electron-hole pairs that can be measured. The full layout of the tracker, as it
was configured during the 2017 and 2018 data-taking period, is illustrated in figure 2.3.
The pixel and strip detectors both exhibit a cylindrical barrel part covering the central
region of the detector and the circular endcaps covering the forward region on both sides
of the detector. While the detector modules are placed parallel to the beam axis in the
barrel part, they are placed roughly perpendicular to the beam-axis in the endcaps. The
pixel and strip subsystems will be covered in more detail in the following:

The pixel detector is measuring the particles closest to the interactions and is vital for
the reconstruction of primary and secondary vertices. The active area consists out of
thousands of 100 × 150 µm2 sensors, also called pixels. During the shutdown between the
2016 and 2017 data-taking period, an upgraded pixel detector has been installed. The
upgraded version is called the Phase-1 pixel detector. The version in use during the 2016
data-taking period is called the Phase-0 pixel detector. A direct comparison of the two
layouts is given in figure 2.4. The key differences are the increased layer count in the
barrel region (from 3 to 4) and forward region (from 2 to 6) as well as the placement of the
innermost layers in the barrel and forward region closer to the interaction point. These
changes have a big impact on tracking and vertexing performance of the CMS detector.
Details on the upgrade can be found in reference [80]. In the following, the general design
will be described for the Phase-1 detector with the corresponding values for the Phase-0
detector given in parenthesis:
The barrel layers are placed 3 cm, 6.8 cm, 10.9 cm, and 16 cm (4.4 cm, 7.3 cm, and 10.2 cm)
from z-axis in radial direction and contain approximately 79 (48) million pixels. The
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Figure 2.4.: Layout of the layers and disks of the CMS pixel detector. The Phase-0 con-
figuration, as used during the 2016 data-taking period, and the Phase-1 con-
figuration, as used during the 2017 and 2018 data-taking periods, are shown.
Adapted from reference [80].

layers in the pixel endcaps are placed at longitudinal positions of ±29.1 cm, ±39.6 cm,
and ±51.6 cm (±34.5 cm, and ±46.5 cm) from the center of the detector and contain ap-
proximately 45 (18) million pixels. These pixelated detectors enable 3-D measurements
along the trajectories of charged particles with |η| up to 3 (2.5) and a spatial resolution of
10-20 µm, which is significantly smaller than the pixel size.

Outside the pixel detector, the strip detector extends up to 1.16 m in radial direction and
±2.82 m in longitudinal direction. The strip detector itself is further divided into subcom-
ponents with different configurations: The tracker inner barrel (TIB), tracker inner disks
(TID), tracker outer barrel (TOB), and tracker endcaps (TEC). These subcomponents are
also labeled in figure 2.3. Silicon sensors with thicknesses of 320 µm and 500 µm are used
to construct the layers and disks. The TIB and TOB consist out of ten and the TID and
TEC out of twelve layers in total. Most layers use single-sided modules, which enables a
2-D measurement of the particle trajectories, but some layers (shown in blue in figure 2.3)
are built using double-sided modules, in which the sensors on each side are placed at an
stereo angle. The double sided modules, which are mostly placed at the inner most layer
in each of the strip detector subcomponents, enable the measurement of an additional
coordinate (r in the disks or z in the barrel). In total, approximately 9 million strips are
distributed over 15000 modules, which results in an active area of ∼ 200 m2.

While working on the analysis presented in part II of this thesis, the author took over
multiple pixel-detector-related monitoring responsibilities (occupancy monitoring, shifts
during detector operation, and monitoring of the residual resolution) within the CMS
collaboration.

2.2.3. Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL), which is located adjoining the silicon tracking
system, has the purpose of determining the energies of photons and charged particles,
especially electrons, by measuring the energy deposition in the active calorimeter ma-
terial made of lead tungstate crystals (PbWO4). It is based on the following principle:
When electrons or photons enter the transparent crystals they produce an electromagnetic
shower of visible light, which is approximately proportional to the energy deposited in the
crystal. The light is reflected by the polished surfaces of the crystal and recorded using
photosensors, that are mounted to the far side of the crystal.

The CMS ECAL is made from more than 70000 PbWO4 crystals and is divided into a cen-
tral barrel (|η| < 1.479) and two endcap (1.479 < |η| < 3) components: The central barrel
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Figure 2.5.: Cutaway diagram of the CMS full electromagnetic calorimeter. Taken from
reference [75].

system has an inner radius of 1.3 m and is composited of supermodules each containing
1700 crystals with a front size of 2 cm × 2 cm and a lengths of 23 cm. The endcaps are
placed ±3 m from the interaction point in longitudinal direction. In the endcaps, crystals
with a size of 2.86 cm × 2.86 cm × 22 cm are combined into 5 × 5 ”supercrystals”, that
are mounted in semicircular structures. called Dees. Figure 2.5 shows the placement and
layout of all these elements.
Because of this design, energy deposits as close as 5 cm can be resolved. The material
and design choice results in a compact design and fine granularity, which were key design
criteria in addition to a fast readout and high radiation hardness.

Additionally, the so-called Preshower detector is placed in front of the ECAL endcaps
with the purpose of identifying photons from neutral pion decays that could otherwise
be misidentified as photons. It is built as a two layer sampling calorimeter with a lead
absorber and silicon strip detector.

2.2.4. Hadronic calorimeter

The energy measurement of strongly interacting particles, which are all stable particles
except photons, neutrinos, electrons, and muons, is the task of the hadronic calorimeter
(HCAL). Ultimately it enables a precise energy measurement of particle jets and missing
transverse momentum. In order to reach a high precision for the latter, the HCAL has
to be as hermetic as possible. Additionally, missing energy depositions in the HCAL with
respect to the ECAL can be used to identify electrons and photons, since these particles
are stopped in the ECAL before reaching the HCAL.

The construction follows the principles of a typical sampling calorimeter, with alternating
layers of absorber- and active material: Incoming particles interact with the absorber
material and produce a hadronic shower, which is measured in the active material. In the
case of the CMS HCAL, the absorber layers are brass, which is non-magnetic, and the
active layers are based on plastic scintillators, which exhibit a high radiation hardness.
Similar to the ECAL, the HCAL consists out of multiple subsystems, which are shown
in figure 2.6: The barrel part (HB) covers an area up to |η| < 1.4 and extends over the
whole space from the ECAL up to solenoid in radial direction or from radii of 1.77 m to
2.95 m. The endcaps (HE) cover an area between 1.3 < |η| < 3 in pseudorapidity. HB
and HE consists out of towers with 17 and 19 absorbing layers, respectively. Below a
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Figure 2.6.: Quarter slice of the CMS hadronic calorimeter (HCAL). The position of the
barrel (HB), endcap (HE), outer (HO), and forward (HF) calorimeters is dis-
played. Taken from reference [81]

pseudorapidity of 1.6, the calorimeter is segmented in 0.087 × 0.087 cells in η and ϕ. For
|η| > 1.6 the segments are twice as large in η and ϕ. In addition, an outer calorimeter
(HO) is placed outside the solenoid in the barrel region. Its intent is to catch tails of
hadronic showers that leak through the solenoid. The HO only consists out of a single
layer of active material and extends up the |η| < 1.26. In the center - up to |η| < 0.25 - a
second active layer and one absorbing layer, which is made from iron, are part of the HO.
To measure the hadronic activity in the region of 3 < |η| < 5.2, the forward calorimeters
(HF) are placed at a distance of ±11.2 m from the center of the detector. The HF has to
be extremely radiation hard, since it very close to the beam and experiences a high flux of
particles. This is achieved with a different detector technique based on Cherenkov light.
Hadronic showers are created in steel absorbers and the resulting charged particles can be
detected in inserted quartz fibers.

2.2.5. Muon detectors

The CMS muon system is another integral part of the CMS detector. Its main purpose
is the identification of muons, which can transverse the detector volume without loosing
much energy. Therefore, the muon system can be placed outside and solenoid, resulting in
much reduced space constrains that would be presented to the design otherwise. A large
instrument volume allows for a robust muon identification and precise measurement of the
trajectories of muons with up to ≳ 1 TeV. Gaseous detectors are a good choice in such an
environment.

Three distinct technologies of gaseous detectors are used in the muon system of the CMS
detector: Drift tubes (DTs), cathode strip chambers (CSCs), and resistive plate chambers
(RPCs). All three technologies operate on the same principle: A strong electromagnetic
field is created in a cell filled with gas. Particles passing thought the cell ionize the gas
along their path. The ions are accelerated in the field starting an avalanche of particles,
which is detected as an electric signal. The layout and placement of the components of the
muon system is shown in figure 2.7. In the barrel region, DTs are used due to the relatively
low particle flux. In between the return yokes, four layers of DTs, also called stations, are
placed at radii of 4 m, 4.9 m, 5.9 m, and 7 m from the interaction point and cover the region
with |η| < 1.2. The tubes are filled with an Ar-CO2 gas-mixture and contain sensitive
wires, which acts as anode, and two cathode strips placed at the tube walls. In the endcaps,
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Figure 2.7.: Cross section of a quarter of the CMS detector. The origin of the coordinate
systems is the center of the detector. The drift tube stations (DTs) are labeled
as MB (“Muon Barrel”) and the cathode strip chambers (CSCs) are labeled
ME (“Muon Endcap”). The region labeled as RB and RE are the resistive
plate chambers (RPCs) for the barrel and endcap regions, respectively. Taken
from reference [82].

CSCs are used since they are superior in inhomogeneous magnetic fields and can cope with
higher rates due to their faster response time. They are filled with a mixture of Ar-CO2-
CF4 gas and cover the pseudorapidity region between ±0.9 and ±2.4. The drift times are
shorter than in the DTs and the cathode is segmented perpendicular to the anode-wires,
allowing for a three-dimensional measurement. Up to a pseudorapidity of roughly ±1.6,
RPCs are placed in the barrel and endcaps. These detectors have a lower spacial resolution
than DTs or CSCs but a faster response and good timing resolution. Consequently, they
are important for identifying the primary bunch crossing. The RPCs are gaseous parallel
plate detectors with strings between two anode-cathode Bakelite plates.

The spatial resolution of the CMS muon system is approximately 100 µm for DTs and
CSCs and 1 cm for the RPCs.

2.2.6. Trigger and computing infrastructure

At the design luminosity of the LHC machine of 1034 cm−2 s−1 at 13 TeV, the bunch
crossing rate is roughly 40 MHz, which corresponds to a proton-proton collision rate of
1 GHz. Most of these collisions are not relevant for the CMS physics program. The
purpose of a trigger system is to select the collisions of interest and reduce the rate to
the limit of the accompanying computing infrastructure. The information collected in a
bunch crossing is also referred to as an event.

The CMS trigger system [83] has two tiers: The Level-1 (L1) trigger and the High-level
trigger (HLT). Each event produces roughly 1 MB of data and the storage frequency to
disk is technically limited to 1000 Hz. Therefore, the CMS trigger systems has to reduce
the event rate from the bunch-crossing rate of 40 MHz to 1000 Hz. The L1 trigger and
the HLT, have a rate budgets that cannot exceeded. A dedicated group within the CMS
collaboration is tasked with monitoring the trigger rate and defining how the budget is split
among the different analysis groups. While many analyses can trigger on straightforward
signatures like an isolated lepton, complex combinations of physics objects and techniques,
like jets, missing transverse energy, or b-jet identification, may be used for final states with
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complex signatures. Especially for such final states, like the one expected from the fully-
hadronic tt̄H(bb̄) process, the trigger can be a limiting factor if it is not considered from
the beginning, e.g. by developing dedicated triggers.

The L1 trigger is implemented on custom electronics with a maximal output frequency of
100 kHz. This corresponds to a maximum processing time of 4 µs per event. It can use
partial information from the muon detectors and the calorimeters to decide if an event is
rejected: Ionization deposits in the DTs, CSCs, and PRCs are used to identify signatures
consistent with muons and energy clusters in the ECAL, HCAL, and HF are used to
identify signatures consistent with electrons, photons, jets, τ -leptons or missing transverse
energy. These object candidates are combined to so-called trigger path which are collected
in a programmable menu. An event has to pass at least one of these paths to be considered
in the next tier. The L1 trigger hardware is located near the experimental cavern in order
to minimize latency.

All events passing the L1 trigger can be process by the HLT. The HLT uses the complete
detector readout, i.e. it uses more sophisticated information, e.g. tracking, compared to
the L1 trigger. The events are processed with similar but faster algorithms as they are
used for the final reconstruction, which will be explained in section 2.3. The reconstruction
in the HLT is also referred to as online reconstruction, while the final reconstruction used
for analyses is called the offline reconstruction. The HLT is a software trigger that is run
on a computing farm located in the building above the experimental cavern. The data is
processes in a series of so-called HLT paths, which are sequential algorithms build from
individual modules that represent various object reconstruction and selection (or filter)
steps. The sequence starts with a L1 trigger seed, containing one or more L1 trigger paths,
followed by reconstruction and selection steps of increasing complexity. The sequence
is stopped as soon a step rejects an event or the event passes all steps. This approach
ensures, that the computing time is kept at a minimum, since the most complex steps are
only run for events with increasing similarity to the final state the trigger path is trying
to identify. An example for increasing complexity would be that for jet-based HLT paths,
a fast calorimeter-based jet-reconstruction is used in the beginning of the sequence to
filter none-interesting events before running the slower full reconstruction, which includes
tracker information. How such a sequence is built is explained in detail in appendix A.1
by the example of the trigger developed by the author of this thesis for the fully-hadronic
tt̄H(bb̄) analysis.

Additionally, each L1 and HLT path includes a so-called prescale. If the prescale of a path
is set to n, the path is only active for every nth event. A path with n = 1 is also called
unprescaled. Setting a prescale allows paths with low thresholds, which would have very
high rates, to collect events that would be lost otherwise. Events collected with such paths
are mainly used for testing, efficiency measurements3, and calibration. All events passing
at least one of the HLT paths, are kept for permanent storage.

To save and process this very large amount of data, the Worldwide LHC Computing
Grid [84,85] (WLCG) was constructed. The data centers are organized in a tiered system.
The Tier 0 data center is located a CERN and functions as a central hub, that all data
passes through. The Tier 0 is responsible for safe-keeping of the unprocessed data, initial
3 A practical example for such an efficiency measurement could be that the efficiency of a certain step

in the trigger sequence should be measured. For this, an additional trigger path is defined, which is
exactly the same as the path of interest but the step that should be measured is removed. Such an
additional path is referred to as control path. Usually removing steps in the sequence increases the rate,
which in turn would inflate the trigger budget. By running the control path with a prescale, the rate
is reduced and the measurement can be carried out on events that would be lost otherwise. Since the
path of interest is a subset of the control path, large prescales (of the order of ≳ 100) are unproblematic
even if the rate of the path of interest is relatively small.
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reconstruction, and distribution of the data to the other data centers. Thirteen data
centers, located around the world, serve as the Tier 1 of the WLCG. These data centers
are not only responsible for the storage and processing of the data but additionally serve as
storage site for the processed data and simulations. Tier 2 and 3 data centers are usually
operated by scientific institutes or universities and are used for storage, processing, and
as computing clusters for researchers.

2.3. Object reconstruction
The process of translating the signals from the readout electronics of the CMS detector to
objects that can be used for analysis of the collisions is called reconstruction. This section
will describe how to get from the electrical signal to basic objects like tracks and finally
to physics objects like jets.

2.3.1. Tracks and Vertices

Thousands of tracker hits are recorded for each collision and fitting tracks and vertices to
these hits is an important step required for all types of analyses. The track reconstruction
at CMS [86] employs sophisticated algorithms to achieve this. While the local position
of each hit is given by the sensor, the physical location of the sensor can change due
to external effects like the magnetic field of the solenoid. This is taken into account by
transforming the local to a global hit position. A high precision of the transformation is
ensured by monitoring the alignment [87] between the actual and expected geometry of
the tracker.

For the track reconstruction at CMS, the Combinatorial Track Finder (CTF) algo-
rithm, which is based on a Kalman filter [88], is used. CTF unites track reconstruction
with pattern recognition and track fitting in a single framework as an iterative process.
The procedure can be summarized as follows:

• In a first step, the CTF algorithm generates so-called seeds from a very limited number
of hits. The seeds are used as first estimate of the trajectory.

• By extrapolating along this trajectory, additional hits are gathered. This is also called
trajectory building.

• A fit is performed on the gathered hits to determine the origin, transverse momentum
and direction of the trajectory.

• In a final step, quality criteria are calculated for this track. If the track passes the
criteria, it will be saved and the hits are removed from the collection of hits in order to
reduce complexity. Otherwise this track-hit association will be discarded and the cycle
start again with the remaining hits.

The quality criteria include, among others, cuts on the minimum number of hits, layers hit,
and layers skipped, and a χ2-criterion on the track fit. Reconstructing tracks of charged
particles with ≳ 1 GeV using this algorithm has an efficiency of the order of 90 % for pions
and ∼ 99 % for muons at fake rates of only a few percent. This difference can be mostly
attributed to their respective nuclear interaction with the tracker material.

The points of the inelastic proton-proton scattering are called primary vertices (PV). They
are located very close to the beam axis, usually within a few millimeters. This is also the
main distinction to secondary vertices, which will be discussed in more detail in the context
of the identification of jets originating from B hadrons in section 2.3.6. Primary vertices
are reconstructed in a three step process. In a first step, tracks with low transverse distance
to the beam-axis, low number of hits, and that pass a χ2 criterion are selected. In the
next step, these tracks are clustered according to their z-coordinate using a deterministic
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annealing [89] algorithm, which considers all possible track-vertex assignments weighted
by their probability. In a final step, an adaptive vertex fitter [90] is used to determine the
vertex parameters, like the x, y and z coordinates or the number of degrees of freedom
of the fit. A weight is assigned to each considered track corresponding to the probability
that it belongs to a given vertex. The degrees of freedom are defined as

ndof = −3 · 2
#Tracks∑

i

wi , (2.2)

with the track weight wi. The position resolution of the primary vertices determination
is of the order of 10 µm. A detailed explanation of this procedure and the resolution
measurements can be found in reference [86] section 6.1.

2.3.2. Electrons

The electron reconstruction [91] uses energy deposits in the ECAL and tracks from the
tracker. The energy of an electron is usually spread out in ϕ-direction over multiple crystals
in the ECAL. One factor for this spread is the loss of energy due to bremsstrahlung before
reaching the ECAL. Depending on the direction of the electron, this energy loss is found
to be between 33 % and 86 % at pseudorapidities of 0 and ∼ 1.4, respectively.
For an accurate energy measurement, the deposits in the ECAL need to be clustered. This
process starts at a seed crystal with a large energy deposit. Iteratively, 5 × 1 crystals in
η×ϕ are added around the seed if they pass a minimum energy threshold. This collection
of clusters is combined to a so-called Supercluster (SC). The SC energy is the sum of
the individual cluster energies and the position is determined by the energy-weighted
mean. For the particle-flow (PF) reconstruction, which will be described in section 2.3.4, a
modified clustering scheme, which aims to reconstruct individual particle showers, is used.
These PF-clusters are constructed around a seed by aggregating all continuous crystal
energy above two standard deviation of the electronic noise. Following this approach, can
result in energy deposits in a single crystal to be shared between multiple clusters.
Instead of also using the previously described Kalman-filter-based track reconstruction for
electrons, a dedicated track reconstruction was developed due to the large radiative losses
of electrons. This computationally much more expensive algorithm, which is only applied
to select electron seeds, takes the changes to the curvature due to bremsstrahlung into
account. The considered seeds are identified by estimating electron trajectories based on
the SC energy and position (ECAL-based seeding) or by extrapolating standard tracks to
the ECAL and matching the SCs (tracker-based seeding). The electron seeds from both
approaches are combined. This results in an overall efficiency ≥ 99 % (estimated from
simulation). Starting from these seeds, a combinatorial Kalman filter method is used to
reconstruct the tracks. Compared to the standard track reconstruction, this approach is
more restrictive with respect to missing hits in order to reject converted photons.
A Gaussian sum filter (GSF), which models energy loss in the tracker using Gaussian
distributions, is used to fit these reconstructed tracks. The fit generates a track from
the beam spot to the ECAL and enables the estimation of the energy loss based on the
curvature difference between the points. In the PF reconstruction, the GFS tracks are
linked with PF clusters, which allows for recovering most bremsstrahlung photons. Finally,
the electron candidates are reconstructed from GFS tracks and ECAL clusters based on
the position of the ECAL cluster.
Bremsstrahlung photons decaying to electron-positron pairs can lead to ambiguities when
two GSF tracks share one SC. A set of criteria, using parameters like the number of hits
and the type of seed used for the fit, was developed to resolve such issues.
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2.3.3. Muons

The muon reconstruction [82] starts from the tracker tracks, which are reconstructed as
described in section 2.3.1, and, so-called, standalone-muon tracks, which only use infor-
mation from the muon detector. From these two tacks, more sophisticated tracks, with
different properties for the muon reconstruction, are built.

Standalone-muon tracks are reconstructed using a Kalman-filter-based technique
with information provided by the DTs, CSCs and RPCs.

Tracker-muon tracks are built from the tracker tracks by extrapolating the tracks
to the muon system with loose matching requirements on
DT and CSC segments. Hence these tracks are built from
the ”inside-out”.

Global-muon tracks are built by matching standalone-muon tracks to tracker
track. This is done by comparing the track parameters
and performing a combined fit. Hence these tracks are
built from the ”outside-in”.

Overall, 99 % of muons produced within the CMS acceptance are reconstructed at least
as one of tracker-muon and global-muon tracks. Tracker-muon and global-muon tracks
are merged into a single candidate if they share a tracker track. For low momenta, the
tracker-muon reconstruction is more efficient than the global reconstruction. But the
misidentification rate is lower for global muons since they included information from the
muon detectors. These muon tracks are fed to the PF algorithm.

2.3.4. Particle-flow event reconstruction

The particle-flow event reconstruction [92] is used to reconstruct stable particles by combin-
ing information from all subsystems of the CMS detector. The PF algorithm identifies five
distinct types of particles: Charged and neutral hadrons, electrons, photons and muons.
These particles, also referred to as PF candidates, can then be used to derived more com-
plex objects like jets and the missing transverse momentum of an event. While jets can
be reconstructed by only using calorimeter information, also referred to as calorimeter
jets, the reconstruction from the PF candidates greatly improves the precision. The main
reason for this is that many jet constituents are comparatively soft and benefit from the
precise measurements of low-momentum particles in the tracker.

The PF algorithms starts from the tracks, reconstructed as described in sections 2.3.1
and 2.3.3, and calorimeter clusters. The PF ECAL clusters are described in section 2.3.2.
The HCAL clustering follows a similar approach: Local maxima of energy depositions in
the calorimeter are used to identify seeds. Energy depositions are combined to topological
clusters by combining neighboring cells that are two standard deviations over detector
noise.

One of the main features of the PF algorithm is the so-called linking procedure. Hereby
the calorimeter clusters and tracks are linked to blocks of elements. From each block the
PF algorithm identifies particles following predefined criteria. If a particle is identified, the
blocks, e.g. energy deposits in the ECAL, are removed in order to reduce the computational
complexity. The following PF particles are reconstructed in the given order:

PF muons are global muons, whose momentum is compatible with the
momentum measurement in the tracker.

PF electrons are reconstructed using the procedure described in section 2.3.2.
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Figure 2.8.: Illustration of the particle-flow event reconstruction. A simplified sketch of the
detector response is shown on the left. Reconstructed tracks in the tracker are
shown as solid black lines. The dashed red line symbolizes a muon track, mea-
sured in the tracker and muon detector. Energy deposits in the calorimeters
are shown in green (ECAL) and purple (HCAL). On the right side, the inter-
pretation of these measurements by the particle-flow algorithm is shown. [93]

PF charged hadrons are reconstructed next. Tracks are linked to ECAL and HCAL
clusters, resulting in the charged hadron candidates. If the en-
ergy determined from the track momentum is compatible with
the calorimeter energy deposits, the charged hadron energy
is determined from the linked track and calorimeter clusters.
If the track momentum is significantly higher, an additional
search for muons with looser requirements is triggered. If the
track momentum is significantly lower, no charged hadron is
reconstructed.

PF photon is required to exhibit an energy deposition in the ECAL that
is much larger than the energy of the assigned tracks.

PF neutral hadrons is required to exhibit an energy deposition in the HCAL that
is much larger than the energy of the assigned tracks.

Figure 2.8 illustrates the PF algorithm on a simplified example.

2.3.5. Jets and missing transverse momentum

In the CMS event reconstruction procedure, jets, as introduced in section 1.2.6, are clus-
tered from the particle flow candidates.
The most common type of algorithms used at the LHC experiments are sequential recombi-
nation algorithms. These algorithms rely on energy and distance measures for sequentially
combining particles until some exit condition is reached. Usually the pT and ∆R are used
as a proxy of the energy and distance measures, respectively. The jets resulting from
these algorithms are invariant under boosts along the beam line. The procedure for the
clustering progresses as follows. Initially the particle i to particle j distance dij and beam-
particle distance diB is calculated for each particle pair and the minimum is computed. If
it is dij , the two particles are merged and the four-momenta are combined. If it is diB,
the ≥ 1 combined particles are called a jet and the individual particles are removed from
the collection of input particles. This is repeated until all particles of the input collection
have been used. The distance for the typical clustering algorithms at the LHC are defined
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Figure 2.9.: Consecutive stages of the jet energy scale (JES) correction as it is applied to
reconstructed jets in data and simulation (MC). Taken from reference [96].

as

dij = min
(
p2p

T,i, p
2p
T,j

) (yi − yj)2 + (ϕi − ϕj)2

R2 and (2.3)

diB = p2p
T,i, (2.4)

with the radius parameter R, the transverse momentum pT,i, rapidity yi and ϕ-direction
ϕi of particle i. If p = −1 is chosen, a clustering algorithm following this procedure is
called the anti-kT algorithm [94]. The distance is defined such that high-pT particles are
clustered first. This leads to infrared and collinear safe jets4 with a round shape in the
η − ϕ-plane with a radius of R.
In order to reduce the influence on pile-up events, candidates that do not originate from
the primary vertex are usually excluded. This is called charged hadron subtraction (CHS).
The jets, which are used in this thesis, are clustered using the anti-kT algorithm with a
distance parameter of 0.4 as implemented in FastJet [95]5.

The reconstructed jets still have to be corrected and calibrated in simulation as well as
recorded data: Even after CHS, particles from pileup are left in the input collection used
for the clustering because they are either neutral or could not be associated to a pileup
vertex. Additionally, the transverse-momentum measurement of jets is dependent on the
pseudorapidity η and non-linear in pT. The correction and calibration used in this thesis
follows the factorized approach described in reference [96] and is called the jet energy
correction (JEC), which in turn includes two types of corrections: The jet energy scale
(JES) and jet energy resolution (JER) correction.
The JES is a multi-step correction that aims to bring the measured jet energy closer to
the true jet energy. The steps are illustrated in figure 2.9 and contain corrections for

• the energy offset due to particles from pileup,
• the detector response of hadrons,
• the residual difference between data and simulation as function of pT and η, and
• flavor (for quarks: u and d, s, c and b; and for gluons) dependent effects.

The energy resolution observed in data is worse than the resolution predicted in simula-
tion. Therefore, jets in simulation are smeared to better reflect the observations in data.
Two smearing techniques are used: If a generator-level jet can be matched to the jet re-
constructed from the PF candidates, a correction is calculated as function of the pT and
η of the jet and pT at generator-level. Otherwise a stochastic smearing, which aims to
reproduce the average difference between data and simulation, is applied based on the jet
pT resolution and η.

4 A jet algorithm is considered infrared and collinear safe, if radiation of soft particles or collinear splitting
of partons does not change the outcome of the clustering.

5 Analyses with specific requirements for jets, e.g. if highly boosted final states are targeted, may use
other algorithms.
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Uncertainties for the JES and JER corrections are considered and will be described in
section 6.2.

The missing transverse momentum of an event - also referred to as missing transverse
energy (MET) - is usually defined as the negative sum of the pT of all PF candidates. In
a perfect measurement, this sum correspond to the transverse momentum of the initial
state, which is zero. Particles, e.g. neutrinos, can escape the detector unobserved. In such
cases, the MET can be identified with the momentum of these escaped particles. Since
the calculation of the MET includes all PF candidates, the resolution is comparatively
low. For the fully-hadronic analysis presented in part II, the MET is not used. Hence no
further discussion of the MET and the corresponding corrections is presented here. More
information can be found in reference [97].

2.3.6. Identification of jets originating from bottom quarks

The final state of the fully-hadronic tt̄H(bb̄) process features four jets that originate from
bottom quarks. Therefore, the identification of such jets plays a very important role for
the overall success of the measurement presented in this thesis.

Jets originating from bottom quarks are identified with algorithms collected under the term
b-tagging. These algorithms exploit the characteristic properties of B hadrons (hadrons
containing a valence bottom quark) which are:

• B hadrons are very heavy with a rest mass of more than 5 GeV.
• B hadrons mainly decay to hadrons containing c-quarks via the weak interaction. Be-

cause this decay is CKM suppressed, the B hadrons have a comparatively long lifetime
of 0.5 mm/c.

• The decay products of B hadrons usually include multiple charged leptons, which leave
tracks in the tracker.

• B hadrons carry a large fraction of the overall jet momentum because most energy of
the bottom quark is passed to the B hadron in the fragmentation. Therefore, they can
have large Lorentz boosts, which further increase their lifetime.

• The displaced decay of the B hadron results in a secondary vertex with a significant
distance, usually referred to as the impact parameter d0, to the primary interaction
point. This secondary vertex can be individually reconstructed because of, among
others, the high precision of the CMS pixel detector. A sketch of such a decay is shown
in figure 2.10.

A detailed introduction to the algorithms and procedures used within the CMS collabora-
tion can be found in reference [98].

In the context of the measurement present in part II of this thesis, three different algo-
rithms are used: The combined secondary vertex tagger version 2 (CSVv2 [98]), a further
developed version of this tagger using a fully-connected neural-network (DeepCSV [98]),
and the DeepJet tagger [99], which utilizes a combination fully-connected networks, con-
volutional networks, and recurrent networks. The performance of the algorithms improves
in the given order. The first two algorithms are only used in high-level trigger as they pre-
sented the state-of-the-art algorithms at the time the triggers were developed and the data
was collected. As it will be shown further down, the DeepJet tagger exhibits a superior
performance, and is therefore used as the b-tagging algorithm in the final measurement.
The general architecture of the DeepJet tagger is illustrated in figure 2.11. For a given
jet, the following input features are passed to the network. Information for each of the
leading 25 charged and neutral PF candidates is passed to the network in 16 and 8 fea-
tures, respectively. These features include information like the ∆R to the closest secondary
vertex, the track fit quality, and the fraction of jet-momentum carried by the candidate.

46



2.3. Object reconstruction 47

light jet

light jet

b jettracks

b hadron

impact
parameter

–  primary vertex

–  secondary 
vertex

d0

Figure 2.10.: Illustration of secondary vertex displacement from the primary vertex. The
impact parameter d0 is used to measure the displacement of tracks not orig-
inating from the primary vertex. [93]

Figure 2.11.: Illustration of the DeepJet architecture. The input of the network is com-
prised of charged and neutral PF candidates, reconstructed secondary ver-
tices and global variables. A combination of convolutional, recurrent, and
feed-forward networks is used. Taken from [99].

Up to four secondary vertices (SV) are passed as 12 features each. These features include
information about the SV like impact parameter value or fit quality. Furthermore, global
variables of the jet, like pT or η, and the number of primary vertices in the event are passed
to the network. The network architecture is designed as a sequence of convolutional, re-
current and feed-forward networks. A description of the former two types of networks
is out of the scope of this thesis, while the latter type of network will be discussed in
detail in section 3.2.1. On a top-level, the different networks can be understood as follows:
The features of the SV and charged as well as neutral PF candidates are processed per
candidate in the convolutional networks, which perform a feature extraction, i.e. exploit
correlation among the features to build new features. In the individual groups, all these
"new" features a fed together to recurrent networks, which are specialized in learning se-
quence information. The output of the recurrent networks can be understood as combined
information of all input particles and features in the individual groups. These outputs
are combined with the global variables in a fully-connected feed-forward networks with
multiple output nodes corresponding to the likelihood that a jet corresponding to a con-
sidered class6. In addition to b-tagging, the DeepJet tagger also provides c-tagging and
gluon-tagging capabilities.

In the CMS collaboration, operating points - also called working points or WP - are defined
6 Details about classification with neural networks with multiple output classes will be given in sec-

tion 3.2.2.
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Figure 2.12.: Comparison of the performance of the DeepJet and DeepCSV b-tagging al-
gorithms. Figure (a) shows the performance in simulated tt̄ events where
both top quarks decay hadronically for jets with pT ≥ 30 GeV. The per-
formance is shown for both b vs. c classification (dashed lines), and b vs.
light (solid lines). Figure (b) shows the jet-pT dependency of the two taggers
in simulated QCD multijet events for three fixed light-jet misidentification
probabilities (mis-tag rate). Taken from [99].

corresponding to the 10 %, 1 % and 0.1 % light-flavor mis-tag rate for jets originating from
bottom quarks. The three WP are usually referred to as Loose, Medium and Tight. The
corresponding efficiency for tagging jets originating from bottom quarks as b-jets depends
on the algorithm. In the case of the DeepJet algorithm, the Loose WP corresponds to a
b-jet efficiency of approximately 92 % and the Medium WP to approximately 75 %. Other
algorithms (DeepCSV and CSVv2) exhibit smaller b-jet efficiencies at the same WPs. This is
equivalent to stating that those algorithms exhibit a worse performance than the DeepJet
algorithm.

A direct performance comparison of the DeepJet and DeepCSV taggers is shown in fig-
ure 2.12: Figure 2.12a shows the overall mis-tag rate as a function of the b-jet efficiency in
simulated tt̄ events. The DeepJet algorithm provides a lower mis-tag rate at every b-jet
efficiency than the DeepCSV algorithm. Figure 2.12b shows the b-jet efficiency as function
of the jet pT in simulated QCD multijet events for the three WP defined previously. It
can be seen that the DeepJet algorithm outperforms the DeepCSV algorithm at higher jet
pT. Especially for tighter WPs (red and blue in figure 2.12b), the difference is significant7.

2.4. Luminosity, data certification, and pileup
2.4.1. Luminosity

A precise measurement of the luminosity is crucial for the measurements of cross sections
at the CMS experiment. During data-taking the measurement of the luminosity provides
real-time feedback on the LHC and CMS operation. After data-taking, the luminosity
measurement is indispensable for nearly every physics analysis. For example, it is required
for scaling the simulated samples to the correct yield. A variety of systems are used to
provide the luminosity measurement. Details are given, for example, in reference [100]. In
practice each of these systems reads out a rateR, which is proportional to the instantaneous
luminosity Linst with a constant called the visible cross section σvis. The visible cross
7 In case for the tt̄H(bb̄) analysis presented in part II of this thesis, improvements of up to 130 % in signal

efficiency and up to 40 % in S/
√

B were observed.
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Figure 2.13.: Luminosity delivered by the LHC and recorded by the CMS detector during
the Run-2 operation period from 2015 to 2018. Taken from reference [101]

section σvis is determined using Van der Meer scans performed with a dedicated LHC
machine setup. During this scan, the transverse position of the two beams is varied relative
to each other resulting in a measurement of the rate as function of the beam separation.
This rate can be used to determine σvis [100].
The integrated luminosity is given by

L =
∫
Ldt . (2.5)

Figure 2.13 shows the recorded and delivered luminosity during the Run-2 operation of
the CMS detector.

2.4.2. Data certification
The LHC delivered 162.85 fb−1 of data during the Run-2 operation period from 2015 to
2018. Not all of this data can be used for physics analyses. Firstly, the detectors can-
not record every collisions for a multitude of reasons. An example would be technical
malfunctions. Secondly, only high-quality data, e.g. with all critical subdetectors opera-
tional, can be used for precision measurements. In order to ensure this, the data quality
is continuously monitored during data taking. Only data certified by this monitoring is
used for further analysis. The analysis presented in part II of this thesis is considered the
Run-2 measurement of tt̄H(bb̄) at CMS. It includes the majority of the data recorded in
the Run-2 operation period. Only the short operation period during 2015 is excluded8. A
total integrated luminosity of 137.2 fb−1 was collected during the LHC Run-2 at 13 TeV
between 2016 and 2018 [100,102,103].

2.4.3. Pileup
The number of pileup collisions is Poisson distributed with a mean value of〈

NPU
data

〉
= σinelLinst (2.6)

with the instantaneous luminosity Linst and the inelastic proton-proton cross section σinel.
The concept of pileup was introduced in section 1.2.3.3. The distribution of the mean
8 In the 2015 data-taking period, the CMS detector recorded 3.8 fb−1 of collision data. Due to a malfunc-

tion in the solenoid, only 2.7 fb−1 of data were recorded with fully operational subdetectors.
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Figure 2.14.: Distribution of the average number of interactions per crossing (pileup) for p-
p collisions for the Run-2 operation period and in the individual data-taking
periods. Taken from reference [101].

number of interaction in Run-2 of the LHC operation is shown in figure 2.14. During Run-2,
the mean number of interaction steadily increased, mainly due to increasing instantaneous
luminosity. For jet-based analyses, like to one presented in part II of this thesis, this
presents a huge challenge since more pileup interactions increase the chance of including
pileup jets in the primary interaction, which can reduce the sensitivity. Various methods
for reducing this dependency, like the previously mentioned CHS or dedicated algorithms,
are considered within the CMS collaboration. Furthermore, increasing pileup effects jet-
based triggers because of the increased hadronic activity and worse mitigation strategies
at trigger-level compared to the fully reconstructed events. This usually present itself in
the form of increased rates at constant thresholds. This generally leads to tighter trigger
thresholds in later run periods of the Run-2 operation.
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3. Signal identification and extraction

This chapter describes methods for signal identification and extraction on a general level
that are used in the analysis presented in part II of this thesis. Two methods that play a
major role in the signal identification are the matrix element method and fully-connected
feed-forward neural networks, which are introduced in sections 3.1 and 3.2, respectively.
The matrix element method provided the main discriminant in previous iterations of the
fully-hadronic tt̄H(bb̄) analysis [10, 11]. In order to improve the sensitivity using the full
Run-2 dataset, a neural-networks-based classifier, which combines the Matrix element dis-
criminant with other observables, has been developed.
The signal extraction is based on the maximum likelihood method and will be discussed,
as used within the ATLAS and CMS collaborations, in section 3.3. This section also
introduces relevant topics like the statistical model (section 3.3.3) and upper limits (sec-
tion 3.3.4).

3.1. Matrix element method

The matrix element method (MEM) is a likelihood-based technique resting on the leading
order (LO) matrix element for the signal process and one or more background processes.
The MEM was initially used by the D0 collaboration for measuring the mass of the top
quark [104] and helicity of the W boson [105]. After being used by, among others, the
CDF experiment for Higgs-boson measurements [106], it was introduced at CMS in the
tt̄H(bb̄) analysis of the semileptonic channel at 8 TeV [107]. In the fully-hadronic tt̄H(bb̄)
decay channel it was first used in the analysis of 36.3 fb−1 of data collected by the CMS
experiment at 13 TeV [10]. Due to its strong foundations in the theoretical modeling of
particle physics and high separation power between the considered processes, it is a popular
alternative to statistics-based multivariate methods like Boosted Decision Trees (BDT) or
(deep) neutral networks.

This section is intended as a summary of the method and its application in the fully-
hadronic tt̄H(bb̄) analysis. An extensive introduction and review can be found in refer-
ence [108], which this section is based on.

The MEM uses the full kinematic properties of an event to calculate the probability of an
event originating from a certain process. The probability density is calculated based on
the cross section formulas, which include the LO matrix element amplitude, for the given
process, the parton luminosity, the phase space, and a transfer function accounting for
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detector effects. Densities are calculated for relevant signal and background processes and
combined in a likelihood ratio. Section 3.3.2 will discuss the concept of likelihood ratios
in detail.
In the fully-hadronic tt̄H(bb̄) analysis, the matrix element of the LO gluon-initiated tt̄H
process is used for the signal hypothesis and the LO gluon-initiated tt̄ + bb̄ process is
used for the background hypothesis. No dedicated QCD multijet matrix element is used.
Considering only gluon-initiated processes is reasonable since the majority of the events
originate from such a process. In addition, only the hadronic decays of the Higgs boson and
the top-quark decay-products are considered. Due to the large ambiguity in assigning the
jets to the underlying quarks, all possible jet-quark assignments are considered. In order to
constrain the number of possible combinations, only the four leading jets, according to the
b-tagging discriminator value, are considered as candidates for the bottom quark, while
all other jets are considered light-quark candidates. Hadronization and detector response
effects are taken into account with transfer functions, that are derived from simulation.
One of the main limiting factors for the MEM is the computational complexity of solving
the necessary integrations, that need to be processed multiple times per considered event1.

The main ingredients for the MEM discriminant are the probability densities ωi for the
signal (S) and and background (B) hypothesis i = S, B:

ωi(y) =
∫ 1
s

g(xa;Qi)g(xb;Qi)
xaxb

δ4

xaPa + xbPb −
8∑

q=1
pq

 |Mi(x)|2W (y|x)dΦdxadxb ,

(3.1)
with the centre-of-mass energy

√
s, the gluon parton density functions g(x;Q) evaluated

as the factorization scale Q, the momentum fractions of the initial state partons (gluons)
xa and xb, the 4-momenta of the colliding partons Pa and Pb, the production and decay
amplitude Mi(x), the transfer functions W (y|x), and the phase space dΦ. The gluon
PDFs are calculated with LHAPDF [109] using the CTEQ6.6 [110] PDF set.

3.1.1. Construction of the phase space

The phase space of the final-state includes three quarks per top-quark decay and two from
the bb̄ pair from the Higgs-boson or tt̄ + bb̄ decay. The phases space volumes can be
written as

dΦti
= 1

(2π)9
dqi
2Eqi

dq′
i

2Eq
′
i

dbi
2Eb

and dΦbb̄ = 1
(2π)6

db

2Eb

db̄

2Eb̄

, (3.2)

with the 4-momenta for the quarks (qi and q′
i) and bottom quarks (bi and b/b̄). The total

phase-space volume is then given by

dΦ = dΦt1
dΦt2

dΦbb̄ . (3.3)

3.1.2. Production and decay amplitudes

The decay amplitudes of the tt̄H(bb̄) and tt̄ + bb̄ processes are composed of two elements:
The scattering amplitude of the core tt̄H and tt̄ + bb̄ processes and the decay amplitudes
1 While the statement on the computational intensity is certainly true, its importance is often exaggerated

when comparing the MEM to statistical methods like BDTs and deep neural networks. While the
evaluation on an event-by-event basis is very fast for such methods, it has to be considered, that the
necessary training and optimization, which are not necessary for the MEM, is also a computationally
expensive process that is often omitted in these comparisons.
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of the top quark, Higgs boson and W boson:

|MS|2 = |Mgg→tt̄H |2 · |Mt→qqb|
2 · |Mt→qqb|

2 · |MH→bb̄|2 and (3.4)

|MB|2 = |Mgg→tt̄+bb̄|2 · |Mt→qqb|
2 · |Mt→qqb|

2 . (3.5)

The hard scattering amplitude is calculated at LO with OpenLoops [111]. For each inte-
gration point, the phase space point, consisting of the mass, energy and momentum of the
incoming and outgoing particles is passed and the amplitude squared is returned. For the
outgoing particles the momenta and masses are given by:

pti
= pqi

+ pq
′
i
+ pbi

and Mt = 174.3 GeV , (3.6)
pH = pb + pb̄ and MH = 125 GeV , and (3.7)
pb,b̄ = pb,b̄ and Mb = 0 . (3.8)

The momenta for the incoming gluons are calculated by taking ± of the sum of the total
energy and net z-momentum of the outgoing particles.

3.1.3. Transfer functions
The transfer functions encode the probability for observing the measurement y given the
truth x in the calculation of the MEM probability density and take the detector effects
and simulation into account.
The transfer function W (y|x) is defined using the jet directions Ω = (cos θ, ϕ), the jet
transverse momenta pT and the missing transverse momentum /pT as observables:

W (y|x) =
( 8∏

i=0
δ(Ωi − Ωqi

)T (pT,i|pT,qi
)
)

· F (/pT|0) , (3.9)

where the pT,q and Ωq are truth values of the quarks that produce a jet and there is zero
/pT at quark level. This further includes the assumptions

• that the directions of the quarks are perfectly measured and are given by the associated
jet, and

• that the momenta of jets and quarks as well as the missing transverse momentum are
independent.

The quark-pT transfer functions T (pT,i|pT,qi
) are parametrized in terms of a double gaus-

sian and can be viewed as a probability density function, that returns the probability of
observing a jet for a given quark:

T (pT,i|pT,qi
) = p0

[
0.7 exp −(pT − p1)2

p2
2

+ 0.3(pT − p3)2

(p2 + p4)2

]
. (3.10)

The parameters p1-p4 are the only parameters of interest and have been derived from
signal-simulation and are functions of the pT and η of the quarks:

pn = pn(pT,q, ηq), n = 1, 2, 3, 4 (3.11)

The transfer function for the missing transverse energy /pT = (/px, /py) can be expressed as

F (/pT|0) = 1
2πσ2 exp(−/p2

x/2σ2) exp(−/p2
y/2σ2) . (3.12)

The parameters p1 to p4 (from eq. (3.10)) are determined in 58 pT bins between 30 and
300 GeV and two η bins from 0 to 1.0 and 1.0 to 2.5. This choice is motivated by the fact,
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that the parameters have a continuous dependence on the pT while the η dependence is
only subdominant. Furthermore, the parameters are derived independently for light (q=
u,d,c,s) and heavy (q=b) quarks as well as for each data-taking period.

3.1.4. Integration, permutations and hypotheses for events with 7, 8 and
≥ 9 jets

For each event in the analysis region, the probability density is calculated for the signal
and background hypotheses, considering multiple permutations of quark-jet assignment.
The approach and implementation will be outlined in the following:

The integration over the phase space for each permutation is done numerically with the
CUBA [112] implementation of the VEGAS [113] algorithm, which is an iterative and adaptive
Monte-Carlo integration method. It relies on sampling the integral in multiple regions with
the largest contribution to the integral and uncertainty. For this, it processes multiple it-
erations of the integral. In each iteration, the multidimensional search grid is refined with
respect to the previous iteration in order to concentrate the sampling. The maximum
number of iterations is tuned per considered hypothesis in order to achieve the desired
precision and computing time. The integration is made feasible by applying various trans-
formations to equation (3.1). For a fully-reconstructed signal event, the dimensions are
reduced to three (two over the light-quark energy from each top quark and one over the
bottom-quark energy from the Higgs boson) and to four for a tt̄+bb̄ event (one additional
integration over the second bottom-quark energy). In case of a lost jet, an additional
two-dimensional integration is necessary (over the quark directions). The details on the
transformations are omitted in this summary but are extensively covered in reference [108].
For each iteration, the integrand, in a given phase-space point for each permutation, is
calculated including an evaluation of the parton density function with LHAPDF, the matrix
element calculation with OpenLoops, and the transfer function evaluation. Integration
ranges are set to E±3σE for the quark energy E, with the jet energy resolution σE , ±π/2
for the quark polar angle θ, and [0, 2π] for the quark azimuthal angle ϕ.

In order to control computing time, the quark-jet assignment is constrained such, that only
the four jets with the largest b-tagging discriminant value are considered for b-jets and all
other jets are considered light-jets and are permutated among each other. Furthermore,
only inequivalent permutations are considered. An example for an equivalent permutation
would be interchanging the light quarks from the decay of the W boson. The maximum
number of light jets considered in an event is five. In case more light jets are present,
the five jets with the highest pT values are used. Multiple configurations, of the number
and jet-quark assignments and/or non-reconstructed jets, were studied. The performance
in separating signal and background as well as the required computational resources were
considered in these studies with the following results [108]:
For events with 7 or 8 jets (after selection), the MEM is calculated with the configuration
that one light-quark from the W-boson decays was lost but all bottom quarks from the
top-quark and Higgs-boson decays are reconstructed. For events with ≥ 9 jets, the MEM
is calculated with the configuration that all four light jets from the W boson and all
bottom quarks from the top-quark and Higgs-boson decays are reconstructed. In order
to calculate the total event probability, the probability density for each permutation is
summed. Hereby, the assumption is that unlikely jet-quark associations will result in a
low probability and therefore contribute little to the overall event probability.

When used in the analysis, the signal and background hypotheses are combined in the
likelihood-ratio

ωS(y)
ωS(y) + κ · ωB(y) , (3.13)
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Figure 3.1.: The top row shows the distribution of the MEM discriminant, as defined in
equation (3.13) with κ = 0.065, for the three signal regions (SR) with 7,
8 and ≥ 9 jets of the fully-hadronic tt̄H(bb̄) analysis presented in part II.
The distributions are shown for the tt̄H(bb̄) signal processes as well as the
largest background processes: tt̄ + bb̄, tt̄ + cc̄, tt̄ + LF, and QCD multijet.
Additionally, the separation power between the signal and each background
process provided by the MEM is shown as ROC curve in the bottom row. The
ROC curve as performance indicator will be explained in detail in section 3.2.1.

which is referred to as the MEM discriminant. The factor κ is considered a hyperparameter
and subject to optimization2. The distribution of this discriminant is contained in the
interval [0, 1] and usually binned into 10 equal width bins. The MEM discriminant, as
defined in equation (3.13), is shown in figure 3.1 for the three signal regions with 7, 8,
and ≥ 9 jets, that are used in the analysis presented in part II. It can be observed, that
the MEM discriminant provides significant separation between the tt̄H(bb̄) signal and
all large backgrounds from the tt̄ + bb̄, tt̄ + cc̄, tt̄ + LF, and QCD multijet processes.
Especially against the dominant QCD multijet background process, a strong separation
can be observed even though no dedicated hypothesis is considered for this background.
Intuitively this can be understood by considering that the kinematics of the jets are very
different in case of the QCD multijet background, e.g. no top quarks are involved, even
though they pass the same selection criteria.

The uncertainty variations of the jet energy scale and resolution3 in simulated events are
taken into account by calculating the probability densities using the vectorial implemen-
tation of the CUBA integrator. In this implementation, which is extensively reviewed in
reference [114], the integration is carried out over a vector encoding all the variations.
The method is roughly 2-3 times as computationally expensive as the scalar integration

2 In the previously published iterations of the fully-hadronic tt̄H(bb̄) analysis [10,11], in which the MEM
discriminant was used as distribution for the signal extraction, κ = 0.065 has been used. This value was
determined by scanning the parameter and evaluating the expected significance in the signal extraction.
For the analysis presented in part II, the same numerical value is used.

3 For the jet energy scale and resolution, as introduced in section 2.3.5, multiple sources of systematic
uncertainty are considered by shifting the kinematics of each jet in an event. The exact sources of
uncertainty and how the shifts are implemented will be covered in section 6.2.
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56 3. Signal identification and extraction

but calculating the probability densities sequentially for each of the n > 20 variations4 in
each of the many million events would not be feasible. The probability only depends on
the observed kinematics of the jets via the transfer function and therefore it is the only
factor in which the vectorial approach changes the calculation. In practice, the integrator
expects the observed nominal kinematics y of the jets as well as the relative shifts δyi

for a given source of systematic uncertainty i. This vectorial process can be described by
changing equation (3.1) as follows:

ω(y)
ω(y + δy1)

...
ω(y + δyn)

 =
∫
η(xa, xb) |Mi(x)|2


W (y|x)

W (y + δy1|x)
...

W (y + δyn|x)

 dΦdxadxb . (3.14)

This procedure is used when calculating the MEM probability in simulated event. Col-
lected data events, which are not subject to the variations, are treated differently. In this
case, the integration is executed with the same algorithms but the vector only represents
the nominal kinematics y, basically leading to a ”scalar” integration. As an alternative
configuration, it was studied to execute the integration with a vector of the same lengths
n+1 as used in the simulated events, but the nominal kinematics are used for all elements
of the vector, i.e. δyi = 0 for all i. This reflects the concern, that the nominal numerical
result of the integration depends on the fact, that a vectorial integration was executed.
Both approaches lead to the exact same numerical results, eliminating this concern. In
practice, the ”scalar” integration is used because it is computationally less expensive.
While it could be excluded, that the vectorial integration itself introduces a differences to
the nominal numerical results of the integration, a dependency on the size of the varia-
tions δyi was observed. This dependency is only relevant because the vectorial approach
has to be used in simulation but the cannot be used in collected data. Since the ”scalar”
approach is used in the latter case and the two cases are compared in the signal extraction,
the residual difference between both approaches should be as small as possible. In order to
observe the dependency on δyi, vectorial integrations with variations, as used in simulated
event, and without variations have been directly compared on a set of simulated event.
This dependency can be understood by considering, that the integration search grid of
the algorithm is set according to the ”global” values of the kinematics, i.e. according to
y + δyi, and not the nominal kinematics only, i.e. according to y. Hence, when variations
δyi are introduced, the resulting search grid can be different from the nominal case. This
is especially noticeable when the variations are large compared to the nominal kinemat-
ics. The effect of this dependency on the overall distribution of the MEM discriminant in
simulated tt̄H(bb̄) events is shown in figure 3.2 for the regular vectorial integration and
the integration where the nominal kinematics are used for all elements of the vector, i.e.
δyi = 0 f1r all i. The latter is equivalent to the ”scalar” integration used in the collected
data events. It can be observed that the residual differences between the two integrator
configurations are small and covered by the statistical uncertainty of the sample. While
the statistical uncertainty itself is not necessarily meaningful in figure 3.2, since the ex-
act same events are considered for both distributions, it nonetheless led to the following
conclusion for the data. Any differences introduced by this behavior of the integrator
are smaller than the statistical fluctuations expected from the data when considering the
whole dataset and can therefore be neglected.

4 The exact number of considered sources of jet energy scale and resolution uncertainty depends on the
uncertainty model used in a particular analysis. In the analysis presented in II, 13 individual sources,
each with an up and down variation, are considered. Therefore the MEM would need to be calculated
27 (13 · 2 + 1) times in each event without the vectorial implementation of the integration.
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Figure 3.2.: Distribution of the nominal MEM discriminant in simulated tt̄H(bb̄) events for
the 2018 data-taking period for the signal regions with 7 (left), 8 (middle), and
≥ 9 jets (right). The results of the integration without kinematic variations
(nominal kinematics are used for all elements of the vector ↔ δyi = 0) are
shown in red and the results of the integration with kinematic variations (δyi ̸=
0) is shown in blue. The exact same events are used for both distributions
and the blue distribution corresponds to the configuration which has to be
used in simulated events. The statistical uncertainty of the blue distribution
is shown as hatched band.

3.2. Neural Networks
This section aims to summarize the machine learning methods and techniques relevant for
the analysis presented in part II of this thesis. A detailed introduction to the topic can be
found in [115], which will also be used as main reference for this section.

3.2.1. Introduction to machine learning
Many different machine learning algorithms have been developed over the last decades and
with increasing amounts of data available in all areas of modern life, the applications grew.
Traditional algorithms like logistic regression, neural networks, support vector machines
or decision trees are still in use today but are being replaced more and more by algorithms
based on deep learning approaches, that utilize the basic principles of neutral networks. A
number of key circumstances led to this development: Hinton et al. demonstrated in 2006
in reference [116] that adding successive layers to the inside of a neural network, i.e. using
a ”deep” network, can drastically improve the performance. Advancements in GPU-based
computing5 made using these algorithms feasible since such systems are highly efficient for
the necessary computations. Finally, these algorithms profit from large amounts of data,
whose storage and processing was not possible only a few years ago. Deep neural networks
(DNN), Convolutional neural networks (CNN), and recurrent neural networks (RNN) are
just a few of the more commonly used algorithms of this type. Before diving deeper into
the details of the relevant algorithm for this thesis in section 3.2.2, a brief introduction to
machine learning will be given.
In general, a machine learning algorithm is an algorithm that learns from data (or experi-
ence) to fulfill a task by minimizing a performance measure.

The Task

Common tasks that find mainstream application in particle physics can be classified as
prediction (or regression) and classification tasks. Tasks like anomaly detection (e.g. the-
ory independent searches), denoising (e.g. improvement of calorimeter measurements) or
5 Graphics Processing Unit (GPU) are specialized electronics circuits optimized for generating and process-

ing images intended to output on a display. These processors exhibit a highly parallelized structure with
fast and broad memory access. This makes them also optimal for the algorithms used in deep learning,
since the main operations are matrix multiplication and manipulations as discussed in section 3.2.2.
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sampling (e.g. for event generation) are becoming more and more popular within the
particle-physics community. Example applications are the improvement of energy reso-
lutions [117] (regression) or b-jet identification [99] and the construction of strongly dis-
criminating distributions for fits to data (classification). Since the neural network, that
is used in the analysis presented in part II of the thesis, is trained to classify signal and
background event, these tasks will be described in more detail.
In a classification task, the algorithm is trained to assign an input to one of multiple cat-
egories k. The algorithm generates a function f : Rn → {1, ..., k}, with the dimensionality
of the input space n. Since the assignment to one of the categories k is ambiguous and
generally the target of the algorithm, the function is represented by ŷ = f(x) with the n-
dimensional input vector x and the numerical output ŷ ∈ [0, 1]. If an actual classification
into one of the categories k is desired, a common approach is to define a working point
in ŷ in terms of the true-positive (fraction of inputs correctly assigned to k) and false-
positive rates (fraction of input falsely assigned to k) that are acceptable, as it is done for
the b-tagging described in section 2.3.6. Generally, classification algorithms fall into one
of the two categories: binary classification, if two classes are considered, and categorical
classification, if more than two classes are considered. The classifier for the fully-hadronic
tt̄H(bb̄) analysis presented in the thesis, which will be described in section 5.6, is a binary
classifier. A categorical approach was investigated for the fully-hadronic channel and is
used in the dileptonic and semileptonic channels, which will be described in 7.1. The con-
cept will be further discussed briefly in this section. In particle physics another commonly
utilized approach is to use the distribution of ŷ as final discriminant for the fit to data,
which will be the topic of section 3.3. In this case, the separation between signal and
background in the distribution of ŷ is exploited to increase the sensitivity in the signal
extraction.

The Data

To train a machine learning algorithm, a dataset is necessary. A dataset is a structured col-
lection of many instances, each characterized by a number of inputs (also called features).
Generally, machine learning algorithms can be categorized in the types supervised and
unsupervised depending on the dataset used for training. For supervised algorithms, the
true category (or target in the case of regression) y needs to be defined for every instance
in the dataset. This is also called labelled data and accordingly the true category is called
the label. Usually the algorithm learns to minimize the difference between the label y and
the prediction ŷ. This is by far the most commonly used class of algorithms in particle
physics. In the case of unsupervised algorithms, no label is specified. Hence, the algo-
rithm can only learn certain properties from the features of the dataset. These algorithms
are rarely used for classification and are more commonly used for clustering, sampling
or anomaly detection6 tasks and are used much less frequently in particle physics at the
time of writing this thesis. Furthermore, the lines between the two types of algorithms
are blurred and there are other types like reinforced learning, semisupervised learning or
6 Autoencoders (an introduction can, for example, be found in reference [115] chapter 14) are a form of

unsupervised learning algorithm that can be used to find outliers in a dataset. In order to do this,
the autoencoder firstly reduces (or encodes) the input data to a lower dimension and then expands
(or decodes) the reduced representation back to the dimension of the input data. By minimizing the
difference between input and the output of the decoder, the algorithm learns how the general features
of the dataset usually look in the dataset. This is an interesting approach for particle physics because
it can be used to find rare events without depending on an underlying theory. Furthermore it can be
directly trained on the collected data. A very small contribution of the ”new and rare” events to the
dataset is no issue since they are statistically insignificant relative to the ”regular” (or in the case of
the LHC, QCD-like) events. An autoencoder-based approach was investigated for the fully-hadronic
tt̄H(bb̄) analysis presented in this thesis but ultimately could not yield a competitive result within the
constrains of the analysis.
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Figure 3.3.: Illustrations of confusion matrices (a) and (b) and a Receiver-Operator Char-
acteristic or ROC (c). The confusion matrix (a) illustrates the classification
with three classes A, B and C and the number given in each box is the share
of inputs assigned to this class by the classifier. The confusion matrix (b)
illustrates a classification with two classes and can be used to visualize the
terms True Positive, False Positive, False Negative and True Negative. The
ROC curve (c) - shown in red - shows False Positive and True Positive rates
for multiple threshold on the classifier output ŷ. It is usually show relative to
the diagonal (dashed line), which would be expected from randomly selected
one of two classes.

multi-instance learning.
The algorithms utilized in this thesis are of the supervised type and therefore the other
types will not be covered in any more detail in the following sections.

Measuring the performance

The performance of a machine learning algorithm is measured at two different stages.
Firstly during the training of the algorithm and secondly the overall performance of a
trained algorithm.

The performance measure during training, also called the cost-function, is used to evaluate
the abilities of a machine learning algorithm to achieve the training objective and is specific
to a given task. For (supervised) classification tasks, the error-rate or loss, which is the
difference between the output ŷ of the algorithm and the expected output y, is commonly
used. During training this loss is minimized by updating the parameters of the model
regularly after evaluating training data.

Two measures that are commonly used to evaluate the overall performance of a trained
classification model, are the confusion matrix and the ROC curve.
A confusion matrix is a way to illustrate the prediction of the classifier relative to the true
class of a dataset. Figure 3.3a is a confusion matrix of a classifier with three classes. The
diagonal elements are the correct assignments while the off-diagonal elements are wrong
assignments. In this case, the relative frequency of assignments to a class are given as
numerical value.
If only two classes, of which one is characterized positive and one negative, are considered,
the terms true positive, false positive, false negative and true negative are commonly used
to describe the assignment to the classes. This is illustrated in figure 3.3b. In particle
physics, signal is usually considered positive and background negative.
The Receiver-Operator Characteristic (ROC) is commonly used to compare how well var-
ious algorithms are able to discriminate between two classes. It is not limited to machine
learning algorithms but can be used for any continuous distribution separating two classes,
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60 3. Signal identification and extraction

like the MEM introduced in the previous section. It shows the rates of correctly and wrong-
fully assigning classes as a function of thresholds placed on the classifier output value and
can be understood as the separation power of a given distribution between two classes.
An illustration can be found in figure 3.3c. For this thesis, it was chosen to show the ROC
curve as a function of the true-positive rate and false-positive rate. A perfect classifier
would have a false-positive rate of 0 at a true positive rate 1. At a false-positive rate of 1
the true-positive rate is always 1. Since classifiers are generally not perfect, choosing the
threshold for the class assignment is a trade off between both values. Another performance
indicator can be derived from this curve: The Area-under-curve (AUC) of the ROC. A
perfect classifier would reach an AUC of 1, while randomly drawing one of two classes
classes should result in an AUC of 0.5 and corresponds to the diagonal in the ROC-curve
plot. Therefore, the diagonal, shown as dashed line in figure 3.3c, is usually included as a
reference when showing ROC curves. An AUC < 0.5 is not expected for a classifier and
usually indicate that the classes have been interchanged7.
ROC curves are calculated as follows: Given normalized distributions of the classifier for
the signal and background classes, the space of the classifier output is scanned and at
each threshold, the integral of each distribution below and above the threshold is calcu-
lated. For the signal distribution the integral above the threshold is the true-positive rate.
For the background distribution the integral above the threshold is the false-positive rate.
These rates are sorted and can then be plotted as shown in figure 3.3c. This description
assumes, that larger values in the distributions point to the signal. If this is not the case
the procedure must be inverted.

Model generalization and regularization
When training a machine learning algorithm, the main goal is that it performs well on a
dataset, that was not used for training. The ability to do this is called generalization. When
training the algorithm, the training error, as defined by the cost function, is minimized.
The ability to generalize is measured with the test error (or generalization error), which
is evaluated on an independent test dataset. This dataset is usually randomly sampled
from the full dataset before training the algorithm. This introduces a second goal, in
addition to finding the function minimizing the cost-function, in the form of minimizing
the difference between the error on the training and test set. If the model is not able
to achieve a sufficiently small training error it is called underfitting and if it shows very
different training and test errors it is called overfitting. The simplest strategy to deal
with both errors is to change the model, by e.g. reducing the number of input features
or changing the architecture. Another way to improve the generalization (or reduce the
generalization error) of the model is regularization. One way to do this, is to add a
penalty (also called regularizer) to the cost function, which can be understood as giving
the model a preference for the function it tries estimates. One commonly used penalty
is the so-called weight decay. Hereby the model is encouraged to use small weights (or
parameters). Intuitively, this can be understood as a prior, that small weights are expected
while large weights point to outliers in the data that the model tries to reach with its
function estimation.

Hyperparameters
The term hyperparameters refers to parameters of the model that are not effected by
the training. This includes, among others, the model architecture, but also the utilized
regularization methods, the settings of the methods or the number of input features.
Tuning these hyperparameters with the goal of maximizing performance but also improving
stability is a major part of training a machine learning model.
7 In practice, this could mean that the signal distribution of given discriminant tends towards 0 while the

calculation expects it to tend to 1.
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3.2.2. Fully-connected feed-forward neural networks
Fully-connected feed-forward neural networks are the quintessential algorithm for modern
deep learning applications. As discussed previously, the goal is to approximate the function
f given a dataset with many sets of inputs x and labels y. By learning a set of parameters
θ the networks approximates y = f(x;θ). The basic components of a network like this
are:
Nodes are the basic building block of a neural network. A node can be

understood as a non-linear function

a (x;θ) = a (x;w, b) = α

(∑
k

wkxk + b

)
= α

(
wTx + b

)
(3.15)

with the activation function α, weights w ∈ Rn×1, bias b ∈ R
and input x ∈ Rn×1. The weights w and bias b are the trainable
parameters θ in the model. In a network with multiple layers
and nodes, the layer i is indicated by a superscript and the node
number j as subscript as such: a[i]

j . a is also called the activation.
Layers are a collection of nodes. Each layer is fully connected to the

previous and following layer but information is only processed in
direction from input to output (feed-forward). Hence, no feed-
back connections are present. The values in each node of a layer
are usually represented as vector with a dimension of the number
of nodes. The weight vector w and bias b of each node can be
combined to a weight matrix W (wT stacked horizontally) and
bias vector b for the layer. If the input dimension of the layer is
nin and contains n nodes, the dimension are: w ∈ Rnin×1, b ∈ R,
W ∈ Rn×nin and b ∈ Rn×1. The output of a layer is usually
denoted as a[i] for the ith layer in the network with dimension
Rn×1.

The Input Layer passes a set of nx features from the dataset to the network. It
can be viewed as the 0th layer with unity activation functions,
bias b[0] = 0 and weight matrix W [0] = Inx

. For ease of use, this
is usually omitted. Occasionally a[0] is used to denote the values
in this layer instead of x.

Hidden Layers are fully connected to each node of the previous and next layer.
For each node in layer i, equation (3.15) is evaluated and the out-
put a[i] is passed to the next layer. The network must decide itself
during training how to best use these layers (or more specifically
set the weights W [i] and bias b[i]) to approximate y = f(x;θ).
The nodes in the layer can be viewed as new features, that the
network derives from the features given as input. A practical
example in high-energy physics could be, that the 4-vectors of
multiple jets are used as input features and the network learns to
construct, for example, certain dijet masses.

The Output Layer collapses the network to a single node (binary classification or
regression) or no > 1 nodes (categorical classification) and calcu-
lates the output ŷ ∈ R or ŷ ∈ Rno×1, respectively.

These general components are illustrated in figure 3.4. Additionally the terms width and
depth are commonly used to describe neural networks. The width of the model refers to
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Figure 3.4.: Illustration of a fully-connected feed-forward neural networks with 3 layers,
two input features and a single output node. The node output a[i]

j of node j
in layer i is given as function of the weights w[i]

j and bias b[i]
j of the node. The

activation functions α are an important parameter when building the model
and common choices are the ReLU for the hidden layers and sigmoid for the
output layer. The box on the left illustrates the calculation inside a single
node in the first layer. This can be identified by the use of x as node input,
while other layers use the output of the previous layer as input. In this case
layer 2 would use a[i] as input. Two common ways of network visualization
are illustrated on the right.
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Figure 3.5.: Functions commonly used as activation functions for the nodes of a neural
network. The sigmoid (a), tanh (b) and rectified linear unit, or ReLU, (c) are
shown.

the number of nodes in each layer. Depth refers to the length of the chained layers. The
term deep learning arose for the trend (and technical possibility) to increase the lengths of
this chain. Generally speaking, deeper networks excel and outperform traditional machine
learning algorithms if large datasets are used.

The choice of activation functions plays an important role in the design of a neural network.
While in principle any function could be used, various specific non-linear functions proved
to be especially advantageous. Commonly used functions are the tanh

α(x) = tanh(x) = ex − e−x

ex + e−x , (3.16)

the sigmoid function
α(x) = σ(x) = 1

1 + e−x , (3.17)

and the rectified linear unit, or ReLU [118],

α(x) = max(0, x) . (3.18)

These functions are depicted in figure 3.5. Generally, the ReLU function is considered a
default choice for the hidden layers and sigmoid functions is commonly used in the output
node of a binary classifier. These two function will also be used in the classifier developed
for the analysis presented in section 5.6. For a categorical classifier, the softmax function
is commonly used for the output node. The softmax function for a K-dimensional vector
z is calculated as

f(z) = exp(z)∑K
j exp(zj)

. (3.19)

The elements of the resulting vector (each corresponding to one of the output nodes of the
network) can be interpreted as the probabilities of a set of inputs to belong to a certain
class targeted by the classifier. This makes this function an interesting choice since the
highest node output value can be used to categorize the input as belonging to the class
represented by said output node.

Training a neural network

When evaluating the network for a given a set of input features, only the weights W [i] and
biases b[i] are necessary to calculate the output ŷ. This evaluation of a trained model is
computationally fast compared to the training and depending on the algorithm complexity.
The weights and biases are determined in the training of the network. Depending on the
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Figure 3.6.: Binary cross entropy (BCE), as defined in equation (3.21), for class 0 (y = 0,
blue) and class 1 (y = 1, red). If the BCE is used as cost function, the penalty
increases the further from the truth label y the prediction ŷ (or x in the case
of this plot) is.

architecture and size of the dataset, this can be computationally expensive. How this
training procedure is implemented will be covered in the following. The major components
are the cost function, backward propagation and gradient decent.

The choice of cost function J(ŷ, y) is an integral aspect in the design of neural networks.
The cost function can be a complex function comprised of multiple terms. One of these
terms is the loss function L. In a simple model, J(ŷ, y) = L(ŷ, y) can be used but more
commonly, the cost function is defined as the average loss L of m input sets (also called a
batch) with additional regularization term Γ:

J(ŷ, y) = 1
m

m∑
i=0

L(ŷi, yi) + Γ(θ) . (3.20)

For classification tasks with fully-connected feed-forward networks, usual choices for the
loss function are the binary cross entropy

BCE(ŷ, y) = − (y log(ŷ) + (1 − y) log(1 − ŷ)) , (3.21)

with the prediction of the network ŷ ∈ [0, 1] and the true label of the class y = 0 or 1, and
the categorical cross entropy

CCE(ŷ, y) = −
M∑

c=1
yc log(ŷc) , (3.22)

with the number of classes M , the prediction ŷc of a network for class c and the label
yc = 0 or 1 specifying if the class c is the true class of the current observation. As implied
by the names of these two equations, the BCE is used for binary classification task and
the CCE is used for categorical classification task. Figure 3.6 shows the BCE for the cases
y = 0 and y = 1. That this is an excellent choice as a cost-function can be understood
by considering the following property: The further from the true class y, the prediction of
the network ŷ is with the current paramter choice, the larger the cost function becomes.

In a feed-forward network, the information x flows forward through the network to estimate
ŷ. This is also called forward propagation. When training the network, the calculation of
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Algorithm 1: Forward propagation in a fully-connected feed-forward neural net-
work with l layers (each associated with a weight matrix W , a bias b and an
activation function α), the single input x and true label y. In this particular case,
the cost function J is equal to the loss function L. In a more realistic case, the cost
function would average the loss of a sets of inputs (also called a minibatch) and
include additional penalty terms for regularization.
h[0] = x
for i=1 to l do

Z [i] = W [i]h[i] + b[i]

h[i] = α[i]
(
Z [i]

)
end
ŷ = h[l] (When evaluating he network, forward propagation stops here.)
J = L(ŷ,y)

the cost function is included in this step. The forward propagation for a simple network
with l layers, one input x is outlined in algorithm 1.

In order to use the information of the cost-function, it must flow backward through the
network to compute the gradient used to optimize the weights. This is called backward
propagation (or backprop). A common misconception is, that backprop refers to a training
algorithm but in-fact it is only a method for calculating the gradient and other algorithms
are used to perform the training based on this gradient. The backprop algorithm is also not
specific to neutral networks but is a general algorithm to calculate derivates. In learning
algorithms, the gradient that needs to be calculated most often is the gradient of the cost
function dJ(θ) = dJ(θ)

dθ with respect to a set of parameters θ8. Since the cost function is a
composite of many functions for each layers, the backprop algorithm basically implements
the chain rule of calculus with a specific order of operations. The backprop algorithm for
the simple network, show in algorithm 1, is outlined in algorithm 2. This example is not
very realistic since no regularization is used and the cost function would be averaged over
a set of input sampled from the whole sample (also called a minibatch). Therefore, it has
to be noted, that this is an implementation, of both forward and backward propagation,
for a simple and specific case. A detailed discussion and more general implementations
can be found in reference [115] section 6.5.

The actual training of the parameters of the network, usually uses a form of gradient
decent. In these algorithms, a function f(x) is minimized by varying x in in small iterative
steps in opposite sign direction of f ′(x). Practically, this boils down to computing the
gradient for each parameter θ of the network with respect to the cost function and updating
it according to θ = θ − λdθ with the learning rate λ. In terms of the network used to
describe forward and backward propagation in algorithms 1 and 2 this means, that after
each backprop step the weights W [i] and biases b[i] are updated to W [i] = W [i] −λ ·dW [i]

and b[i] = b[i] − λ · db[i]. The training is continued until a minimum in the cost function is
found.

Each iteration, also called epoch, of the training consists out of the steps forward prop-
agation → backward propagation → weight update. The training process is carried out
over a predefined number of total iterations. To reduce overfitting it is common practice

8 The previously used notation J(ŷ, y) only implies the calculation that compares the network output to
the true label. Since ŷ depends on the parameters of the network θ and the input x, the cost function
could be written as J(x, y;θ). To improve readability in this section, the x and y parameters are
omitted, since they are not relevant to backprop.
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Algorithm 2: Backward propagation for the network of algorithm 1. The gradient
of the layers dh[l] flows backwards through the network from the output to the first
hidden layer (the input layer does not play a role in backprop). From the gradients,
which can be understood as an indicator how the output of each layer should change
to reduce the overall error, the gradient on the parameters db[i] and dW [i] can be
derived.
Compute the gradient dh[l] w.r.t. to the cost function J in the output layer after
forward propagation:
dh[l] = dJ(ŷ,y)

dŷ

for i = l to 1 do
Compute the gradient w.r.t to the cost function to include the derivative β[i] of
the activation function α[i] for Z [i] in the current layer
dZ [i] = dJ(ŷ,y)

dZ
[i] = dh[i] ⊙ β[i](Z [i]), with an element wise multiplication ⊙ if α[i]

is applied element-wise.
Compute the gradient on the weights and biases (in a realistic case, this would
include regularization terms):
db[i] = dJ(ŷ,y)

db
[i] = dZ [i]

dW [i] = dJ(ŷ,y)
dW

[i] = dZ [i] · h[i−1]T

Propagate the gradients w.r.t the activation of the next lower-level layer:
dh[i−1] = dJ(ŷ,y)

dh
[i−1] = W [i]T · dZ [i]

end
Save the derivatives of the biases db[i] and weights dW [i] in order to use them in
the gradient decent.

to additionally define a number of iterations after which the training is stopped if the cost
functions does not decrease further (within some range). This is also called early stopping.

Strategies to reduce overtraining and increase stability

Previously in this section, the topic of regularization to reduce over- and underfitting was
covered in general. This section aims to introduce specific methods used in the classifier
for the fully-hadronic tt̄H(bb̄) analysis.
Weight decay is typically implemented by adding a term

λΩ(W ) = λ
l∑

k=1

∑
i,j

(
W

[k]
i,j

)2
 , (3.23)

with a weight decay coefficient λ controlling the size of the penalty, to the cost function.
The coefficient λ is also referred to as the L2 regularization in many machine learning
frameworks, for example in TensorFlow [119].
Another commonly used strategy is the Dropout [120] procedure. Hereby randomly se-
lected nodes in a layer are temporarily removed in each epoch of the training with a rate set
beforehand. This rate is also referred to as the Dropout percentage. The idea behind this
is, that the weights of a single node represent certain features special to the dataset and
neighboring node can grow reliant this behavior. While intuitively this might sound ben-
eficial, this can lead to large generalization errors and unstable models if this is a feature
solely present in the training data. By applying the dropout procedure during training,
this can be effectively reduced and improve the overall performance of the model.

66



3.3. Statistical model for Higgs analyses at CMS 67

3.3. Statistical model for Higgs analyses at CMS
The ATLAS and CMS collaborations agreed upon common statistical procedures for mea-
suring cross sections and setting limits in Higgs-boson analyses. An extensive documen-
tation of the concepts presented in this section can be found in reference [121].
Most measurements are evaluated in terms of the signal strength µ, which is defined as
the ratio of the cross section measured in data and the SM expectation. Within the CMS
collaboration, these methods are implemented in the COMBINE tool [122], which is based
on RooStats [123], RooFit [124], and ROOT [125].
This section introduces the relevant concepts required for the measurements presented
in part II. The statistical treatment of the analysis is based on the maximum likelihood
method. In section 3.3.1 and 3.3.2 basic concepts are introduced. Section 3.3.3 describes
the implementation of these concepts in the statistical model of the analysis and sec-
tion 3.3.4 explains the limit setting procedure.

3.3.1. The maximum likelihood method and estimate

Assuming, the normalized probability density function f(x|θ), for parameters θ, describes
the probability of observing x, the likelihood for a given measurement of the values xi

with i = 1, ..., n is defined as

L(x|θ) =
n∏

i=1
f(xi|θ) , (3.24)

as a function of the parameters θ. The values xi are independent and identically distributed
random samples. It can be understood as the probability of observing xi for a given choice
of parameters θ. It is a very useful tool for parameter estimation, performing hypothesis
tests, or setting confidence intervals.

For a known function f but unknown parameters θ, a maximum likelihood fit can be
performed in order to estimate the parameters. The maximum likelihood estimates, also
called best-fit values, θ̂ of the parameters are calculated by maximizing the likelihood L
with respect to θ. Usually L is not maximized but the negative logarithm of the likelihood
(also called the negative log-likelihood) is minimized because of numerical considerations.

3.3.2. Likelihood ratio and Wilks’ theorem

The likelihood ratio
Λ = L(x|θ0)

L(x|θ1) , (3.25)

with parameters for the null-hypothesis θ0 and an alternate hypothesis θ1, is the most
powerful test when comparing hypotheses according to the Neyman-Pearson lemma [126].
For the measurements in this thesis, which will be discussed in section 7.2, the hypotheses
are parametrized by one or more parameters-of-interest (POI) µ and additional param-
eters that are shared between the hypotheses. A fixed µ configuration represents the
null-hypothesis and the alternative hypotheses are represented by an arbitrary configu-
ration, that is usually derived in a fit. The additional unknown parameters are called
nuisance parameters and will, from now on, be denoted with θ and describe, for example,
experimental uncertainties.
The profile likelihood ratio

qµ = −2
L(x|µ, θ̂µ)
L(x|µ̂, θ̂)

, (3.26)

with the conditional maximum likelihood estimator θ̂µ for a fixed µ and the values µ̂

and θ̂ at the global maximum of the likelihood, is commonly used in the particle physics.
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68 3. Signal identification and extraction

According to Wilks’ theorem [127], the distribution of qµ can be approximated by a N -
dimensional χ2 distribution in the limit of large sample sizes. This property can be used
to calculate confidence intervals.

For a nuisance parameter with nominal parameter θ̃ as the best estimate of θ, which is
usually obtained from an auxiliary measurement, a frequentist probability density function
(pdf) p(θ̃, θ) is constructed. According to Bayes’ theorem, the pdf of the uncertainty p(θ | θ̃)
can be expressed as a posterior probability distribution arising from a measurement of θ̃:

p(θ | θ̃) ∼ p(θ̃ |θ) · πθ(θ) , (3.27)

with the hyperprior πθ(θ). It expresses the probability that the true value of the parameter
is θ given the best estimate θ̃ from an auxiliary measurement. For the measurement
presented in this thesis, the pdfs p(θ̃ |θ) are constructed such, that πθ(θ) can be kept flat.
This step allows to represent all uncertainties in a frequentist context.
In the case of the analysis presented in part II of this thesis, the nuisance parameters can
be either correlated 100 % (fully-correlated) or 0 % (uncorrelated). If nuisance parameters
are partially correlated, and cannot be broken down into sub-components that are fully-
correlated, they have to be declared to be either fully-correlated or uncorrelated, whatever
is believed to be appropriate or conservative. This approach allows to include all nuisance
parameters into the likelihood in a clean factorized form.

The specific choice of POIs and nuisance parameters for the main measurement presented
in this thesis will be discussed in section 6.1.

3.3.3. Statistical model

The statistical model, which is used in the analysis discussed in part II of this thesis,
builds upon the maximum likelihood method and other concepts presented in the previous
section. The key detail, employed in the analysis but not considered previously, is that
binned distributions are used.

The Poisson distribution is given by:

P (n|λ) = λne−λ

n! , (3.28)

with the number of observed events n and expected events λ under a given selection
(category or bin). For given n and λ, P (n|λ) can be interpreted as the propability to
observe n events if λ events are expected. In the analysis, the distributions used in the fit
are binned into Nbins. The probability to observe the distribution in data (or pseudo-data)
is given by

P (n|λ) =
nbins∏
i=1

P (ni|λi) , (3.29)

with the numbers of events observed per bin n = (n1, .., nnbins
) and the corresponding

expectation λ = (λ1, .., λnbins
). In general, the term observation or observed events implies

that data collected at the LHC is used. The expectation is usually taken from simulated
signal and background distributions and can be expressed as

λi(µ,θ) = µ · si(θ) + bi(θ) , (3.30)

with the signal strength µ and the signal s and background b expectations per bin. The
s and b distributions further depend on the one or more uncertainties parametrized as
nuisance parameters θ. If µ > 1 this is also called the signal+background expectation and
background-only expectation if µ = 0.
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With these ingredients, the likelihood function can be constructed as follows:

L(n|µ,θ) = P (n|λ(µ,θ)) · p(θ̃,θ) . (3.31)

The observation n refers to either the data that was measured with the CMS detector or
pseudo-data. If the latter is used, it is usually constructed using the distribution of the
background model and is commonly referred to as Asimov-data9 [128]. The term p(θ̃,θ),
represents the product of the pdfs of all nuisance parameters, as defined by equation (3.27).

For the analysis presented in part II of this thesis, three types of pdfs are relevant:

Uniform For nuisance parameters that are unconstrained by prior measurements
or considerations, a uniform pdf following the from p(θ̃, θ) = c is used.
The nuisance parameters are also referred to as freely-floating in the fit.

Gaussian For nuisance parameters that can be both positive and negative a Gaus-
sian pdf is a common choice:

p(θ̃, θ) = 1√
2πσ

exp
(

−(θ − θ̃)2

2σ2

)
. (3.32)

This type of pdf is used for, so-called, shape uncertainties. As implied
by the name, these uncertainties do not only change the yield of a given
distribution but also the shape. Technically they are implemented by
defining two histograms in addition to the nominal histogram, that cor-
respond to one-standard-deviation shifts up and down of the uncertainty.
By interpolation in each bin between the nominal and shifted histogram,
a change for arbitrary shifts in the parameter is calculated. The mathe-
matical formulation is described in reference [129].

Log-normal For nuisance parameters that are positively defined, the log-normal pdf
is used:

p(θ̃, θ) = 1√
2π ln(κ)

exp
(

−(ln(θ/θ̃))2

2 ln(κ)2

)
1
θ

, (3.33)

with the with κ. A value of κ = 1.1 implies, that the distribution can be
larger or smaller by a factor of 1.1. Especially for large, positively defined
uncertainties, this pdf is more appropriate than the Gaussian pdf, while
they are asymptotically identical for small uncertainties. This type of
pdf is used for, so-called, rate uncertainties. These uncertainties only
change the overall rate of the distribution and can be defined as either
symmetrical (e.g. the rate can change by 10 % up and down - κ = 1.1)
or asymmetrical (e.g. the rate can change up by 8 % and down 6 % -
κ = 0.94/1.08).

The definition and magnitude of the uncertainties used for the analysis in part II are given
in sections 4.3 for uncertainties in the used simulation and chapter 6 for experimental
uncertainties.

3.3.4. Upper limits

In addition to measuring the signal strength µ, upper exclusion limits, with confidence
level α, may be set in certain measurements. The interpretation of these limits is that it
can be excluded with a confidence level of α, that an upward fluctuation of the background
can explain the observed data (background-only hypothesis). The methods presented in
9 Fits using this type of data are subsequently referred to as Asimov-fits.
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the section, follow the conventions used in Higgs-boson searches at the LHC as described
in reference [121].
A profile likelihood ratio, similar to equation (3.26), is used to quantify the incompatibility
of the data x with a given signal strength µ. The test statistic is defined as follows:

q̃µ = −2 ln
L(x|µ, θ̂µ)
L(x|µ̂, θ̂)

, 0 ≤ µ̂ ≤ µ . (3.34)

As previously, θ̂µ refers to the conditional maximum likelihood estimators given a fixed µ
and the estimators µ̂ and θ̂ refer to the global maximum of the likelihood. The constrains
of µ̂ are motivated as follows: The bound at zero is required by physics, since negative
signal strengths are not possible. The upper bound is set to ensure one-sided confidence
intervals. This means that upward fluctuations in the data, i.e. µ̂ < µ, are not considered
evidence against the signal.
In order to calculate the observed limit, the test statistic for a given signal strength µ under
test needs to be calculated with respect to the observation (either data or pseudo-data).
This yields q̃obs

µ . Furthermore the nuisance parameters θ̂obs
µ for the signal+background hy-

pothesis and θ̂obs
0 for the background-only hypothesis, which are calculated by maximizing

the respective likelihoods as given in equation (3.31), are required.
Using these parameters the p-values for the signal+background hypothesis

P (q̃µ ≥ q̃obs
µ |µ · s+ b) =

∫ ∞

q̃
obs
µ

f(q̃µ|µ, θ̂obs
µ )dq̃µ , (3.35)

and for the background-only hypothesis

P (q̃µ ≥ q̃obs
µ |b) =

∫ ∞

q̃
obs
µ

f(q̃µ|0, θ̂obs
0 )dq̃µ , (3.36)

can be calculated. In general, the function f(q|η) is the probability density for finding the
value q of the test statistic for the parameters η. In practice, the distribution f can be
estimated using MC methods by sampling pseudo-data from the statistical model using
the given value for µ and setting the nuisance parameters to their best-fit value. As an
alternative in case of a large number of observations, the distribution can be approximated
using Wilks’ theorem [127].
These two p-values are used to calculate the modified frequentist statistic

CLs =
P (q̃µ ≥ q̃obs

µ |µ · s+ b)
P (q̃µ ≥ q̃obs

µ |b)
, (3.37)

which is used to calculate the confidence interval (CL) of the exclusion: A signal strength
µ is excluded with a CL of (1 − α) if CLs ≤ α. The upper limit is usually quoted as the
95 % CL upper limits. To calculate this, the µ is varied until CLs < 0.05. The expected
limit is commonly used to judge the sensitivity of an analysis and calculated generating
MC pseudo data from the background-only hypothesis.
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4. Analysis overview

The topics discussed in the previous chapters are the ingredients necessary for conducting
a measurement of the tt̄H(bb̄) process with an emphasis in the fully-hadronic decay mode.
In this thesis, the proton-proton collision dataset collected by the CMS experiment during
2016, 2017, and 2018 data-taking periods is considered. This dataset is referred to as the
Run-2 dataset and amounts to 137.2 fb−1 of data collected by the CMS experiment that
can be used for measurements.

This chapter serves as introduction to the overall analysis strategy for the tt̄H(bb̄) process
and can be understood as a continuation of section 1.3.2. Section 4.1 summarizes previous
results for this channel as well as the relevant backgrounds. For most of the background
estimation, simulated datasets are used. What datasets are used and how they are gen-
erated will be described in section 4.2: The choice of event generators and settings for
parton shower and parton distribution function (PDF) in the simulation are discussed in
section 4.2.2. Especially, the treatment of the tt̄ + jets background in simulation plays an
integral part of the analysis and the details are discussed in section 4.2.3. The chapter
closes with the uncertainties considered for the simulation in section 4.3.

The main topic of this thesis is the analysis of the fully-hadronic channel. Hence, it will
be the main focus of this and the following chapters, but since the combined measurement
of all channels is an integral part of the result, the leptonic channels will be covered as
well, but in less detail.

4.1. The tt̄H(bb̄) channel
The tt̄H production mode is a very important probe of the Higgs sector. The main
reason for this is that the Top-Yukawa coupling can be directly measured, while it is only
possible to measure this coupling indirectly in other channels. The H → bb̄ decay mode
in particular provides interesting features like the large branching fraction of 58 % or the
circumstance that only third-generation-quark couplings are present in the final state.

Measuring the production of top-quark pairs in association with a Higgs boson decaying to
a bottom-quark pair is experimentally very challenging. As discussed in the sections 1.3.2
and 1.3.3, the top quarks each decay to a bottom quark and a W boson, which in turn
decays to either a quark pair or a lepton-neutrino pair, leading the a final state with four
bottom quarks as well as jets and leptons. Three distinct signatures can be determined
based on the decay of the W bosons:
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• The fully-hadronic channel, where both W bosons decay hadronically, with a branching
fraction of 45.4 %;

• the semileptonic channel, where one W boson decays to a lepton-neutrino pair and the
other hadronically, with a branching fraction of 43.9 %;

• and the dileptonic channel, where both W bosons decay to lepton-neutrino pairs, with
a branching fraction of 10.6 %.

The latter two are often referred to as leptonic channels since they can be analyzed with
similar strategies, while the fully-hadronic channels requires a distinct approach due to
the large QCD multijet background. Given the different signatures, the channels exhibit
different challenges and sensitivities. For example, a given systematic uncertainty may not
affect a certain channels or due to the different background composition its effect may be
different. Combining all channels into a single statistical analysis allows to exploit these
differences and get a more sensitive result.
The tt̄H(bb̄) analyses follow an approach that can be outline as follows. Triggers that
capture the analysis phase space are used with the goal of saving as much of the signal
events as possible during data-taking. The fully-hadronic channel relies on dedicated trig-
gers, which will be discussed in detail in section 5.1, while the leptonic channels utilize
standard single- and double-lepton triggers as well as a dedicated lepton+HT trigger. All
events that are selected by the channel-specific trigger collection, are required to pass cer-
tain selection criteria that aim to create multiple signal enriched regions in the dataset
by removing as much of the backgrounds as possible. The criteria include among others
requirements on the number of reconstructed leptons (0, 1, or 2 for the fully-hadronic,
semileptonic or dileptonic channel, respectively), as well as requirements on the number of
reconstructed jets and b-tags. The signal and background processes are modeled by simu-
lation except for the multijet background in the fully-hadronic channel, which is estimated
from data. Section 4.1.2 will describe the relevant backgrounds for the tt̄H(bb̄) analyses.
Furthermore, the modeling of the signal and background processes with simulation will
be covered in section 4.2. Uncertainties on these simulations, which are covered in sec-
tion 4.3, are considered in the signal extraction. For the signal extraction, the signal and
background models are used in a fit to data using a maximum-likelihood-based method,
described in section 3.3, under the statistical model described in section 6. A distribution,
that separates signal and background processes, is required in order to increase the sen-
sitivity of this fit. In case of the tt̄H(bb̄) analyses, neutral-network-based classifiers are
used to generates such distributions in all channels.

4.1.1. Previous Results in this channel
Due to the significance of tt̄H process, searches for this process were part of the exper-
imental program at LHC from the very beginning of its operation. The first results of
the tt̄H(bb̄) channel have been published using the Run-1 dataset collected at a center-of-
mass energy of 8 TeV. CMS published an analysis using the leptonic final states [130], and
ATLAS published an analysis using the leptonic [131] and fully-hadronic final states [9].
The dataset used for the CMS result [130], which utilized a machine-learning approach,
was later reanalyzed with a MEM discriminant [107]. The result using the MEM discrim-
inant [107] improved the exclusion limit by roughly 20 % with respect to the machine-
learning approach [130]. In the following years, these analysis were continuously improved
and refined using data collected at 13 TeV proton-proton collisions [11,132,133]. At CMS,
the analysis in the fully-hadronic decay channel was pioneered using the dataset recorded
in 2016 at

√
s =13 TeV [10].

An overview of the best-fit signal strength parameters µ̂ = σ̂/σSM for all tt̄H(bb̄) results
published previous to the analysis presented in this thesis is given in table 4.1 and the
available signal significance are shown in table 4.2.

74



4.1. The ttH(bb) channel 75

Table 4.1.: Measured tt̄H(bb̄) signal strength parameters µ̂ (σ/σSM ) at the LHC. If avail-
able, the uncertainty on µ̂ is further broken down into systematic and statistical
contribution. The table is sorted by the integrated luminosity and publication
date. In addition to the experiment, the considered tt̄H decay channels are
indicated: Fully hadronic (FH), semileptonic (SL) and dileptonic (DL). If the
integrated luminosity is given as sum, this indicates a statistical combination
of multiple separate results.

Int. Luminosity
√
s Channel Collaboration µ̂ Uncertainty

tot syst stat

19.5 fb−1 8 TeV SL, DL CMS 1.2 +1.6
−1.5 - - [107]

20.3 fb−1 8 TeV SL. DL ATLAS 1.5 +1.1
−1.1 - +0.7

−0.7 [131]
20.3 fb−1 8 TeV FH ATLAS 1.6 +2.6

−2.6 - - [9]
35.9 fb−1 13 TeV FH CMS 0.9 +1.5

−1.5
+1.3
−1.3

+0.7
−0.7 [10]

35.9 fb−1 13 TeV SL,DL CMS 0.72 +0.45
−0.45

+0.38
−0.38

+0.24
−0.24 [132]

36.1 fb−1 13 TeV SL, DL ATLAS 0.84 +0.64
−0.61

+0.57
−0.54

+0.29
−0.29 [133]

41.5 fb−1 13 TeV SL,DL,FH CMS 1.49 +0.44
−0.40

+0.39
−0.35

+0.21
−0.20 [11]

35.9+41.5 fb−1 13 TeV SL,DL,FH CMS 1.15 +0.32
−0.29

+0.28
−0.25

+0.15
−0.15 [11]

139 fb−1 13 TeV SL, DL ATLAS 0.43 +0.36
−0.33

+0.30
−0.27

+0.20
−0.19 [134]

Table 4.2.: Observed and expected tt̄H(bb̄) significances at the LHC. The table is sorted
by the integrated luminosity and publication date. In addition to the experi-
ment, the considered tt̄H decay channels are indicated: Fully hadronic (FH),
semileptonic (SL) and dileptonic (DL). If the integrated luminosity is given
as sum, this indicates a statistical combination of multiple separate results.
Publication listed in table 4.1 but not in this table did not provide signal sig-
nificances.

Int. Luminosity
√
s Channel Collaboration Significance

Obs. Exp.

35.9 fb−1 13 TeV SL,DL CMS 1.6 2.2 [132]
36.1 fb−1 13 TeV SL, DL ATLAS 1.4 1.6 [133]
41.5 fb−1 13 TeV SL,DL,FH CMS 3.7 2.6 [11]

35.9+41.5 fb−1 13 TeV SL,DL,FH CMS 3.9 3.5 [11]
139 fb−1 13 TeV SL, DL ATLAS 1.3 3.0 [134]
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The most resent results, published previous to the results presented in this thesis, are
µ̂ = 0.43+0.30

−0.27(syst) +0.20
−0.19 (stat) using 139 fb−1 of data collected by the ATLAS experiment

at 13 TeV and µ̂ = 1.15+0.32
−0.29(syst) +0.15

−0.15 (stat) using the combination of 35.9 and 41.5 fb−1

of data collected by the CMS experiment at 13 TeV1. The main sources of uncertainty are
the treatment of the tt̄ + jets background, especially tt̄ + bb̄, and the b-Jet identification.
Considering all available data, the statistical uncertainty plays only a minor role. Methods
to minimize the effect of systematic uncertainties need to be developed in order to improve
the sensitivity of the tt̄H(bb̄) measurements taking advantage of the full Run-2 dataset
collected by the CMS experiment.

The Run-2 CMS results, presented in this thesis, takes this into account by improving,
among the most important aspects the tt̄+bb̄ description (see Section 4.2.3), the strategy
to separate signal from background (see Section 5.6), the QCD multijet estimation (see
Section 5.5), and the b-tagging with respect to the analysis presented in reference [11].

4.1.2. Background processes

Many other physics processes at a hadron collider can produce signal-like final states
with a sufficiently high multiplicity to overshadow tt̄H(bb̄) with its small cross-section.
Section 1.3.3 introduced all relevant background processes and this section aims to expand
upon this topic. This section will focus on the backgrounds from the point of view of the
fully-hadronic decay mode but the general concepts also apply to the channels involving
leptonic W-boson decays.

Generally, the backgrounds can be divided into two categories: The irreducible back-
grounds, that exhibit the same final state and the signal, and the reducible backgrounds,
that only appear to have the same final state as the signal because they are mismeasured.

The production of multiple quarks or gluons via processes only involving the strong in-
teraction, so-called QCD multijet production, provides the majority of events collected at
a hadron collider. By requiring leptons in the final state, this process can be reduced to
a negligible contribution. Therefore, this background does not play a significant role in
leptonic tt̄H(bb̄) channels. In the fully-hadronic channel this is not the case. The QCD
multijet background is, by far, the dominant background in this channel. Even though it
is overall very unlikely that QCD events very similar to the tt̄H signal are produced, it
contributes a large background that is difficult to suppress, due to the high production
rate of QCD events. Additionally, the simulation of QCD multijet events in the relevant
phase space is computationally expensive and not very precise. Therefore, this back-
ground is usually estimated from data. This estimation is a major topic of the analysis in
the fully-hadronic channel and will be covered in detail in section 5.5.

The tt̄ + bb̄ production exhibits a final state with the exact same particles as the signal
and is therefore considered an irreducible background. Because it cannot be distinguished
from the signal, interference between them would, in principle, need to be considered. It
has been shown, cf. reference [135], that these effects are small and both processes can
be viewed as independent until measurements reach higher precision. The main avenue
for reaching some discrimination power between the signal and tt̄ + bb̄, is to compare
the properties of the additional bottom-quark pairs2 in both processes. Top-quark pair
1 The 2016 (35.9 fb−1) [10, 132] and 2017 (41.5 fb−1) [11] datasets have been analyzed separately and

combined as statistically independent results. The analysis strategies, object definitions and uncertainty
definitions can differ in details. This is the main difference to the Run-2 analysis presented in the thesis
which reanalyzes the 2016 (36.3 fb−1), 2017 (41.5 fb−1) and 2018 (59.7 fb−1) datasets with a consistent
strategy in order to take full advantage of the 137.2 fb−1 collected in Run-2 by CMS.

2 In this context, ”additional bottom-quark pairs” refers to the bottom quarks not originating from the
top quarks.

76



4.2. Modeling signal and background processes 77

production in association with charm-quark pairs (tt̄ + cc̄) and light-quark pairs (tt̄ + LF)
can be distinguished more easily from the signal with help of b-tagging algorithms and are
therefore considered reducible backgrounds. Due to the non-negligible mis-tagging rate
of the b-tagging, these backgrounds cannot be completely suppressed. For tt̄ + cc̄ the
mis-tagging rate is comparatively large due to the relatively long lifetime and high mass
of the c hadrons, similar to b hadrons. The mis-tagging rate for light quarks is very small,
but because of the significant cross-section of tt̄ + LF, it still has a large contribution in
the signal region.
An additional issue with the tt̄ + bb̄ background is that it is only known with large
uncertainties. Therefore, a precise modeling of this background is a key ingredient of
the tt̄H(bb̄) measurement. The tt̄ + bb̄ background will be covered in section 4.2.3. In
principle, the same issue is present for the tt̄+cc̄ process, but since it can be distinguished
more easily, it only plays a minor role in the analysis.
The various tt̄ + jets processes are the dominant background contribution in the leptonic
tt̄H(bb̄) final states. They play a lesser role in the fully-hadronic channel because they
are overshadowed by QCD multijet production. Nevertheless, the modeling of tt̄ + jets is
important for the fully-hadronic channel as well, because tt̄ + jets still provides significant
background in the signal region and is used for the QCD multijet estimation.

All other backgrounds (Single-top, tt̄V, V + jets, and VV), as listed in section 1.3.3, are
considered minor backgrounds and do not play a significant role in the measurement until
the overall precision is greatly improved.

4.2. Modeling signal and background processes
Monte Carlo (MC) simulated samples are used to model the signal and some of back-
ground processes, optimize the event selection, train a classifier, and evaluate systematic
uncertainties and acceptance effects. The simulation of collision events is a complex task
that is computationally expensive and therefore the tuning, configuration, and production
for the most common processes is done in central campaigns run by the CMS collabora-
tion. If not otherwise indicated all simulated datasets used in this analysis are part of
such campaigns. For each of the three periods (2016, 2017 and 2018) separate samples are
produced in order to respect the differences in detector and machine configuration. MC
generator settings, like the parton-shower tune, are set to the same value in all periods if
possible.
Most datasets are shared between the channels except for some minor backgrounds (tt̄V,
V + jets) for which only the relevant final states for each channel are considered. All
simulated datasets that are used in the fully-hadronic channel are listed in table 4.3.

4.2.1. Cross-sections for normalization of simulated datasets

In order to estimate the yield expected for a given process at a given integrated luminosity
L as precisely as possible, the MC samples are reweighted to the best currently available
cross-section calculation. The weights w are calculated using the formula

w = σ · L
Ngen

, (4.1)

with the cross-section σ, the number of weighted generated events Ngen
3 and the inte-

grated luminosity L. If a given sample only simulates a subset of the decay modes, the
branching fraction of these modes is taken into account.
3 When calculating this number, generator weights, e.g. negative weights in certain NLO Monte Carlo

generators, and pileup weights, which will be discussed in section 5.2.1, are considered.
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Table 4.3.: Simulated samples for the signal and background processes used in the tt̄H(bb̄)
fully-hadronic analysis. Statistically independent samples are stimulated for
the 2016, 2017 and 2018 data-taking periods. References for the quoted cross
sections are given in section 4.2. The exact generator setting for samples listed
with the same generator can be different. Details on the generator setting for
each sample can be found in section 4.2.2.

Process Generator BR · σ [pb] Generated Events / 106

2016 2017 2018

tt̄H,H → bb̄ powheg 0.5824 0.5071 9.9 8.0 9.5
tt̄H, H → Other powheg 0.4176 0.5071 9.9 7.9 7.5
tHq MadGraph 0.07425 9.6 9.9 29.6
tHW MadGraph 0.01517 5.0 4.7 14.9

tt̄ + jets (FH) powheg 0.4544 831.76 68.5 130 133.6
tt̄ + jets (SL) powheg 0.4393 831.76 67.8 69 64.3
tt̄ + jets (DL) powheg 0.1062 831.76 107.3 110 101.5
tt̄ + bb̄ (FH) powheg 0.4544 831.76 6.1 6.7 6.7
tt̄ + bb̄ (SL) powheg 0.4393 831.76 3.6 3.6 3.5
tt̄ + bb̄ (DL) powheg 0.1062 831.76 6.2 5.6 6.1

t (s-channel), hadronic decays MadGraph 0.6741 10.32 4.9 9.6 9.7
t (s-channel), leptonic decays MadGraph 0.3259 10.32 9.8 9.9 19.9
t (t-channel) powheg 136.02 31.8 122.6 154.3
t (t-channel) powheg 80.95 17.8 63.6 79.1
t tW powheg 35.85 4.9 7.7 7.6
t tW powheg 35.85 4.9 7.9 9.6
tt̄W, W → qq MadGraph 0.4316 0.7 0.7 0.7
tt̄Z, Z → qq MadGraph 0.5104 0.8 0.8 0.8
WW pythia 118.7 7.9 7.8 7.9
WZ pythia 65.5443 4.0 3.9 3.8
ZZ pythia 15.8274 2.0 1.9 2.0
Z + Jets, Z → qq , HT ≥ 600 GeV MadGraph 5.67 1.0 - -
Z + Jets, Z → qq , 400 ≤ HT < 600 GeV MadGraph 144.7 - 10.3 16.7
Z + Jets, Z → qq , 600 ≤ HT < 800 GeV MadGraph 34.06 - 8.9 14.6
Z + Jets, Z → qq , HT ≥ 800 GeV MadGraph 18.57 - 7.8 10.6
W + Jets, W → qq , HT ≥ 180 GeV MadGraph 3105.0 22.6 - -
W + Jets, W → qq , 400 ≤ HT < 600 GeV MadGraph 314.9 - 9.8 10.1
W + Jets, W → qq , 600 ≤HT < 800 GeV MadGraph 68.64 - 8.7 15.3
W + Jets, W → qq , HT ≥ 800 GeV MadGraph 34.7 - 8.1 14.6

QCD, 300 ≤ HT < 500 GeV MadGraph 347700 17.0 - -
323600 - 60.3 54.7

QCD, 500 ≤ HT < 700 GeV MadGraph 32160 18.5 - -
29990 - 56.2 55.2

QCD, 700 ≤ HT < 1000 GeV MadGraph 6828 15.6 - -
6351 - 47.7 48.2

QCD, 1000 ≤ HT < 1500 GeV MadGraph 1208 4.8 - -
1094 - 16.6 15.5

QCD, 1500 ≤ HT < 2000 GeV MadGraph 120 4.0 - -
99.01 - 11.6 10.9

QCD, HT ≥ 2000 GeV MadGraph 25.27 2.0 - -
20.23 - 5.9 5.5
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The cross-sections and, if applicable, branching fractions used for each sample are listed
in table 4.3.
For the tt̄H signal process, the inclusive cross-section is taken from calculations at NLO
QCD and NLO EWK accuracy [55]. For samples exclusive in Higgs-decay modes, the
Higgs-boson branching-ratios [55] are used to calculate the correct cross-section for a
given sample. For the single-top Higgs samples, the cross-sections are available at NLO
accuracy in QCD (NLO EWK corrections are not available), computed in the five-flavor
scheme [55,136,137].
The tt̄+jets cross-section is given in five-flavor scheme, calculated at next-to-next-to lead-
ing order (NNLO) in QCD including resummation of next-to-next-to-leading logarithmic
(NNLL) soft gluon terms with top++2.0 [138–144]. The branching fractions for samples
exclusive in the W-boson decays modes are taken from [29].
The inclusive Single-top (Single-top) cross-sections are normalized to NNLO (tW chan-
nel [145]) and NLO (t- and s-channels [146,147]).
The cross-sections for the minor backgrounds tt̄V (NLO+NNLL QCD and NLO EWK [148]),
WW (NNLO [149]) and ZZ/WZ (NLO [150]) are also taken from cross-section calculations
while W+Jets, W → qq , Z+Jets, Z → qq , and QCD are normalized to the cross-sections
predicted by MadGraph.

4.2.2. Event generation

The simulation of the hard process, parton shower, hadronization. and detectors interac-
tion are required when simulating particle collision events. The general approach has been
described in sections 1.2.3 and 1.2.4. All samples are using a common Geant4 [52] based
CMS detector simulation and pythia 8 [51] for the modeling of the parton shower and
hadronization. pythia 8 uses either the tune CUETP8M1 [151] or CP5 [152], which describe
the parameters for the underlying event description. For all samples generated for the
2017 and 2018 data-taking period, and the most important samples for the 2016 period,
the more recent tune CP5 is used. The tune CUETP8M1 is only used in minor backgrounds
simulated for the 2016 period, because a reproduction was not possible. Since the contri-
bution from these minor backgrounds to the shape of the final distributions is negligible
compared to the dominant tt̄ + jets and QCD multijet backgrounds 4 , the effect of the
difference in tune is estimated to be negligible. The hdamp parameter (ME-PS matching
scale, powheg-only) is set to 237.9 GeV, if the tune CP5 is used, and 172.5 GeV, if the
tune CUETP8M1 is used. The parton structure is simulated with the NNPDF3.1 [50] parton
distribution function.

The generator for the hard process varies from sample to sample. The following configu-
rations are used:

• The tt̄H signal samples, split into bb̄ and non-bb̄ Higgs-boson decay-modes, are gen-
erated with powheg [153–156] at NLO accuracy. The tH samples are generated with
MadGraph5_amc@nlo [157] at LO in the four-flavor scheme (tHq) and five-flavor
scheme (tHW). The four-flavor scheme is used in tHq because it results in a bet-
ter description of the additional quark from the initial-state gluon splitting. In the
tHW samples, the five-flavor scheme is used for technical reason related to the cou-
pling measurement presented in section 7.2.2. An additional inclusive tt̄H sample,
which is exclusively used for the additional interpretations presented in section 7.2.2,
is generated with MadGraph5_amc@nlo in the four-flavor scheme. The inclusive

4 This statement is only true if the QCD multijet background is estimated from data, which is the case for
the signal extraction. The effect on the QCD simulation is not negligible (actually it is quite significant),
which is one of the reasons a data-driven approach was chosen, in the phase space of the fully-hadronic
tt̄H(bb̄) analysis. This topic will be covered in more detail in sections 5.4.1 and 5.5.
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tt̄H samples and the tH samples are generated such that they include various coupling
combinations following the framework specified in section 1.3.4.1. The Higgs-boson
mass is set to 125 GeV and the Top-quark mass is set to 172.5 GeV. If not otherwise
indicated, references to a tt̄H sample refer to the sample simulated with powheg.

• The tt̄ + jets samples are generated with the same generator as the tt̄H sample, using
the five-flavor scheme. The tt̄ + bb̄ samples are generated with a dedicated powheg
program [158], where the tt̄+bb̄ process is simulated in the four-flavor scheme at NLO.
Further detail on these differences are given in section 4.2.3.

• The minor background samples are generated with powheg (Single-top t- and tW-
channel), MadGraph5_amc@nlo (Single-top s-channel, V + jets, tt̄V) and pythia
(Diboson).

• The QCD multijet simulation is generated with MadGraph5_amc@nlo. Unlike all
other previously list samples, the QCD multijet simulation will not be used in the
signal extraction but is only used for preliminary checks and ensure consistency with
the data-driven multijet estimation.

4.2.3. tt̄ + jets background model

In this analysis, tt̄ + jets process is split into the five distinct subprocesses tt̄ + LF, tt̄ + cc̄,
tt̄ + b, tt̄ + 2b and tt̄ + bb̄ to account for different systematic uncertainties. This division
is based on the flavor of the additional jets within acceptance, that do not originate
from the top-quark decays. This method is referred to as heavy-flavor-hadron matching:
Particle-level jets, as introduced in section 2.3.5, with pT > 20 GeV and |η| < 2.4 and
generator-level hadrons are matched. Depending on the number and flavor of these jet-
hadron pairs, an event is categorized into one of the five processes. If at least two additional
jets are generated and each of them can be matched to one or more B hadrons, the event
is considered a tt̄ + bb̄ event. If only one jets has a matched B hadron, it is considered a
tt̄+b event. If two additional B hadrons are close enough in direction to produce one jets,
the event is categorized as tt̄ + 2b. These three cases are illustrated in figure 4.1a. This
distinction is only relevant on a technical level in the analysis itself but is unnecessary on
a theoretical level, since all three are described by the tt̄ + bb̄ ME. If the event contains
at least one jet matched to a C hadron and no additional B hadrons, it is categorized
as tt̄ + cc̄. All other events are considered as tt̄ + light flavor (tt̄ + LF) events and are
categorized accordingly. Various combinations of these categories are used depending on
the context:

tt̄ + B combines the tt̄+bb̄, tt̄+b as well as tt̄+2b processes. This notation will be
used if no distinction is necessary, as will be described below. Furthermore,
it is used to separate between tt̄ + bb̄ on a technically and theoretically
motivated level.

tt̄ + HF combines the tt̄+bb̄, tt̄+b, tt̄+2b as well as tt̄+cc̄ processes. This notation
is mostly used in connection to b-tagging because similar effects apply to jets
originating from bottom and charm quarks in that context.

tt̄ + C is used to separate between tt̄ + cc̄ on a technically and theoretically moti-
vated level but is in general interchangeable.

The tt̄ + jets modeling, especially for the tt̄ + B process, is a very important topic in
all tt̄H(bb̄) analyses. In the analysis presented in reference [11], the impact due to the
tt̄ + HF modeling, which is mainly driven by the tt̄ + B description, on the measured
signal strength is ±0.15, with a total uncertainty of ±0.325. Therefore, improving this
5 The value is obtained by fixing the uncertainty to the post-fit values in the fit and subtracting the

obtained result in quadrature from the result of the full fit. Details can be found Table 6 in reference [11]
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tt+bb

tt+2b

tt+b

(a) (b)

Figure 4.1.: Illustration of methods used for the tt̄ + HF modeling. Figure (a) illustrates
the heavy-flavor-hadron matching for tt̄ + bb̄, tt̄ + 2b and tt̄ + b. The blue
circles represent heavy-flavor hadrons and the grey cones represent jets. In an
event categorized as tt̄ + bb̄, each hadron can be matched to a jet. In tt̄ + 2b
events both hadrons are matched to a single jet and in tt̄+b events one jets is
out of acceptance (dashed cone) and only one hadron could be matched to a
jets. Figure adapted from reference [159]. Figure (b) illustrates the procedure
used to merge the tt̄+jets sample and tt̄+bb̄ sample. Step 1 shows the initial
state after categorizing both samples with the heavy-flavor-hadron matching.
In Step 2, tt̄ + B is removed from the tt̄ + jets sample and the tt̄ + B from
the tt̄ + bb̄ sample is scaled to the expectation in the tt̄ + jets samples. Step
3 represent the final state of the merging process.

modeling is crucial to further improve the measurement. Different modeling approaches
are available for the tt̄ + B process. The main difference between all approaches is how
the bottom-quark is treated and therefore how the bottom-quark pair is generated. The
inclusive tt̄ + jets sample is generated at NLO in the five-flavor scheme with massless
bottom quarks at matrix-element level. In this approach, the additional bottom-quark
pair for the tt̄ + bb̄ process is mostly generated by gluon splitting in the parton shower.
This leads to a precision that is lower than LO but the parton shower can be accurately
tuned to data. The residual uncertainties due to this behavior are large and hard to
quantify.
For an improved description, the tt̄ + bb̄ processes can be generated at NLO in the four-
flavor scheme with massive bottom quarks at matrix-element level. In this case the full
phase space can be simulated in the matrix element (ME). The additional bottom quarks
are therefore subject to more fundamental ME scale uncertainties, which are much smaller
than the uncertainties resulting from the five-flavor scheme approach. The main practical
improvements from such a samples are the improved description of event kinematics and
the well defined and smaller modeling uncertainties.
In this analysis, samples simulated with both approaches are used. The tt̄ + LF and
tt̄ + C processes are taken from the inclusive tt̄ + jets samples while the tt̄ + B processes
are taken from tt̄ + bb̄ samples. For the samples to be merged successfully, no overlap
in the phase space can occur. This is done via the previously described categorization
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Table 4.4.: Comparison of relevant generator parameters for the tt̄ +Jet and tt̄ + bb̄ sim-
ulations. The differences reflect the different relevant scales.

tt̄ + jets (five-flavor scheme) tt̄ + bb̄ (four-flavor scheme)

mt 172.5 GeV 172.5 GeV
mb 0 4.75 GeV
PDF set NNPDF31_nnlo_hessian_pdfas NNPDF31_nnlo_as_0118_nf_4

µR min(mT (t), mT (t̄)) 1
2

4
√
mT (b)mT (b̄)mT (t)mT (t̄)

µF min(mT (t), mT (t̄)) 1
4

[
mT (b) +mT (b̄) +mT (t) +mT (t̄) +mT (g)

]
hdamp 1.379mt 1.379mt

using the heavy-flavor-hadron matching. While the tt̄ + bb̄ sample is expected to improve
the kinematic description of the tt̄ + B process, this is not the case for the cross-section
prediction. Therefore, the tt̄ + B events are scaled, in addition to normalizing to the
cross-section listed in table 4.3, to the yield expected by the tt̄ + bb̄ events in the tt̄ + jets
sample, which is known to model the cross-section very well. The merging procedure is
illustrated in figure 4.1b.
When using the tt̄ + bb̄ samples, tt̄ + bb̄, tt̄ + 2b and tt̄ + b can be considered as a single
process for almost all practical purposes6, since all three signatures are fundamentally
based on the same tt̄ + bb̄ ME. This is not the case when using the tt̄ + B events from the
inclusive tt̄ + jets sample.

Various generator settings are chosen differently between the tt̄ + jets and tt̄ + bb̄ samples
in order to reflect the different relevant scales. In the tt̄ + jets sample only the top-quark
scale is relevant while the bottom-quark and top-quark scales need to be considered in the
tt̄ + bb̄ samples. The details are given in table 4.4.

4.3. Uncertainties in the simulation

The uncertainties on the simulation due to the cross-section calculation and the modeling
of the hard process, parton shower and hadronization are covered in this section. Further
experimental uncertainties are discussed in the next chapter and in section 6.2.

Because the QCD multijet background is estimated with a data-driven approach, no un-
certainties for this background will be discussed in this section. A detailed description of
the method and the considered uncertainties will be given in section 5.5. In the estimation
method, collected data in a control region is taken and all considered background from
simulation (tt̄ + jets, Single-top, tt̄V, V + jets, and VV) are subtracted. The resulting
shape is identified as the multijet background. Since the simulated backgrounds are used
in this method, the resulting multijet estimation is subject to all uncertainties that affect
a given background as all uncertainties for a given process are fully correlated between the
signal region and the control region. If for example, the tt̄ + LF background fluctuates
up due to an uncertainty, the multijet shape will fluctuate down according to the relative
contribution of tt̄ + LF in the control region, which also fluctuates up. The technical
implementation is described in section 6.1.

6 An additional uncertainty for the collinear gluon-splitting, which only effects the tt̄ + 2b subprocess, is
considered in the analysis.

82



4.3. Uncertainties in the simulation 83

4.3.1. Statistical uncertainty

The limited size of the simulated samples leads to statistical fluctuations of the nomi-
nal prediction. The resulting uncertainty is taken into account via the Barlow-Beeston
method [160]. In this method a Gaussian constrained nuisance parameter is introduced,
that scales with the total yield of the sample, for each bin of the discriminant7. If less than
10 events are present in a given bin, a Poisson probability density function is used instead.
The statistical uncertainty of the simulated signal samples is not taken into account when
evaluating whether Gaussian or Poisson constrained parameter should be used.

4.3.2. Rate uncertainties

As discussed in section 4.2.1, the rates of the various processes are predicted by normal-
izing the process to the inclusive cross-section. In this analysis, the uncertainties on the
cross-section calculation are considered as pure rate uncertainties. This means, that the
uncertainties only effect the yield but not the shape of the distribution. The numerical
values of these uncertainties are provided with the nominal value, which is used to scale
the samples according to equation (4.1). The cross-section uncertainties mainly depend
on the choice of renormalization and factorization scales and the uncertainties associated
to the choice of the PDF. These two sources are considered separately in this analysis and
are denoted as ”scale” and ”PDF” uncertainties.

The numerical values for uncertainties considered in the different processes are given in
table 4.5. A simplified correlation scheme is used to describe how the processes interact:
Firstly, different final states originating from the same initial state process (e.g. s-, t and
tW channels of the Single-top process) are considered to be fully correlated for the scale-
and PDF uncertainties. Scale uncertainties can be correlated between similar processes
because higher order corrections have a similar effects (e.g. tt̄W and tt̄Z). PDF uncer-
tainties on the cross-sections are considered fully uncorrelated for the signals tt̄H, tHq,
tHW. All backgrounds are grouped into processes originating mostly from gg (tt̄, tt̄Z),
gq (Single-top) or qq (V + jets, tt̄Z, Diboson) initial states. The groups are fully uncor-
related between each other while the processes within a group are fully correlated. Since
the theory prediction is independent of the detector configuration, these uncertainties are
fully correlated between the three data-taking periods.

4.3.3. Shape uncertainties

Further uncertainties, which are introduced by the event generator, are considered to
affect the shape of distributions. One a technical level, these uncertainties can be either
implemented by rerunning the full simulation with a varied parameter or as event weights
that are calculated during the simulation. Such weights correspond to the probability
ratio of obtaining a simulated event with a variated value compared to the nominal value.
Since these effect are not dependent on the LHC data-taking, these uncertainties are fully
correlated between the data-taking periods.
The following uncertainties are considered:

• The variations of distributions due to the PDF set uncertainty is evaluated by reweight-
ing to the variations provided with the NNPDF sets NNPDF31_nnlo_hessian_pdfas
and NNPDF31_nnlo_as_0118_nf_4 (tt̄ + bb̄ sample only).
The PDF sets are provided with a large number of replicas (103/100), which correspond
to variations of various parameters. The up and down variations, used in the fit, are
constructed by calculating the residual difference between a variation and the nominal

7 It is implied that signal will be extracted with a binned maximum likelihood fit (see section 3.3.3) to a
binned discriminant distribution, which will be introduced in section 5.6.
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84 4. Analysis overview

Table 4.5.: Rate uncertainties from theory prediction considered in the analysis. One pro-
cess in the table can consist of multiple channels, which are considered fully
correlated. Additional details are given in the right-most column.
Process uncertainties marked with the same exponent ((α), (β), (γ), (δ)) are con-
sidered fully correlated. All other cases are fully uncorrelated.

Uncertainties
Process scale [%] PDF [%]

tt̄H -9.2/+5.8 ± 3.6 Higgs-decay modes are fully correlated
tHq -14.9/+6.5 ± 3.7 Higgs-decay modes are fully correlated
tHW -6.7/+4.9 ± 6.3 Higgs-decay modes are fully correlated

tt̄ + B -3.5/+2.4(α) ± 4.2(γ) Additional 50% rate uncertainty for tt̄ + B
tt̄ + cc̄ -3.5/+2.4(α) ± 4.2(γ) and tt̄ + cc̄ may be added for certain studies
tt̄ + LF -3.5/+2.4(α) ± 4.2(γ)

Single-top -2.1/+3.1 ± 3 All Single-top channels are fully correlated

tt̄Z -9.3/+8.1(α) ± 3.5(γ)

tt̄W -16.4/+25.5(α) ± 2(δ)

Z + Jets ± 2 (β) ± 0.2(δ)

W + Jets ± 3.8 (β) -0.04/+0.08(δ)

Diboson ± 3 ± 5(δ) ZZ, WZ and WZ are fully correlated

distribution in each bin and computing the envelope of the residuals. For NNPDF31_
nnlo_hessian_pdfas, the envelope is computed from the quadratic sum of all residuals.
For NNPDF31_nnlo_as_0118_nf_4, it is calculated as the RMS of all residuals. Only
the shape and acceptance effects are considered for this uncertainty since the overall
normalization of the PDF uncertainty is covered by the cross-section uncertainty. This
is achieved by normalizing all PDF variations to the event yield before any selection.
This uncertainty is considered for the tt̄H, tHq, tHW, tt̄ + B, tt̄ + C and tt̄ + LF
processes. The tt̄H, tt̄ + C and tt̄ + LF processes are correlated. All other processes
are considered fully uncorrelated.

• Effects of the variation of the µF and µR parameters on the shape of the distributions
are considered for tt̄H, tHq, tHW and tt̄. Weights, modeling the variation of the scales
by a factor of 0.5 and 2 independently, are provided by the ME generator. As for the
PDF uncertainty, only shape and acceptance effects are considered since the uncertainty
on the overall normalization is covered by the scale uncertainty on the cross-sections.
Hence, the variations are normalized to the event yield before any selection.
The uncertainty is considered fully correlated between tt̄ + C and tt̄ + LF. All other
considered processes are fully uncorrelated.

• The impact of the choice of αs on the parton shower scales is evaluated for initial-state
(ISR) and final-state radiation (FSR). The scales are variated independently by factors
of 0.5 and 2 using weights obtained from the parton-shower generator.
The uncertainty is considered for the tt̄H, tt̄ + B, tt̄ + C and tt̄ + LF processes. All
processes are considered fully uncorrelated.

• The effects due to the uncertainty of the underlying event tune and the ME-PS match-
ing scale (hdamp) are only considered for tt̄ + jets. These variations are not available
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as weights. Instead separate samples with variated parameters were generated. Due
to computing constraints, these samples cannot be generated with the same statis-
tical power as the nominal samples used in the analysis. In practice this results in
distributions with statistical fluctuations, which make it unpractical to derive shape
uncertainties for these samples. Therefore, rate uncertainties are derived, by calculat-
ing the difference between the nominal and variated sample in each data-taking period
per signal region category. The average of the three data-taking periods is taken as the
rate uncertainty of each variation.
The ME-PS matching scale uncertainties is considered fully uncorrelated between tt̄+B,
tt̄ + C and tt̄ + LF since a dependency on the flavor is excepted. The underlying event,
on the other hand, is not expected to depend on the flavor and is therefore correlated
between all tt̄ + Jets processes.

4.3.4. Heavy flavor production uncertainties

Aside from the various uncertainties on the kinematics of the tt̄ + HF processes described
in the last sections, the overall normalizations of tt̄ + B, and to a smaller extent tt̄ + C,
are a major source of uncertainty. In previous iterations of this analysis a flat 50% rate
uncertainty was used in the fit. The size of this uncertainty can be motivated by the av-
erage accuracy of current tt̄ + bb̄ measurements or uncertainties of theoretical predictions
(current cross section predictions exhibit uncertainties of 30% to 45% at NLO [55]). Using
a 50% uncertainty can be viewed as a conservative choice.
Due to the improvements to the tt̄ + Jets background model, described in section 4.2.3,
the normalizations on tt̄ + B and tt̄ + C are now left freely-floating in the final fit. Using
this approach is theoretically well motivated and preferred from a statistical standpoint
compared to the flat rate parameter.
In measurements in the leptonic-channels and the combination of all channels, a floating
normalization yields good and stable results, because of the high sensitivity to this nor-
malization and dedicated control regions. In the fully-hadronic channel this is not the
case due to the overwhelming contribution of the QCD multijet background, which is also
associated with a freely floating normalization. Therefore, the approach with a 50% rate
uncertainties is preferable when performing fits in the fully-hadronic channel only.

An additional uncertainty on the modeling of collinear gluon splitting in tt̄ + B is consid-
ered. The uncertainty is constructed by varying the tt̄ + 2b contribution in tt̄ + B by 50%
up and down.

As described in section 4.2.3, the tt̄ + B contribution (taken from the four-flavor samples)
is scaled to the expectation in the five-flavor samples. This is also taken into account for
the shape uncertainties derived using weights by normalizing the variation in the four-
flavor scheme samples to the same variation in the five-flavor scheme samples before any
selection.
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5. Analysis Strategy in the fully hadronic
channel

This chapter will describe the analysis strategy for the tt̄H(bb̄) fully-hadronic channel in
detail. The analysis strategy can be summarized as follows: Multiple consecutive selection
steps (trigger, object and event selection) are applied in order to select signal and control
regions for the measurement and corrections are applied to the simulation in order the
improve the modeling of certain observables compared to the data. The backgrounds can
be estimated from simulation except for the QCD multijet background, which is estimated
from data in a control region and transferred to the signal region. In order to improve
the sensitivity of the fit, a discriminant, which separates signal and background events, is
constructed. If it is not specified otherwise, data refers to collision data collected by the
CMS experiment.
The choice of high level triggers is discussed in section 5.1. Followed by the analysis-specific
data/simulation corrections, the object selections and the event selection in sections 5.2,
5.3 and 5.4, respectively. The data-driven estimation of the QCD multijet background
is discussed in section 5.5. This chapter closes with section 5.6 which describes how the
discriminant for the fit is constructed using a neural-network-based classifier.

The majority of the topics discussed in this chapter represent work done by the author of
the thesis: The development of dedicated HLT trigger paths for the fully-hadronic tt̄H(bb̄)
analysis for the 2017 and 2018 data-taking period and corresponding measurements, the
advancements in the data-driven background estimation compared to the analyses pre-
sented in [10, 108] and [11] and corresponding measurements, as well as the development
of a novel neural-network-based classifier for the signal identification.
The analysis of the fully-hadronic decay channel included in reference [11] was also the
primary responsibility of the author of this thesis and has to be seen as an intermediate
result, motivating various choices included in the analysis presented in this section. Ex-
amples for this are the overhaul of the multijet background estimation with a novel region
definition1 and the usage of events with 3 b-tagged jets as control region instead of signal
1 The multijet estimation method was initially developed around a likelihood-based observable for QCD

rejection (called QGLR) for the analysis of the 2016 dataset [10, 108]. While it proved very effective
in this analysis, it was apparent after the analysis of the 2017 dataset [11] that the modeling of this
observable in the newer dataset was suboptimal. For the analysis of the full Run-2 dataset a different
variable had to be found, see section 5.5 for details on this topic.
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Figure 5.1.: HT (scalar sum of jet pT) for fully-hadronic tt̄H(bb̄) (blue) and QCD (green)
simulation before applying any event selection. Only jets with pT > 30 GeV
and |η|< 2.4 are considered.

region, as it was used previously, or the move to the neural-network based classifier2.

5.1. Trigger

Dedicated high level triggers have been developed for analyses targeting the production
of tt̄H(bb̄) and tt̄ + Jets in the fully-hadronic decay channel. These trigger paths are
based on particle-flow (PF) jets, see section 2.3.4, and b-tagging, see section 2.3.6. The
development of new trigger paths for the 2017 and 2018 data-taking periods is a major part
of the analysis presented in this thesis and a detailed discussion can be found in appendix A.
This section focuses on the trigger strategy and the dedicated data/simulation correction
factors derived for the phase space of this analysis.

5.1.1. High-level trigger paths

While analyses with leptons (e and µ) in the final state can achieve very good signal
efficiencies by relying on general single- or multilepton trigger paths, analyses with pure
hadronic final states usually require a more phase-space specific approach. For example,
in the case of the CMS trigger system, the least stringent and fully unprescaled HLT path
targeting the scalar sum of the transverse momenta of all jet (HT), which represents a
typical path targeting hadronic final states, has a threshold of HT ≥ 1050 GeV. While a
cut on HT ≥ 1050 GeV would remove the vast majority of hadronic background activity,
it would also remove most of the tt̄H signal, as it can be seen in figure 5.1. Even if
more complex selections are considered, the thresholds on hadronic trigger paths tend
to be rather high. For these reasons, the development of the trigger strategy plays a
comparatively large role in the design of an analysis targeting fully-hadronic final states.
Figure 5.1 shows the HT before any event selection in simulated fully-hadronic tt̄H(bb̄)
and QCD multijet sample. From this figure, it can be seen that cuts on the HT should be
as small as possible, ideally in the vicinity of 300 GeV, in order to preserve as much signal
as possible signal.
2 In reference [11], the MEM was still used as primary method for signal identification but it was augmented

by an cut on an additional observable for QCD rejection ∆ηjets. This approach proved to reduce
sensitivity compared to initial estimations. Both observable, the MEM and ∆ηjets, are now used as
input features in the neural-network-based classifier.
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5.1. Trigger 89

Table 5.1.: Overview of the trigger paths used in the tt̄H(bb̄) fully-hadronic analysis in
the 2016, 2017, and 2018 data-taking periods. Only the relevant cuts and
values are listed in this table. E.g. the working point of the b-tagging, L1-
triggers or additional cut on calorimeter jets can vary from period to period
or in some cases within an period but do not contirbute to the understanding
of the trigger strategy. More information on the utilized trigger paths can be
found in appendix A.

2016 2017 2018
HLT_6J1T number of PF Jets ≥ 6 ≥ 6 ≥ 6

PF HT ≥ 450 GeV ≥ 430 GeV ≥ 450 (430) GeV
pT,6 ≥ 40 GeV ≥ 40 GeV ≥ 36 (40) GeV

number b-tagged PF Jet ≥ 1 ≥ 1 ≥ 1
HLT_6J2T number of PF Jets ≥ 6 ≥ 6 ≥ 6

PF HT ≥ 400 GeV ≥ 380 GeV ≥ 400 (380) GeV
pT,6 ≥ 30 GeV ≥ 32 GeV ≥ 32 GeV

number b-tagged PF Jet ≥ 2 ≥ 2 ≥ 2
HLT_4J3T number of PF Jets – ≥ 4 ≥ 4

PF HT – ≥ 300 GeV ≥ 330 GeV
pT,1 – ≥ 75 GeV ≥ 75 GeV
pT,2 – ≥ 60 GeV ≥ 60 GeV
pT,3 – ≥ 45 GeV ≥ 45 GeV
pT,4 – ≥ 40 GeV ≥ 40 GeV

number b-tagged PF Jet – ≥ 3 ≥ 3
HLT_PFJet450 pT,1 ≥ 450 GeV – –
HLT_PFHT1050 PF HT – ≥ 1050 GeV

In order to keep the trigger thresholds as loose as possible and therefore keep the signal
efficiency high, a phase-space specific combination of object selections is used. The trigger
paths considered for the fully-hadronic tt̄H(bb̄) analysis, select events with high HT and
multiple particle-flow jets in an event. Thresholds are further set on the pT of individual
jets and b-tagging algorithms are utilized. Multiple trigger paths are used simultaneously
in order to maximize signal efficiency. In general, the paths follow one of three templates:

1. Tightest HT cut, ≥ 6 jets and ≥ 1 b-tagged jets
2. Medium HT cut, ≥ 6 jets and ≥ 2 b-tagged jets
3. Loosest HT cut, ≥ 4 jets and ≥ 3 b-tagged jets (2017 and 2018 data-taking period

only)

These templates will be denoted with HLT_6J1T, HLT_6J2T and HLT_4J3T in the following.
Generally speaking, increasing the threshold on the b-tagging, e.g. going from ≥ 1 to
≥ 2 b-tagged jets, allows for lower threshold on other kinematic observables, like the HT.
Additional trigger paths may be considered in order to overcome inefficiencies that can
only be observed after data-taking. Events are considered for the analysis if at least one
of the considered trigger paths was fired. Table 5.1 summarizes all trigger paths used in
this analysis.

During the 2016 data-taking period, HLT-paths (following the HLT_6J1T and HLT_6J2T
templates) targeting events with ≥ 6 particle-flow jets, ≥ 1 or ≥ 2 b-tagged jets and high
HT (450 or 400 GeV), are used. The path are fed by various L1-Seeds based on L1-HT.
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90 5. Analysis Strategy in the fully hadronic channel

A drop in efficiency at high HT values was observed in data. In order to recover the lost
efficiency, an additional single jet trigger, targeting events with at least one jet with pT ≥
450 GeV (HLT_PFJet450), is used.
During the 2017 and 2018 data-taking period, the same general trigger strategy is used.
Following the increase of the instantaneous luminosity delivered by the LHC machine, the
thresholds for the existing HLT_6J1T and HLT_6J2T paths, which were carried over from the
2016 data-taking, had to be increased. This was mainly accomplished via more stringent
cuts on the b-tagging at trigger-level but also the HT thresholds were increased. In order
to mitigate the loss in signal efficiency and add phase space with lower HT, a new trigger
path, which targets events with ≥ 4 particle-flow jets and ≥ 3 b-tagged jets (HLT_4J3T),
was developed. This is motivated by the four b-tagged jets that are nominally expected in
a tt̄H(bb̄) event. The HT threshold can be set very low3 when requiring ≥ 3 b-tagged jets,
even though the threshold on the b-tagging is comparatively loose. Additionally, cascading
pT thresholds are placed on the four jets with the highest transverse momentum (75, 60,
45, and 40 GeV) in order to maximize the efficiency and minimize the HT threshold. The
same approach is utilized in the L1-triggers that are used for this HLT path. A drop in
efficiency at high HT was observed in data. In order to recover the lost efficiency, the
lowest fully unprescaled HT-trigger path, requiring HT ≥ 1050 GeV (HLT_PFHT1050), is
used. Furthermore, the trigger-level b-tagging was improved between the 2017 and 2018
data-taking periods. Switching to a newer algorithm led to lower rates at the same mis-tag
rate.

Further information on the trigger strategy, configuration and combination as well as the
development of the HLT_4J3T trigger paths can be found in appendix A.

5.1.2. Trigger efficiency and corrections

Combining all trigger paths discussed in the last section, signal efficiencies4 of 97.6 %,
93.9 % and 94.4 % are achieved for the 2016, 2017 or 2018 data-taking periods, respectively.
The signal efficiency is the fraction of all signal events that pass the trigger strategy. The
overall loss in signal efficiency in later periods can be mainly attributed to the tighter
cuts necessary because of the increase in instantaneous luminosity and therefore increased
pileup. Due to improvements in trigger-level b-tagging, the signal efficiency could be
increased from the 2017 to the 2018 data-taking period even though thresholds had to be
tightened further. Without the addition of the HLT_4J3T in the 2017 and 2018 data-taking
periods, the signal efficiency would have dropped to 90.3 % and 92 %, respectively. The
signal efficiencies for the individual paths as well as various other combination are listed
in table A.1 in the appendix.

The trigger efficiency is further measured with respect to orthogonal reference triggers
HLT_IsoMu24 (2016) and HLT_IsoMu27 (2017, 2018) in the single muon dataset5. These
triggers target event with a single reconstructed and isolated muon with at least 24 GeV
or 27 GeV, respectively. For the measurement, events with exactly one muon, ≥ 6 Jets,
≥ 2 b-tagged jets, HT ≥ 500 GeV are used. Only jets with pT ≥ 30 GeV and |η| < 2.4
are considered but six jets with pT 40 GeV are required. The efficiency is calculated by
3 The lower bound of the HT cut is defined by the HT threshold used in the L1-trigger, which is around

300 GeV, depending on the delivered instantaneous luminosity.
4 The signal efficiencies are estimated in tt̄H(bb̄) simulation in a region with HT > 500, ≥ 6 jets, ≥ 2

Medium b-tagged jets and no e or µ with pT ≥ 15 GeV and |η| < 2.4. Only jets with pT ≥ 30 GeV and
|η| < 2.4 are considered and exactly six jets with pT ≥ 40 GeV are required. This region estimates the
baseline region described in section 5.4.

5 The correlation between the signal and reference triggers was estimated to less then 1% in all data-
taking periods. It is measured using the formula (ϵ(Reference) · ϵ(Signal))/ϵ(Reference and Signal) with
the trigger efficiencies ϵ.
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Figure 5.2.: Trigger efficiency measured in HT (left), pT of the sixth jet (middle) and num-
ber of Medium b-tagged jets (right) in the 2018 dataset with respect to HLT_
IsoMu27 in events with one offline lepton and passing the fully-hadronic base-
line selection (excluding the usual lepton veto). The efficiency was measured
in data (black) and tt̄ + Jets simulation (red).

taking the ratio of all selected events passing the combination of the trigger paths discussed
above as well as the reference single-muon trigger, and all selected event passing only the
reference single-muon trigger.
Figure 5.2 shows the trigger efficiency in the 2018 data-taking period. It can be observed,
that the efficiency in simulation is not modeled well compared to data. Therefore, correc-
tion factors are derived to improve the modeling in simulation. These correction factors
are derived per data-taking period as a function of the HT, pT of the jet with the sixth
largest transverse momentum (pT,6), and the number jets passing the Medium b-tagging
working point6 (nTags). The efficiencies for the 2016 and 2017 data-taking period are
shown in figures A.2 and A.3. On a technical level, the correction factors are implemented
as bin-by-bin rescaling factor in the HT/pT,6/nTags space and the statistical uncertainties
on the ratio is treated as a systematic uncertainty in the final fit7. The majority of the
correction factors are close to unity but overall ranging from 0.7 to 1.07. The binning is
chosen such, that adjacent bins with similar correction factor values are grouped together
in order increase the statistical significance of a given bin. The bin uncertainties are 1-2 %
on average, with single bins of up to 9 %. The uncertainty on the trigger correction factors
plays a negligible role in the final fit to data.

5.2. Data-Simulation Corrections
The simulation of physics processes can be used to make predictions with high accuracy
and efforts to further improve this are made at all times, e.g. new tunes for the parton
shower. Nevertheless, small discrepancies between data and simulation can be observed.
By comparing the modeling of relevant processes in simulation to data in control sam-
ples, correction factors are derived. Usually this is done by taking the differences, more
specifically the over or underestimation, between the data and simulation in a specific
variable, or set of variables, from these control samples and applying the inverse difference
as correction in the signal region. This procedure is referred to as reweighting.
Section 5.1.2 already introduced one such correction for the triggers. Further relevant
corrections will be covered in this section.
6 The scale factors are derived with respect to the b-tagging algorithm that is used in the analysis

(DeepJet), while other algorithms are used on trigger-level (CSVv2 in 2016, 2017 and DeepCSV in 2018).
These differences between trigger-level and analysis-level b-tagging algorithms have an effect on the
trigger efficiency turn-on that has no influence on the analysis itself. This topic will be discussed further
in appendix A.

7 The uncertainty is dominated by statistical effects. Systematic effects, like the correlation to the reference
trigger, are negligible and therefore omitted. More details are given in appendix A.
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92 5. Analysis Strategy in the fully hadronic channel

5.2.1. Pileup correction

Due to the large effects of the pileup on object identification, e.g. lepton isolation or jet
reconstruction, it is important to use the same distribution of pileup events in data and
simulation. Since the average amount of pileup is unknown at the time the simulated
samples are generated, a reweighting has to be applied, such that the pileup distributions
match in data and simulation.
The weight is derived by taking the distribution of pileup events in data, as defined in
equation (2.6), and comparing it to the corresponding distribution in simulation. For the
nominal weight, a total inelastic pp cross section σinel of 69.2 mb is used for the calculation.
Variations to the distribution, used estimate the uncertainty, are separately computed by
varying σinel by 4.6 % up and down and repeating the calculation. Since the amount
of pileup events depends on the machine parameters, the calculation is done separately
per data-taking period. Furthermore, the weight is calculated for each simulated sample
separately. This results in a per-event weight that decreases the importance of simulated
events with pileup uncommon in data.

5.2.2. B-tag correction

Differences in the b-tagging efficiency and mis-tagging rate between data and simulation
are taken into account. The correction is derived separately for light-flavor jets and b-jets
with a tag-and-probe approach: Events with exactly two jets, of which one is required to
pass a tagging criteria, are selected. The correction is directly derived by comparing the
probe jet b-tagging value in simulation to the distribution in data. With this method, per-
jet correction-factors, that are parameterized in the b-tag discriminant value, flavor (light,
charm or bottom), pT and η, are derived. Since the correction can lead to jets moving
below the considered working point, this is equivalent to an efficiency correction at the
considered WP. In the analysis, these correction factors are evaluated for each jet passing
the selection and the product of these factors is used as the event weight. For c-jets, that
correction factor is set to unity but the uncertainty is set to twice the b-jet correction.
The scale factors are derived by the b-tagging experts in the CMS collaboration.

After application of the correction factors and before applying any b-tagging selection,
shape changes can be observed in the jet multiplicity and other kinematic variables, e.g.
leading jet pT, with respect to before applying the correction. This should not be the
case for observable independent on the b-tagging. In order to mitigate this unwanted
distortion effect, an additional event reweighting is applied. The correction is derived as
function of jet multiplicity and the event HT, independently for tt̄H, tt̄ + B, tt̄ + C and
tt̄ + LF. For the minor backgrounds, the tt̄ + LF correction is used. In order to derive
the weights, the jet multiplicity and HT distributions for all events passing the baseline
event selection with and without applying the b-tag efficiency and mis-tag correction are
compared. The inverse of the difference per HT and jet multiplicity bin is used as weights
for the simulation.
Applying these weights reduces the distortion effect in kinematic distributions without
changing the shape of the b-tagging discriminant distribution.

5.2.3. Other data/mc corrections

During the 2016 and 2017 data-taking, a gradual timing shift of the ECAL was observed
but not propagated properly to the L1-trigger primitives. This results in a non-negligible
fraction of trigger primitives being wrongfully associated with previous bunch crossings
in high-|η|. The L1 trigger cannot fire in two consecutive bunch crossings, which leads to
events vetoed if a significant amount of ECAL energy is found in 2 < |η| < 3. This issue
is called the L1 ECAL Prefiring. A reweighting, which computes the probability of an
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event not to prefire based on kinematic observable, is applied to the simulation in order
to correctly model this issue.

General object corrections are considered for jets, electrons and muons and are covered in
sections 2.3.5, 2.3.2 and 2.3.3 respectively.

5.3. Object selection

Analysis-specific selections are applied to the objects reconstructed with the particle-flow
algorithm, as described in section 2.3. These selections are performed with the goal of
rejecting physics objects, like leptons and jets, that are likely to be mis-identified or not
well measured.

5.3.1. Lepton selection

In the fully-hadronic channel, leptons are solely used to veto events that are used in
the context of the leptonic channels. By applying this veto, orthogonality between the
channels is ensured. The objects are not used in any other capacity in the context of
the fully-hadronic channel. Nevertheless the full selection will be described here since the
combination of all channel will be covered in chapter 7.

Particle-flow reconstructed electrons and muons, as defined in sections 2.3.2 and 2.3.3, are
selected based on the kinematic variables pT and η. Identification and isolation criteria
are defined to select high-purity prompt leptons that originate from the W-boson decays.
Multiple types of electrons and muons are defined for different use cases.

Muon selection

The cut-based muon identification [82] criterion imposes minimum quality standards on the
reconstruction to be fulfilled. Cuts are applied to the χ2/ndof of the global muon fit as well
as the number of muon-chamber hits, pixel hits and tracker layers with hits. Furthermore,
the tracker tracks of the muon require minimum values for the impact parameters dxy and
dz. The tracks also need to be matched to muon segments in a minimum number of muon
stations. The numerical values for the cuts are listed in table B.1.
All types of muons used in the tt̄H(bb̄) analyses are required to be measured in the central
detector (|η| < 2.4). The relative isolation is defined as ∑

∆R<0.4
ph±

T + max

0,
∑

∆R<0.4
Eh0

T +
∑

∆R<0.4
Eγ

T − 1
2

∑
∆R<0.4

ppu
T

 /pT,µ (5.1)

with the isolation cone distance ∆R, the pT of charged hadrons from the Primary Vertex
(PV) (ph±

T ), the ET of neutral hadrons (Eh0
T ) and photons (Eγ

T ), the pT of charged hadrons
from pileup (ppu

T ) and the muon pT (pT,µ).

A veto muon (or sub-leading muon), which is the only type used in the fully-hadronic
channel, is required to pass a minimum pT of 15 GeV, a relative isolation of 0.25 and the
cuts specified above.
A leading muon is required to pass a minimum pT of 26/29/26 GeV (2016/2017/2018
data-taking periods), a relative isolation of 0.15 and the cuts above in the semi-leptonic
channel. In the dileptonic channel, a leading muon is required to pass a minimum pT of
25 GeV, a relative isolation of 0.25 and the cuts specified above.
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94 5. Analysis Strategy in the fully hadronic channel

Electron selection

A cut-based election identification criterion is used. Cuts are applied to the following
observables:

5x5 σiηiη The weighted cluster RMS inside a 5x5 crystal region of the ECAL.

∆ηseed (∆ϕin) The difference between track and track seed η (ϕ).

H/E The ratio of HCAL to ECAL energy.

|1/E − 1/ρ| The absolute difference between the inverse ECAL energy and in-
verse track momentum.

Relative isolation A Isolation based on the effective-area-corrected isolation

Nmiss The Number of missing hits in the tracker.

dxy and dz Impact parameters in xy-plane and z-direction.

Conversion veto Rejection of electrons from photon conversion.

The numerical values for the cuts are given in table B.2.

A veto electron (or sub-leading electron), which is the only type used in the fully-hadronic
channel, is required the have pT of >15 GeV and |η| < 2.4 in addition to the cuts specified
above.
A leading electron is required to have pT of > 29/30/30 GeV (2016/2017/2018 data-taking
periods) and |η| < 2.4 in addition to the cuts above in the semi-leptonic channel. In the
dileptonic channel, for a leading electron a minimum pT of 25 GeV and |η| < 2.4 is required
in addition to the cuts specified above.

5.3.2. Jet selection

Jets are reconstructed from particle-flow candidate particles, as described in section 2.3.5.
Multiple additional quality criteria are applied in order to select jets that are not clustered
from very few particle or noise and are unlikely to originate from pileup.
A cut-based identification is used to further select high quality jets based on the kinematic
observables:

• Number of jet constituents
• Multiplicity of charged constituents
• Contributions of neutral and charged hadronic and electromagnetic energy depositions,

measured in HCAL and ECAL, to the jet energy
• Contributions of muons to the jet energy

The numerical values for this jet-id are given in table B.3. A BDT-based pileup rejec-
tion [161] is applied to jets with pT < 50 GeV utilizing tracking and jet shape variables.
Loose and tight working-points are defined for this discriminant corresponding to 80 %
and 99 % efficiency, respectively. See reference [162] for more information on the CMS
jet algorithms. Additionally a jet is rejected if a lepton, which passes the lepton selection
described above, is present within a distance of 0.4 in η − ϕ space.
In the fully-hadronic and semileptonic channels, jets with pT > 30 GeV and |η| < 2.4, that
pass the jet-id and the loose pileup id, are used.
In the dileptonic channel, jets with pT > 30 GeV and |η| < 2.4, that pass the jet id and
the loose/tight/tight (2016/2017/2018 data-taking periods) pileup id, are used.
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5.4. Event Selection
In order to increase sensitivity of the measurement, multiple cleaning and selection steps
are applied to remove non-physical, mis-measured and irrelevant events in simulation and
data.

Criteria are developed by detector and object experts in the CMS collaboration in order
to only select high-quality events for the use in physics analyses. After removing all event
failing the data certification, described in section 2.4.2, further cuts are applied: Events
must contain at least one primary vertex (PV) that exhibits

• a number of > 4 degrees of freedom in the fit used to find the PV,
• an absolute value of ≤ 4 cm for the z-coordinate,
• an absolute value of ≤ 2 cm for the ρ-coordinate,
• and in simulation the PV must be matched to a simulated vertex.

Events are also rejected based on filters targeting certain effects, like detector noise or beam
halo effects. During the 2018 data-taking period, a failure in the HEM15/16 sectors of the
HCAL effected the physics object reconstruction in the detector region with −3.0 < η <
−1.3 and −1.57 < ϕ < −0.87. The direct effect of this issue on the relevant distributions
was found to be negligible. To account for this issue, a dedicated uncertainty is applied
to jets in simulation in this area (see section 6.2 for details on this uncertainty).

5.4.1. Baseline selection

The previously described event selection criteria are common for all CMS analyses. The
first step in the analysis-specific selection will be discussed in the following. It will be
referred to as baseline selection throughout the rest of this thesis.

The main purpose of the baseline selection is to only select events that are at or close to
the plateau of the trigger, i.e. where the triggers are fully efficient. Additionally, the region
is used for various studies and validations performed in the initial stages of an analysis.
For the fully-hadronic channel, events must pass the following criteria:

• No leptons (e and µ) passing the veto selections described in section 5.3.1
• Pass at least one of the analysis-specific HLT triggers, as discussed in section 5.1
• Scalar sum of the pT of all selected jet (HT) > 500 GeV
• Six or more jets passing the selection described in section 5.3.2
• Six jets with pT ≥ 40 GeV
• At least 2 jets with b-tagging values greater than the Medium working point, as defined

in section 2.3.6.

The relative efficiency of each cut (excluding the lepton veto) is given in table 5.2 for fully-
hadronic events in the tt̄H(bb̄), QCD, and tt̄ + Jets samples. After selecting events with
≥ 2 b-tagged jets, 30.34 % of the fully-hadronic tt̄H(bb̄) events remain while only 4.17 %
and 0.02 % fully-hadronic event pass the selection for the tt̄ + Jets and QCD sample,
respectively.

The dijet mass mqq , defined as the mass of the dijet pair closest to the W-boson mass, is
required to be within 30 > mqq > 250 GeV. When calculating this observable, the four
jets with the highest b-tagging discriminant values are excluded. Events with mqq values
far from the nominal W-boson mass are unlikely to originate from the signal process,
because it is unlikely that for each of the W bosons one jet is out of acceptance. Hence,
selecting events with mqq values close the W-boson mass improves the signal purity. This
is not done at this stage of the selection, because mqq is an integral component of the
data-driven background estimation of the QCD multijet background, where the regions
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96 5. Analysis Strategy in the fully hadronic channel

Table 5.2.: Efficiency of the selection steps in the baseline selection, applied to the fully-
hadronic tt̄H(bb̄), QCD and tt̄ + jets simulations. Each row includes the cuts
from all previous rows. The efficiency is given as average over the three data-
taking periods.

Efficiency [%]
tt̄H(bb̄) QCD tt̄ + jets

Trigger 54.50 0.29 12.37
≥ 6 Jets 48.44 0.16 10.43

6th Jet pT ≥ 40 GeV 38.73 0.11 7.94
HT > 500 GeV 32.45 0.09 6.25

≥ 2 b-tags 30.34 0.02 4.17

far from the W-boson mass are used for a validation step while the central region is used
for the measurement. The 30 and 250 GeV thresholds are solely defined to remove outliers
from the baseline region.

Figure 5.3 shows the number of jets, number of b-tagged jets and the mqq variables in the
baseline region for the three data-taking periods separately. The uncertainties given in the
figure correspond to the statistical and the majority of systematic uncertainties considered
in the analysis. The QCD multijet background shown in these figures is taken from sim-
ulation and rescaled such that the total background yield prediction is equal to the data
yield. Additionally, a reweighting is applied to the 2017 and 2018 QCD multijet simulation
such that the jet multiplicity spectra match the distribution observed in the 2016 QCD
multijet simulation. This step is motivated by the circumstance, that the parton shower
tune CP5 was derived with the goal of improving the modeling of the tt̄ + Jets simulation
with respect to the tune CUETP8M1. While the tune CP5 achieved this goal in tt̄ + Jets
simulation, the opposite can be observed in the QCD and other8 simulations. Especially in
the phase space with a high jet multiplicity, where the QCD multijet simulation does not
model the data well in the first place, this leads to large disagreements when comparing
data and simulation.
Overall the simulation and data agree well within the uncertainties in all data-taking pe-
riods. The remaining disagreements in the high jet and b-tag multiplicity bins clearly
motivate the need for a data-driven background estimation of the QCD multijet back-
ground, which will be covered in section 5.5.

5.4.2. Signal and control regions

Orthogonal categories and regions, based on the jet and b-tag multiplicity as well as the
mqq variable, are defined. In general, the signal purity increases with increasing jet and
b-tag multiplicity. This can for example be seen in the S/

√
B given in figure 5.4. At the

same time, the background composition changes such, that it is closer to the signal and
therefore harder to separate. Hence, the sensitivity in the fit to data does not necessarily
increase with higher multiplicities. Since the analysis is mostly tuned towards separating
the signal from the multijet background this effect is especially noticeable in the categories
with very high jet count, where the contribution of the tt̄ + bb̄ background is comparably
large.

In the following the notation will be used:
8 One example is the Z + Jets simulation as described in 7.1.
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Figure 5.3.: Jet multiplicity (a), b-tag multiplicity (b) and mqq (c) for the 2016 (top), 2017
(middle), and 2018 (bottom) dataset in the baseline region. The expected
contribution of the background processes is (filled histograms) is stacked and
the signal (line) is superimposed and scaled for better visibility. The QCD
simulation is scaled such, the predicted yield matches the yield in data. In 2017
and 2018 QCD is additionally weighted such that the jet multiplicity spectra
match the 2016 simulation. The hatched uncertainty bands correspond to the
total statistical and systematic uncertainties added in quadrature.

Categories result from splitting via the jet multiplicity and

Regions results from splitting via the b-tag multiplicity and the mqq observable.

As noted previously, mqq is expected to be close to the actual W-Boson mass in signal
events. Hence, a signal-enriched mqq-band around the W-boson mass and signal-depleted
sidebands are defined: For events with 7 or 8 jets, the central band is defined by 60 ≥
mqq ≥ 100 GeV and for events with ≥ 9 jets by 72 ≥ mqq ≥ 90 GeV. The mqq-sidebands
are limited to > 30 GeV and < 250 GeV.
With this scheme, regions are defined for the signal extraction, estimation of the QCD
multijet background and the training of a neural-network based classifier. Each with a
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Figure 5.4.: Expected contribution of signal and main background processes in the fully-
hadronic signal region.

corresponding validation region. An overview of the regions used in the analysis is given
in table 5.3.

For the signal extraction, three categories with 7, 8, and ≥ 9 jets and ≥ 4 Medium b-
tags in the signal-enriched mqq-band are used9. Collectively, these categories are also
referred to as the signal region (SR) and will be referred to as the (7 jets,≥ 4 b-tags),
(8 jets,≥ 4 b-tags), and (≥ 9 jets,≥ 4 b-tags) categories. Figure 5.4 shows the composition
of the main backgrounds and the signal contribution in these categories for the full Run-2
dataset (137.2 fb−1). The QCD multijet background is the dominant background in all
categories with contributions > 70 %. The second largest background is tt̄ + B followed
by tt̄ + LF in the 7 and 8 jets categories and tt̄ + C in the ≥ 9 jet category. All other
background processes, listed in table 4.3, contribute between 1.5 % and 1.7 % to the total
background yield depending on the category.

For each of the three jet multiplicity categories the following regions, in which the b-tag
multiplicity and mqq selections are replaced relative to the SR selection, are defined:
Three regions are used for the QCD multijet background estimation, which will be covered
in section 5.5:

CR The control region (CR) includes events with 3 Medium b-tagged jets and ≥ 4
Loose tagged jets10 in the signal-enriched mqq-band.

ValCR The validation control region (ValCR) includes events in the mqq-sidebands
that otherwise pass the same selection as the CR.

VR The validation region (VR) includes events in themqq-sidebands that otherwise
pass the same selection as the SR.

Two regions are used for the training and validation of the final classifier:

TR The training region (TR) includes events with 2 Medium b-tagged jets and ≥ 4
Loose tagged jets in the signal-enriched mqq-band.

ValTR The validation training region (ValTR) includes events in the mqq-sidebands
that otherwise pass the same selection as the TR.

5.5. Multijet background estimation
As noted in previous sections, in the phase space of the tt̄H(bb̄) analysis the QCD multijet
background is not modeled well in simulation. Because of the significant contribution from
9 The direct predecessors to this analysis [10, 11] also used the events with 7, 8, and ≥ 9 and Medium 3

b-tagged jets in the signal extraction. Studies showed, that the impact of these events to the overall
result is minimal. Therefore, these categories are used as control regions in this analysis.

10 Since all Medium b-tagged jets are also Loose tagged b-tags, this is equivalent to selecting 3 Medium
tagged b-tags and one additional jet, that passes the Loose WP but not the Medium WP.
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Table 5.3.: Definition and description of the orthogonal regions, which are defined for each
of the jet multiplicity categories, in the fully-hadronic tt̄H(bb̄) analysis. The
values in parenthesis for the mqq variable are used for event with ≥ 9 jets.
DeepJetM and DeepJetL refer to the multiplicity of jets passing the Medium
and Loose working-point of the DeepJet b-tagging algorithm.

60(72) GeV < mqq < 100(90) GeV
30 GeV < mqq < 60(72) GeV

or
100(90) GeV < mqq < 250 GeV

DeepJetM = 2
DeepJetL ≥ 4

TR: Training Region
Training dataset for
ANN discriminant

ValTR: Validation TR
ANN feature validation

DeepJetM = 3
DeepJetL ≥ 4

CR: Control region
Derive QCD multijet

shape for SR

ValCR: Validation CR
Derive QCD multijet

shape for VR

DeepJetM ≥ 4 SR: Signal region
Final analysis region

VR: Validation region
Validation of QCD multijet

estimation in data
before unblinding

QCD multijet events in the signal region of the fully-hadronic channel, this background is
estimated with a data-driven approach. The general strategy for such an estimation is to
define a control region that is dominated by this background and has a negligible signal
contribution. From this region, relevant observables are then extrapolated to the signal
region.
In this analysis, the control region (CR) is defined by loosening the b-tagging requirement
relative to the signal region (SR). While four or more Medium tagged jets are required
in the SR, three Medium tagged jets and one or more additional Loose b-tagged jets are
required in the CR. In order to validate the method a sideband, in which the estimation
can be compared to the data before unblinding the signal region, is used. The sideband is
defined via the mqq variable, as it was defined in section 5.4.1, which leads to a second set
of control and signal regions for validation (ValCR and VR). This can be viewed as a two
dimensional space, as it is also visualized in table 5.3, that is spanned by the number of
Loose and Medium b-tags and the mqq variable. The former describing the step from CR
to SR (or ValCR to VR) and the latter the step from SR to VR. Hereby it is important
that these axis are correlated as little as possible in order to not bias the validation. This
is achieved by constructing the mqq variables only from jets that are not counted towards
the number of Loose and Medium b-tagged jets.

For statements applying to the central mqq region and the mqq sidebands, the SR + VR
are also referred to as high b-tag regions and the CR + ValCR as low b-tag region.

99



100 5. Analysis Strategy in the fully hadronic channel

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

N
or

m
al

iz
ed

 U
ni

ts

4 b tags)≥FH VR (7 jets, 

QCD Simulation

QCD data-driven

 (13 TeV)-1137 fb

CMS
Work in progress

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ANN output score

0

1

2

3

4

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

N
or

m
al

iz
ed

 U
ni

ts

4 b tags)≥FH VR (8 jets, 

QCD Simulation

QCD data-driven

 (13 TeV)-1137 fb

CMS
Work in progress

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ANN output score

0

1

2

3

4

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

N
or

m
al

iz
ed

 U
ni

ts

4 b tags)≥9 jets, ≥FH VR (

QCD Simulation

QCD data-driven

 (13 TeV)-1137 fb

CMS
Work in progress

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ANN output score

0

1

2

3

4

R
at

io

Figure 5.5.: Comparison of the final discriminant shape in the simulated QCD sample
(black) and the data-driven method for QCD multijet estimation (green) in
the 7 (left), 8 (middle) and ≥ 9 jets validation regions (VR).

When comparing distribution shapes in the high and low b-tag regions11 disagreements
are expect due to kinematic differences of the additional Loose b-tagged jets in the low
b-tag region and the corresponding Medium b-tagged jets in the high b-tag regions. In
order to mitigate this effect, a kinematic correction for Loose but not Medium b-tagged
jets was developed, that will be described in detail in section 5.5.1.

The process for deriving the QCD multijet estimation can be summarized as follows:

1. Estimate the QCD multijet shape in the control region: By acknowledging
that the low b-tag control region is dominated by the QCD multijet background, it is
a valid statement, that the shape of this background can be derived by subtracting the
tt̄ + Jets and minor background processes from the data.

2. Correct the QCD multijet shape: Differences in the kinematics of Medium b-tagged
jets and Loose b-tagged jets can be observed in both simulation and data. A correction
based on the pT, η and ∆Rmin to the two jets with larges b-tagging discriminant value
is applied in the low b-tag control region. This method will be described in section 5.5.1
and denoted as TFloose correction.

3. Adjusting the QCD multijet yield to expectation in the signal region: After
adjusting the shape of the QCD multijet background from the control region it is
assumed that it represents the shape of the QCD multijet background in the signal
region. The yield cannot be predicted with this method. Therefore, it is left free-
floating in the final fit. The initial value is set to the expected yield in the signal
region, which is calculated by subtracting simulation from data.

4. Validate the method: Step 1-3 are applied to the mqq sidebands (ValCR and VR)
in order to be able to compare the estimated QCD multijet background to data before
unblinding the signal region.

A comparison between the shape of the QCD multijet simulation and the estimation
derived with the method described above, is shown in figure 5.5 in the VR. It can be
clearly observed that the estimated shape exhibits a much higher statistical power and is
not fluctuating compared to the distribution of the simulated sample.

As noted in the third step of the workflow summary above, the normalization of the
multijet background is a freely-floating parameter in the fit to data. The reason for this
is, that no prediction on the normalization can be made when using this specific method.
Setting the initial normalization to the SR expectation is somewhat arbitrary but also
a reasonable starting point for the fit. Due the size of the multijet background and the
11 Since the normalization is freely floating in the fit and the initial value is set by the SR (VR) expectation,

only the shape agreement between the SR (VR) and CR (ValCR) regions is a relevant quantity to measure
if the method is working as expected.
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strong correlation between the normalization and the other uncertainties, the impact of
this freely-floating parameter on the fit in the fully-hadronic channel is expected to be
rather large. The normalization is independently floating in each of three categories, with
(7 jets,≥ 4 b-tags), (8 jets,≥ 4 b-tags) and (≥ 9 jets,≥ 4 b-tags). This means, that, unlike
other uncertainties, the multijet normalization can not be constrained better when fitting
multiple categories simultaneously.

5.5.1. Kinematic correction to loose b-tagged jets

When comparing the shape of relevant distributions in the low and high b-tag regions,
e.g. CR and SR, a disagreement is observable, due to kinematic differences introduced by
the additional b-jets used in the low b-tag region. A correction, that is applied to the low
b-tag region when obtaining the multijet shape, is derived to reduce these differences.

This correction is based on kinematic differences of jets passing the Medium b-tag working
point and jets that pass the Loose but not the Medium b-tag working point and is derived
for simulation and data.
The differences are parametrized in pT, η and the minimum distance from the two jets
with highes b-tag discriminant value ∆Rmin of a given jet.
These three observables are shown in figure 5.6 in tt̄ + Jet simulation for the two types of
jets and similar difference can be observed in data. The correction is derived independently
for each of the three data-taking periods because of small differences in the b-tagging
algorithm performance12. It is denoted as TFloose and derived in the baseline analysis
region. All jets passing at least the Loose working point are considered but the two jets
with the largest b-tagging discriminant value are excluded, since two Medium b-tagged jets
are present in any region and the ∆Rmin is defined with respect to these to jets.

The correction is derived by fitting one dimensional functions for pT, η and ∆Rmin to the
ratio of the kinematicc distributions between the two types of jets. The functions, with
parameters α, are defined as follows:

pT : f(x) = α0 + erf(α1(x− α2))(α3 + α4x) (5.2)

η : g(x) =
16∑

i=0
αix

i (5.3)

∆Rmin : h(x) =
6∑

i=0
αix

i (5.4)

The correction factor is calculated using

TFloose =
∏
j

f(pT,j) · g(ηj) · h(∆Rmin,j) (5.5)

with the previously fitted functions f(x), g(x) and h(x), which are evaluated for all addi-
tional Loose but not Medium b-tagged jets j in an events. TFloose is only calculated and
applied in the low b-tag region (and the training region).

Since a slight dependency between the η and ∆Rmin corrections was observed, a systematic
uncertainty on the method is derived by applying a second η-based correction to the pT-η-
∆Rmin corrected distribution. This additional correction is considered the "up"-variation
while the nominal value is used as down variation. The following function is used for the

12 While the b-tagging algorithm is the same in all data-taking periods, the performance of the algorithm
also depends on the detector performance and other machine parameters.
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Figure 5.6.: Distributions of the pT, η and ∆Rmin of jets passing the Medium b-tag working
point (blue) and jets passing the Loose but not the Medium working point
(red). The two leading jets, by b-tag discriminant value are not included in
the blue histogram. Shown for the tt̄ + Jets simulation in the dataset for the
2018 data-taking period.

second η correction:

η : g2(x) = α0 + α1x+ α2x
2 + α3x

3 + α4x
4 (5.6)

Figure 5.7 shows the ratios for data and tt̄ + Jets simulation after each correction step.
The fitted functions f(x), g(x) and h(x) are shown for the distribution they are fitted
in. The correction derived in the tt̄ + Jets sample is used in all simulated background
samples. This approach is justified given the small contribution of the minor backgrounds
in the low b-tag regions and assumes that they are more similar to tt̄ + Jets than QCD
multijet. Figure 5.8 shows how the TFloose correction improves the agreement by example
of the pT-η-plane in the tt̄ + jets dataset.

In practice the correction is used as follows: When calculating the distributions for a given
observable in the CR,ValCR,TR and ValTR regions, the TFloose correction is evaluated per
events for each additional Loose b-tagged jet. This is done for both data and simulation
with the respective parameters for the functions f , g, h and g2.

5.5.2. Validation of the background estimation method

Since the tt̄H(bb̄) analysis is executed as a blinded analysis, the agreement between the
background model and the data cannot be validated in the signal region before unblinding,
which is the last and final step in a blinded analysis.
Simulated backgrounds are validated in regions with small signal contribution like the
baseline region or other control regions. If the agreement between the simulation and the
data is good, it is then assumed that the modeling of the simulation is also sufficiently good
in the signal region. For the data-driven background estimation, the same principle is used
but the region has to be chosen such that the transfer from the low to the high b-tag region
is valid. The validation region (or mqq sideband) is used for this step. The VR exhibits the
same b-tag selection but can be unblinded since it will not be used for the signal extraction.
The result for this validation is shown in figure 5.9 for events with 7, 8 and ≥ 9 jets and
≥ 4 b-tags in the mqq sideband for each of the three data-taking periods. Figure 5.9 shows
the distribution of the final discriminant, which will be described in detail in section 5.6,
since ultimately, the agreement has to be good in the distributions used in the final fit
to data. The method is also validated for the distributions, that are used to derive the
discriminant. A selection of distributions with high impact on the final discriminant, is
given in figure 5.10. A good agreement between data, simulated backgrounds and the
QCD background estimation can be found in all relevant distributions.
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Figure 5.7.: Distribution of the ratio of jets with values greater or equal to the Medium b-
tag working point and jets with values between the Loose and Medium working
point as a function pT, η and ∆Rmin of jets in the region after the baseline se-
lection. The two jets with the highest b-tag value are excluded. The ratios are
shown as histograms before applying any correction (black) and after sequen-
tially applying the pT (blue), η (red), ∆Rmin (green) and the second η (cyan)
corrections. The fitted functions f(pT), g(η) and h(∆Rmin) are shown as red
line with uncertainty band in the pT, η and ∆Rmin distributions, respectively.
The distributions are shown in the 2018 datasets in tt̄ + Jets simulation (top)
and data (bottom).
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Figure 5.8.: Distribution of the ratio of jets with values greater or equal to the Medium b-
tag working point and jets with values between the Loose and Medium working
point in the pT-η plane before (left) and after (right) applying the nominal
correction. The distributions are shown in the 2018 datasets in tt̄ + Jets
simulation. Ideally, a uniform distribution is targeted.
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Figure 5.9.: Distribution of the final discriminant used in the fully-hadronic channel for
data, simulated backgrounds and the estimated QCD background in the VR.
The 7 jet category is shown on the left, the 8 jet category is shown in the middle
and the ≥ 9 jet category is shown on the right. The top row shows the 2016
dataset, the middle row the 2017 dataset and the bottom row shows the 2018
dataset. The uncertainty band in this plot shows the full uncertainty model,
excluding the UE and HDAMP uncertainties, with 50% rate uncertainty on
tt̄ + B and tt̄ + C, before the fit to data (prefit).
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Figure 5.10.: Distributions with high impact on the final discriminant in the 2018 dataset
in the validation region (VR) for each of the jet/tag categories. For events
with 7 jets and ≥ 4 b-tags (a) the MEM discriminant, ∆ηjets and H0 are
shown, for events with 8 jets and ≥ 4 b-tags (b) the MEM discriminant,
∆ηjets and mmax m

b,b are shown and for events with ≥ 9 jets and ≥ 4 b-tags (c)
the MEM discriminant, R2 and H0 are shown (see section 5.6.2 for definition
of these variables).
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106 5. Analysis Strategy in the fully hadronic channel

Table 5.4.: Sideband regions for the validation of the QCD multijet background estimation
method which are defined for each of the jet multiplicity categories. The values
in parenthesis for the mqq variable are used for event with ≥ 9 jets. DeepJetM,
DeepJetML and DeepJetL refer to the multiplicity of jets passing the Medium,
MediumLoose and Loose working-points of the DeepJet b-tagging algorithm,
respectively.

60(72) GeV < mqq < 100(90) GeV
30 GeV < mqq < 60(72) GeV

or
100(90) GeV < mqq < 250 GeV

DeepJetM = 3
DeepJetML = 3
DeepJetL ≥ 4

CRx ValCRx

DeepJetM = 3
DeepJetML ≥ 4
DeepJetL ≥ 4

SRx VRx

An additional validation, which has to goal of validating the step from the low to the
high b-tag region in the central mqq band, is performed. For this, the low b-tag region
(CR+ValCR) is split into four regions by defining an additional b-tagging working point
between Loose and Medium, that splits the low b-tag region in two equal parts.
The new b-tag working point is called MediumLoose with discriminator values of 0.112,
0.101 and 0.093 in the 2016, 2017 and 2018 data-taking periods, respectively. Events
passing the CR+ValCR selection and additionally exhibit three jets passing this new
working point define the low b-tag region for this validation. If the event exhibit four
or more jets passing this new working point they define the high b-tag region. The new
regions are denote as CRx and SRx (previously CR) and ValCRx and VRx (previously
ValCR). In order to properly test the method in this sideband, a special TFloose correction
has to be derived. It is used to correction jets passing the Loose but not the Mediumloose
working point to approximate jets passing the Mediumloose but not the Medium working
point. This correction is derived with the exact same procedure as used for the main
method. The only difference are the new low and high regions. The regions and the
selection criteria are also given in table 5.4.
Figure 5.11 shows the final discriminant in the sideband regions VRx and SRx, by the
example of the 2018 data-taking period. Similar agreement can be observed in the other
data-taking periods. The agreement between data, simulated backgrounds and the QCD
background estimation in VRx is comparable to VR, as seen by comparing to figure 5.9.
The agreement in the SRx is also good.

From these validations it can be concluded that the background estimation method, de-
scribed in the section, yields a good estimate of the QCD multijet background shape, that
can be used in the final fit.

5.6. Signal identification
Since the tt̄H(bb̄) process is very rare and to increase the statistical power of the overall
analysis, identifying the signal and separating it from the backgrounds plays an integral
role in the design of the analysis strategy. This section covers the dedicated neural-
network-based classifier used in the tt̄H(bb̄) fully-hadronic analysis. The architecture and
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Figure 5.11.: Distribution of the final discriminant used in the fully-hadronic channel for
data, simulated backgrounds and the estimated QCD background in the side-
band validation regions VRx (top) and SRx (bottom) for the 2018 data-
taking period in each of the jet/b-tag categories. The hashed error band
shows the statistical uncertainty only.

training process of the neural network are discussed in 5.6.1. The feature selection and
validation is described in section 5.6.2 and the performance of the neural-network classifier
is evaluated in section 5.6.3. This neural network classifier will be referred to as Artificial
Neural Network (ANN) or ANN classifier in the following.

This section builds on the foundations on neural networks established in section 3.2. The
checks and performance evaluations in section 5.6.3 represent the state after developing the
method and before unblinding. Hence, no data or multijet estimation in the SR is shown
in any of the figures. Since the method has be finalized and frozen before unblinding, this
plays no role in the description and development of the method.

5.6.1. ANN architecture and training

The ANN is implemented as a fully-connected feed-forward neural network with three hid-
den layers of 100 nodes each using KERAS [163] 2.2.4 with the TensorFlow [119] 1.13.11
backend. In the training, the binary cross-entropy is used as cost function and the ReLu
function is used as activation function for all nodes except the output node, where the sig-
moid function is used. In order to reduce overtraining and increase stability, weight decay
as well as dropout is used and the training is stopped early if the loss function stays at a
minimum for a number of epochs. The terms written in cursive are defined in section 3.2.

The ANN is trained to separate tt̄H(bb̄) and QCD multijet events. This means, that this
ANN is a so-called binary-classifier and has a single output node. For each event an output
value between zero and one is calculated. For signal events, the output node value should
be high, while it should be low for background events. All values between zero and one are
possible, depending how ”signal-like” an event is considered by the ANN. Combing these
values in a distribution, usually referred to as the node output or discriminator output,
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108 5. Analysis Strategy in the fully hadronic channel

yields a discriminant that can be used in the fit to data to extract the signal.13

During the development of the ANN for the fully-hadronic channel, a categorical approach,
where multiple output nodes per physics process are used in the training, was investigated.
For this case, an ANN was trained to separate between tt̄H(bb̄), tt̄ + Jets and QCD mul-
tijet events. This approach would have the advantage of adding separation power against
the tt̄ + Jets background to the classifier. In the binary approach, no significant separa-
tion power against tt̄ + Jet background is expected since these events lie between tt̄H(bb̄)
and QCD multijet events in the space of the input features 14. Using the categorical ap-
proach, an improvement, with respect to the binary approach, could be observed in the
ROC curves for the tt̄ + Jets background but no significant impact on Asimov fits (fits to
pseudo data) was found. Due to these findings, the binary approach was chosen for the
analysis since a better stability is expected and it is less constrained by statistics15.

The QCD multijet sample, that is used for the training of the ANN, is estimated from
data and not taken from simulation. For this, the region with 2 Medium b-tagged jets
and four or more Loose b-tagged jets is used. In the central mqq band, this region is
called training region (TR) and in the mqq-sidebands it is called validation training region
(ValTR). The TFloose correction, discussed in section 5.5.1, is applied since the ANN is
intended to separate tt̄H(bb̄) and QCD multijet in the SR. The TR can be used to model
the QCD multijet background in the SR with the same arguments presented in section 5.5
for the CR16. It was estimated that the TR exhibits a QCD multijet contribution of ≥
80% with tt̄ + LF as second largest contributions. The SR events from tt̄H(bb̄) simulation
are used as the signal sample during training. To not bias the fit, the tt̄H(bb̄) sample is
split into two equal parts, according to the CMS-internal event-number. One half is used
for training and the other half for modeling the signal in the fit.

Unlike in all previously described procedures and methods, the three data-taking periods
are not considered separately for the training of the ANN. Instead it is trained on a
combination of all data-taking periods in order to increase training statistics and improve
the stability of the classifier. The tt̄H(bb̄) samples are weighted according to their relative
contribution to the full dataset by luminosity. This approach was validated by comparing
the shapes of all input features between the datasets for the different data-taking periods
and for the signal and background samples. A selection of these comparisons is shown in
figure 5.12. Before training, the combined datasets are randomly shuffled in order to not
bias the training towards are certain data-taking period.

The signal and background dataset are split into three subsets: A ”training” set (60 %)
for the training of the ANN, a ”test” set (20 %) for immediate validation of the training
13 The common use-case (outside HEP) would be to define some working point, which is then used to

label the event as one of the two classes. This working point is usually calculated based on a trade off
between true-positive and false-positive rates. Since the node output distribution itself is very powerful
in the context of the fit to data, this approach is not chosen if the classifier is used to construct the final
discriminant.

14 Since tt̄ + LF is closer to QCD and tt̄ + B closer to tt̄H(bb̄) (in the space of the input features), the
separation power varies between the tt̄ + Jets subprocesses.

15 The usual way to exploit a categorical ANN (in particle physics) is to apply a softmax activation for the
output nodes and categorize events according the largest output node value. This results in multiple
categories, that are enriched in the different processes. In context of the fully-hadronic analysis, this
would have multiple drawbacks: While the statistical uncertainty is not dominant, it is still a significant
factor in the fit (especially in the category with ≥ 9 jets and signal-like bins of the distribution).
Therefore, splitting each category in multiple subcategory would lead to a reduced statistical power in
the individual categories. In addition (and more significantly) this would increase the impact of the
uncertainty on the QCD multijet estimation in the fit, since the freely floating normalization is not
correlated between the categories.

16 In previous iterations of this analysis [10,11], the events with 2 Medium b-tagged and ≥ 4 Loose b-tagged
jets were used as CR for the background estimation.
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Figure 5.12.: Comparison of input features between the data-taking periods in the sig-
nal sample (top) and the background sample (bottom). The variable R1
is shown for the (7 jets,≥ 4 b-tags) category (left), ∆ηjets is shown for
(8 jets,≥ 4 b-tags) category (middle) and the MEM discriminant is shown
for the (≥ 9 jets,≥ 4 b-tags) category (right). See section 5.6.2 for the defini-
tion of these variables. No significant shape dependency on the data-taking
period is present.

during the training process, and a ”validation” set (20 %) for evaluating the performance
of the trained ANN. The ”training” sets are weighted such that the signal and background
processes exhibit the same weight. This is done in order to avoid that the network learns
the relative frequency between signal and background in the training set.
Independent ANN classifiers are trained for each of the three SR categories. The input
features, which will be covered in section 5.6.2, and the hyperparameters, a term used
to describe the parameters of a neural network like number of hidden layers or the lost
function, are optimized per category. The final set of hyperparameters used in this analysis
are given in table 5.5. The training is done over a maximum 500 epochs and the ADAM [164]
minimizer is used to minimize the binary cross-entropy, which is used as the loss function.
The number of input features per category is determined by training the classifier and
removing variables that do not contribute significantly to the overall performance of the
network. Furthermore, features are removed if they do no pass a validation steps, that
will be described in the next section.

5.6.2. Input features

The choice of input features plays a singular role in the design of neural-network-based
classifier like it is used in the analysis17. In the case of the fully-hadronic tt̄H(bb̄) analysis,
the following validation steps are performed for all features that were considered:
17 The typical strategy for designing multivariate classifiers in high-energy physics is to use observables

with a strong separation power, also called ”hight-level” features in the context of multivariate classifiers.
With this approach, the multivariate classifier can exploit the present separation power and use the
correlation of the features to improve to overall separation power. When using techniques like BDTs for
complex problems like a physics analyses, this approach is preferred due to the limited encoding power
of the method. With resent developments in neural networks it can be a viable approach to instead use
very basic, or ”low-level”, features, like the object 4-vectors and rely on the network to encode how these
”low-level” features can be connected to useful ”high-level” features. The latter approach especially
excels with very complex architectures and large training statistics.
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110 5. Analysis Strategy in the fully hadronic channel

Table 5.5.: Hyperparamters of the ANN classifiers for the 7, 8 and ≥ 9 SR categories. If
only a single value is given it is common for all categories. The parameters and
their function are described in section 3.2

(7 jets,≥ 4 b-tags) (8 jets,≥ 4 b-tags) (≥ 9 jets,≥ 4 b-tags)

Optimizer ADAM(10−4)
Loss function Binary cross-entropy
Number of input variables 19 21 21
Hidden Layers 3
Nodes per Hidden Layer 100
Node Activation ReLu
Output Node activation Sigmoid
L2 regularisation 10−4 5 · 10−4 10−4

Dropout Percentage 0.5 0.6 0.5
early stopping min epochs 30 30 30
batchsize 5000 20000 5000

Since the QCD multijet dataset is taken from the TR with same jet multiplicity but
different b-tag properties than the tt̄H(bb̄) dataset (2 Medium tags and ≥ 4 Loose tags
vs. ≥ 4 Medium tags), it is important that there is as little correlation as possible between
the input features and the variables used for the region definition. Hence, as a first
validation step, the input features should exhibit similar shapes in TR/ValTR, CR/ValCR
and SR/VR 18. This mainly excluded features that directly depend on the b-tagging. These
features were initially considered because they are generally very powerful. One example
would be the average b-tag discriminator value of all jets. It is expected to be larger in
tt̄H(bb̄) than in most backgrounds. The differences between the regions mainly result from
the fact, that the jet with the fourth highest b-tag discriminator value always exhibits a
smaller value in the low b-tag region by definition. Generally, good agreement between
TR and SR shapes in central-mqq band and the sidebands is required for all features.
Figure 5.13 shows the agreement across the regions for the signal and background samples
for a selection of features. As a second validation step, the agreement between data and
the background expectation under the full uncertainty model, which will be discussed in
section 6.2, was considered via a χ2 criterion. All features with a small χ2/ndof were
excluded from the training19. Figures for all input variables, which are used in the final
ANN discriminator, are given in appendix C for all data-taking periods.

The following variables passed the discussed validation steps and are used for the training
of the ANN classifier in the fully-hadronic tt̄H(bb̄) analysis in at least on category:

MEM A likelihood based MEM discriminator is derived from the
MEM probability density ωi with i = S (tt̄H) and B (tt̄+bb̄),

18 The CR/ValCR are important since the ANN will be evaluated in these region when estimating the
QCD multijet background for the SR. In practice this is never a problem since this region is ”between”
the TR/ValTR and SR/VR and if a variable agrees between these two regions is also agrees in the
CR/ValCR.

19 No explicit value is given, since the agreement was either very good (p-value close to one) or very bad
(p-values < 0.1) in all cases.
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Figure 5.13.: Selection of input features for the ANN for the category with seven jets. This
figure shows examples for the initial validation step in the ANN feature se-
lection process, which aims to remove all variables that show different shapes
in the analysis regions (SR, TR etc.). The average b-tag discriminator value
(left), the minimum mass of b-jet pairs (middle) and the ∆ηjets (right) vari-
ables are shown. The top row shows TR and CR for the background process
estimated from data. The middle row shows ValTR, ValCR and VR for the
background process estimated from data. The bottom row shows TR, CR
and SR for the simulated tt̄H(bb̄) signal. The training will be carried out
with TR Data/QCD (top row, light orange distribution) and the SR tt̄H(bb̄)
(bottom row, darkest orange distribution). The average b-tagging value and
the minimum mass of b-jet pairs are discarded for the further analysis since
the shapes do not agree well between the regions.
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112 5. Analysis Strategy in the fully hadronic channel

as described in section 3.1. It is defined as

MEM = ωS(y)
ωS(y) + κ · ωB(y) (5.7)

with κ = 0.06520 and the per-event observables y.

∆ηjets The ∆ηjets variable is defined by taking the average ∆η be-
tween each jet and the jet furthest apart from it in η. This
variable is a measure of the spacial distribution of the jets in
an event and exhibits a strong discrimination power between
signal and QCD multijet.

Hi and Ri The Fox-Wolfram moments [165] Hi are used to describe the
energy distribution in the event in a series of rotationally
invariant functions using the jet momenta and energies.

Hi =
∑
i,j

|pi||pj |
E2

tot
Pl

(
cos(ϕ(pi,pj))

)
(5.8)

with the Legendre polynomials Pl and the angle ϕ(pi,pj)
between the jet momenta. The sum is evaluated over all jet
pairs. Ri is defined as Hi/H0. In this analysis i = 0,...,5 is
used.

Sphericity/Aplanarity The Sphericity S and Aplanarity A [166] are calculated from
the eigenvalues (λ1 > λ2 > λ3) of the energy-momentum
tensor of the jets:

S = 3/2(λ2 + λ3) (5.9)
A = 3/2λ1 (5.10)

Jet pT and η Various jet pT and η values where tested but ultimately only
the 7th highest jet pT in an event, and the η of the jet with
the highest as well as the pT and η of the jet with the second
highest b-tag discriminator value are used as input features.

Dijet observables Multiple dijet observables are used in the ANN discriminant.
Considering dijet pairs of all selected jets, the average, max-
imum and minimum ∆R (∆Ravg

j,j , ∆Rmax
j,j and ∆Rmin

j,j ) and
the mass of the dijet pair closest to 125 GeV mclosest to 125

j,j
are used. Furthermore, the mass of the b-jet pair with the
highest mass mmax m

b,b is used. Other similar variables were
considered but are not used in the ANN due to either failing
validation or not contributing much to the ANN performance.

Not all features are used in each of the three jet-multiplicity categories. Which features
are used in which category is listed in table 5.6.

For the training, the variables are transformed in order the make the distributions com-
patible with the activations functions used in the training of the ANN. From the full
20 The κ factor was optimized per category in previous iterations of this analysis [10, 11], in which the

MEM was used as final discriminant. In the context of this analysis and the usage as input feature for
the ANN, the choice of κ plays not significant role.
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Table 5.6.: ANN input features for the classifiers trained for the 7, 8 and ≥ 9 SR categories.
+ indicates a feature is used while − indicated as is not used in a certain
category. The Variables are defined in section 5.6.2.

Input variable (7 jets,≥ 4 b-tags) (8 jets,≥ 4 b-tags) (≥ 9 jets,≥ 4 b-tags)

MEM + + +

∆ηjets + + +

H0 + + +
H1 + + +
H2 + + +
H3 + + +
H4 + + +
H5 + + +
R1 + + +
R2 + + +
R3 + + +
R4 + + +

Aplanarity + + +
Sphericity + + +

η of 1st jet by b-tag + + +
η of 2nd jet by b-tag + + +
pT of 2nd jet by b-tag − + +
pT of 7th jet − − +

∆Ravg
j,j − + +

∆Rmax
j,j + + +

∆Rmin
j,j + + −

mclosest to 125
j,j + − −

mmax m
b,b − + +
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114 5. Analysis Strategy in the fully hadronic channel

distribution of an input variable i in the trainings dataset the mean µi and the standard
deviation σi is calculated. Each value xi is then transformed according to

x̂i = xi − µi

σi
. (5.11)

The µi and σi values, calculated during training, are saved and applied to the input features
when evaluating the ANN in the analysis.

5.6.3. Performance

The performance of the training is evaluated in a randomly selected subset (20 %), also
called the ”validation” dataset, of the full dataset used for training. The separation power
is evaluated in a first step by checking the ROC curves, which are shown in figure 5.14.
As a reference, the MEM discriminant is shown since it was used as the final discriminant
in the previous analyses of the fully-hadronic channel [11] and [10], while being used as
an input feature in this analysis. The separation power against QCD multijet cannot
be evaluated in the SR directly at development time since the analysis was still blinded.
Therefore, the ROC curves in the VR are shown. In both cases it can be seen that the
ANN exhibits an improved separation power compared to the MEM (larger AUC). The
ROC curves in the VR further show, that the training with data from the TR results in
good separation between the QCD multijet estimation from data and tt̄H(bb̄) simulation
in a region close to the region which will be used in the final fit to data.
Distributions of the node output value are shown in figure 5.15 for the ”training” and
”validation” datasets used during the training processes of the ANNs. Additionally the
distributions are shown in the VR for tt̄H(bb̄) and inclusive tt̄ + jets simulations as well
as QCD multijet estimated from data. These distributions clearly show, that the discrim-
ination power can be transferred between the different analysis regions. In addition, the
VR plots (red distributions in figure 5.15 in the bottom row) shows that no significant
discrimination power, as discussed previously, can be observed for tt̄ + jets events.
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Figure 5.14.: ROC curve for the trained model for the FH categories with 7 jets (top),
8 jets (middle) and ≥ 9 jets (bottom). The ROCs are shown for signal vs.
background in the "validation" dataset on the left as well as in the VR for
tt̄H(bb̄) vs. QCD Multijet estimated from data (green) and tt̄H(bb̄) vs.
inclusive tt̄ + jets simulation (red) on the right. As a comparison, ROCs for
the MEM (dashed lines), which was used as final discriminant in previous
analyses, is shown.
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(a) 7 jets
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(b) 8 jets
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(c) ≥ 9 jets

Figure 5.15.: Node outputs for signal and background in the "training" set (top) and the
"validation" set (middle) as well as Node output on the VR for tt̄H(bb̄), QCD
Multijet estimated from data and inclusive tt̄ + jets simulation (bottom) for
the FH categories with 7 jets (a), 8 jets (b) and ≥ 9 jets (c). The plots show
how the node output distributions looks for different processes.
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6. Statistical Model and systematic
uncertainties

6.1. Statistical model
For the measurement of the tt̄H signal strength parameter

µtt̄H = σtt̄H/σ
SM
tt̄H · B(H → bb̄)

BSM(H → bb̄)
,

with the measured cross section σtt̄H and branching fraction B(H → bb̄) and the standard
model predictions σSM

tt̄H and BSM(H → bb̄), the observed final discriminant distribution in
data is analyzed with the statistical model described in section 3.3.

A binned maximum likelihood fit, as described in section 3.3.3, is performed simultane-
ously in multiple categories. Various combinations are considered: The combinations
of all categories for a given channel, e.g. (7 jets,≥ 4 b-tags), (8 jets,≥ 4 b-tags) and
(≥ 9 jets,≥ 4 b-tags) in the case of the fully-hadronic channel, as well as the combina-
tion of all tt̄H(bb̄) decay channels are of primary interest in the context of this thesis. The
combined measurement is also referred to as the tt̄H(bb̄) Run-2 combination.

The expected distributions used in the fit, the so-called templates, are determined directly
from simulation for the minor and tt̄ + Jets backgrounds as well as the signal, or are
estimated from data, in the case of the multijet background as described in section 5.5.
All corrections, that are described in section 5.2, are included. If not otherwise indicated, a
single parameter of interest (POI) for the signal strength µtt̄H shared between all channels,
categories, and data-taking periods. For some additional fits, that are mainly used to set
the main result into context, multiple POI are considered. One example are combined fits
in all channels, in which µtt̄H is determined for each tt̄H(bb̄) decay channel separately.
Since the correlation of the nuisance parameters is still present in such fits, they enables
to estimate how much an individual channel profits form the combined fit in all channels.
The tHq and tHW processes are considered to be background processes and are kept
at the SM prediction. In the fit, statistical and systematic uncertainties are taken into
account in the from of nuisance parameters, that can morph or scale the expectation in
order to match the data template. Two distinct types of such uncertainties are considered:

Shape uncertainties effect the shape and rate of a process, are implemented as Gaus-
sian constrained (see equation (3.32)) nuisance parameters.
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118 6. Statistical Model and systematic uncertainties

Rate uncertainties only effect the rate of a process and are implemented as log-
normal constrained (see equation (3.33)) nuisance parameters.

Additionally freely-floating parameters, used to determine the normalization of a given
process, are introduced for the multijet background, the tt̄ + B and tt̄ + C background.
While tt̄ + B and tt̄ + C parameters are fully correlated between the data-taking periods,
categories and channels, the parameter for the multijet background is uncorrelated between
the categories and data-taking periods. The latter only effects the fully-hadronic channel.
All considered uncertainties are summarized in section 6.2.

Treatment of the tt̄ + B and tt̄ + C normalization in the fully-hadronic channel

When fitting the fully-hadronic channel on its own, the freely-floating parameters for the
tt̄+B and tt̄+C processes are replaced with a fixed 50 % rate uncertainty. This is done in
order to improve stability, since the fit cannot constrain these parameters well in addition
to the parameter for the dominant multijet background. Choosing this approach is solely
technically motivated. From a theoretical point of view, both approaches should be very
similar in the case of the fully-hadronic channel. In a combined fit with the leptonic
channels, which can constrain the tt̄ + B normalization very well, this is no issue.

Further details on the technical implementation of the freely-floating normalizations for
the tt̄+B and tt̄+C processes in the fully-hadronic channel are outlined in the following1:
The total background can be written as the sum of the individual processes

TBkg,Tot. = nMutlijet · TMultijet + ntt̄+B · Ttt̄+B + ntt̄+C · Ttt̄+C + Ttt̄+LF +
∑

TMinor (6.1)

with the templates T and the relevant normalization factors n of certain processes. Since
the multijet template is a composite of the data and simulated backgrounds in the CR, it
can be written as

TMultiejt = TData,CR − ntt̄+B · Ttt̄+B,CR − ntt̄+C · Ttt̄+C,CR −
∑

TMinor,CR. (6.2)

This means, that the multijet template TMultijet is dependent on the tt̄ + B and tt̄ + C
normalization factors.

If a fixed 50 % rate parameters are used for tt̄ + B and tt̄ + C, the corresponding normal-
ization factors n can be viewed as unity for the nominal case and 0.5 and 1.5 for the down
and up variations, respectively. In this case, the templates for the multijet background
can be precomputed2 and treated like any other process, since all uncertainties affecting
the rate and shape of the multijet background can be taken from individual templates.
In practice, this would mean, that the sum, given in equation (6.2), is evaluated for the
nominal case as well as all uncertainties and only the resulting templates are used in the
fit. In order to properly propagate the freely-floating normalization parameters, the mul-
tijet background template has to be calculated by the fit at runtime. This is necessary,
since the ntt̄+B and ntt̄+C parameters, which effect tt̄ + B and tt̄ + C in the SR and CR,
can be varied to any value by the fit. On a technical level, this is achieved by considering
1 Equations (6.1) and (6.2) should only be viewed as illustration how the normalization factors impact

the templates for the overall background and the multijet background. Equation (6.1) corresponds to b
in equation (3.30).

2 For a fit in Combine (see section 3.3), templates for all processes need to be provided as inputs. For each
process, the nominal template as well as templates for the up and down variation of each shape uncer-
tainty need to be provided. Rate uncertainties and freely-floating parameters are specified separately
and included by the program at runtime. While rate uncertainties can also be added as templates (by
scaling the nominal template up and down by a given rate uncertainty value and treating them like all
other shape uncertainties) to the input without effecting the result, this is not possible for freely-floating
parameters.
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6.2. Systematic uncertainties 119

all CR processes with the full set of uncertainties as separate processes. At fitting time,
the sum is implicitly implemented by adding a fixed scale factor of -1 to the simulated
background processes in the CR and applying the freely-floating multijet normalization to
all CR templates. Since the uncertainties of the multijet background are inverted relative
to the SR by construction, the total prefit uncertainties seem small in comparison to the
other channels. E.g. if a JES nuisance parameter scales the simulated background yields
up in the SR, it scales the multijet background down because of the subtraction.

Discriminant in the fully-hadronic channel

For the fully-hadronic channel, the output distribution of the ANNs, described in 5.6, are
used as final discriminant in the fit. The expected distributions before the fit (pre-fit) are
shown in figure 6.1. For these figure it can be seen, that the simulation and data-driven
background estimation models the data well. All residual difference are covered by the
uncertainties. Since the shape over the range of the ANN output is crucial for sensitivity
of the fit, the binning of the discriminant can be viewed as a parameter for optimization,
where a balance between sensitivity and stability has be found. Initially an equally spaced
binning was chosen with a bin width of 0.05 units. Studies using Asimov fits showed, that
this leads to unstable behavior. To improve stability of the fit, bins at the lower und upper
bound are merged until no empty bins remain. For the remaining inner bins3, adjacent
bins were merged. If the number of inner bins was is not even, the left-most inner bin was
merged with the first bin.

The final discriminants used in the leptonic channels will be covered in section 7.1.

6.2. Systematic uncertainties
Table 6.1 summarizes all uncertainties, that are used in the fit to data combining all
tt̄H(bb̄) channels, which will be discussed in section 7.2.1.2. Uncertainties that only apply
to the additional interpretation, discussed in 7.2.2, are not included in this table. In fits
to the individual decay channels certain uncertainties may be omitted. In addition to the
uncertainties on the simulation, described in section 4.3, further systematic uncertainties
from experimental sources play a role in the analysis and will be discussed in the following:

Uncertainty on the jet energy scale and resolution

Uncertainties for the jet energy scale (JES) and resolution (JER) [96], as introduced in
section 2.3.5, are considered.

For the JES, the systematic uncertainty is evaluated by shifting the scale applied to a
reconstructed jet up and down by one standard deviation. This can lead to jets leaving or
entering the acceptance4 and changes in jet-dependent distributions, e.g. dijet masses. To
account for this, after shifting the JES up or down for every jet, events are fully reanalyzed,
including the jet selection and calculation of kinematic distributions. In the final fit, this
uncertainty is considered a shape uncertainty to all processes.
The total uncertainty of the JES is comprised of multiple independent, and therefore fully
uncorrelated, sources due to detector, calibration and jet-flavor response effects, which
3 In this context ”inner bins” refers to all bins except for the left-most and right-most bins, which are the

result of the previous step.
4 In practice, the acceptance is only effected by jets at the lower pT-selection boundary of 30 GeV. By

applying the scale shift, jets below (above) the boundary can pass (fail) the selection, which leads to a
shift in the jet multiplicity and move the event to a different category or remove it from signal region.
Since the direction of the jet is not changed by the JES and JER, no directional acceptance effects are
considered.
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Figure 6.1.: pre-fit ANN discriminant in the fully-hadronic channel for the (7 jets,≥
4 b-tags) (left), (8 jets,≥ 4 b-tags) (middle) and (≥ 9 jets,≥ 4 b-tags) (right)
categories before the fit to data in the 2016 (top), 2017 (middle) and 2018
(bottom) data-taking periods. The filled distributions show the simulated
backgrounds and the multijet estimation. The tt̄H signal is superimposed as
line and scaled for visual purposes. The gray band corresponds to the full
post-fit uncertainty for the fit in the fully-hadronic tt̄H(bb̄) decay channel.
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6.2. Systematic uncertainties 121

Table 6.1.: Systematic uncertainties considered for the main combined analysis. Hence,
uncertainties that do not apply to the fully-hadronic channel are included in this
list. Additional systematics may be included for the additional interpretations
(e.g. STXS interpretation). “Type” refers to rate (R) or shape (S) uncertainties
and “Correlation” indicates whether the uncertainty is treated as correlated,
partially correlated, or uncorrelated across the three data-taking periods. The
rate uncertainties are implemented using log-normal distributed pdfs and shape
uncertainties using Gaussian distributed pdfs, as described in section 3.3.3.

Source Type Correlation Remarks
Renorm./fact. scales R correlated Scale uncertainty of (N)NLO prediction, in-

dependent for tt̄H, tHq, tHW, tt̄, t, V, VV
PDF+αs (gg) R correlated PDF uncertainty for gg initiated processes,

independent for tt̄H, tHq, tHW, and others
PDF+αs (qq) R correlated PDF uncertainty of qq initiated processes

(tt̄W,W,Z) except tHq

PDF+αs (qg) R correlated PDF uncertainty of qg initiated processes
(single t) except tHW

Collinear gluon splitting R correlated Additional 50% rate uncertainty on tt̄ + 2b
µR scale S correlated Renormalisation scale uncertainty of the ME

generator, independent for tt̄H, tHq, tHW,
tt̄ + B (4FS sample), other tt̄ (5FS sample)

µF scale S correlated Factorisation scale uncertainty of the ME
generator, independent for tt̄H, tHq, tHW,
tt̄ + B (4FS sample), other tt̄ (5FS sample)

PDF shape S correlated From NNPDF variations, independent for
tt̄ + B (4FS sample) and tt̄H/other tt̄ (5FS
sample)

PS scale ISR S correlated Initial state radiation uncertainty of the PS
(pythia), independent for tt̄H, tt̄ + B (4FS
sample), other tt̄ (5FS sample)

PS scale FSR S correlated Final state radiation uncertainty of the PS
(pythia), independent for tt̄H, tt̄ + B (4FS
sample), other tt̄ (5FS sample)

Integrated luminosity R partially Signal and all backgrounds
Lepton ID/Iso S uncorrelated Signal and all backgrounds
Trigger efficiency S uncorrelated Signal and all backgrounds
L1 prefiring correction S uncorrelated Signal and all backgrounds
Pileup S correlated Signal and all backgrounds
Jet energy scale (11 scheme) S partially Signal and all backgrounds
Jet energy resolution S uncorrelated Signal and all backgrounds
b tag HF/LF fraction S correlated Signal and all backgrounds
b tag HF/LF stat (linear) S uncorrelated Signal and all backgrounds
b tag HF/LF stat (quadratic) S uncorrelated Signal and all backgrounds
b tag charm (linear) S uncorrelated Signal and all backgrounds
b tag charm (quadratic) S uncorrelated Signal and all backgrounds
TFloose correction S uncorrelated QCD multijet estimate
N-jet correction S uncorrelated Only for Z + jets in the DL-CRZ

Size of the MC samples S uncorrelated Statistical uncertainty of signal and back-
ground prediction due to limited sample size
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122 6. Statistical Model and systematic uncertainties

in turn are split into multiple sources (see Ref. [96] for a detailed description). Since
the stability of the fit suffers from splitting the JES uncertainty into many sources, each
potentially with only small variations, similar sources may be merged. For this analysis a
scheme with 11 sources is considered. While being fully uncorrelated among each other,
some sources are correlated between the data-taking periods, if the underlying effect is
independent of the period.
An additional source of uncertainty is applied to cover the small effects of the HEM-
issue, as described in section 5.4, for the 2018 dataset. For jets with −1.57 < ϕ < −0.87
and −2.5 < η < −1.3, an energy variation of 20 % is applied and treated like all other
previously described sources.

The JER systematic uncertainty is evaluated by increasing and decreasing the difference
between the reconstructed-level and particle-level jet energy, as described in reference [96].
As for the JES sources, the events are fully reanalyzed after applying this shift for each
jet. The uncertainty is considered a shape uncertainty and is applied to all processes.

Uncertainty on the b-tagging

Three sources of systematic uncertainty are considered on both the heavy-flavor (HF) and
light-flavor (LF) scale factors: The jet energy scale and resolution, the purity of the HF
and LF contributions in the sample and the statistics of the sample. The purity describes
the contamination of LF jets in b-tagged jets and HF jets in non b-tagged jets. The
uncertainties on the sample refer to the samples used to derive the scale factors. The
following three sources of uncertainty are fully uncorrelated among each other.

JES and JER The b-tagging uncertainty associated with the JES and
JER uncertainties is evaluated at the same time as the
corresponding source is evaluated for the jets. In practice
this is done as follows: When constructing the distribu-
tions for a given JES source or the JER, instead of the
nominal b-tag scale factor, the scale factor derived with
the corresponding shift is used. Hence, no dedicated nui-
sance parameters are defined for these uncertainties but
instead they are absorbed in the nuisance parameters of
the JES and JER.

Purity (HF/LF factions) A separate nuisance parameters for light- and heavy-flavor
jets control the purity uncertainty. A shift of this param-
eter corresponds to a change of the HF (LF) scale factor
as caused by a higher or lower contamination by LF (HF)
jets. Since the purity is estimated using the same simu-
lated samples, the uncertainty is correlated between the
data-taking periods.

HF/LF statistics Four nuisance parameters, referred to as linear and quadratic
for HF and LF, are used to control the impact of the statis-
tical uncertainties associated with the size of the samples
used for the scale factor derivation. The linear parameter
controls the distortion of the overall tilt of the discrim-
inator distribution and the quadratic parameter controls
higher-order distortions observable in the upper and lower
ends of the distribution with respect to the center.

For charm-flavor jets, the uncertainties for the HF jets are used and doubled in size. The
b-tagging purity and statistics uncertainties have been decorrelated between the 2016 and
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2017+20185 data-taking periods, following tension observed in the semileptonic channel
during initial tests of the uncertainty model with data. This is also reasonable from an
experimental point of view, because the pixel detector changed significantly between the
2016 and 2017 data-taking periods, as described in section 2.2.2. Since the performance
of the b-tagging algorithms is strongly dependent on the experimental performance of the
pixel detector.
The b-tagging uncertainties are applied to all processes and are considered a shape uncer-
tainty.

Uncertainty on the multijet background estimation

By estimating the multijet background from data, many uncertainties that would be re-
lated to this background, if predicted using simulation, are avoided.
All uncertainties affecting the simulated backgrounds used to derive the multijet shape are
propagated to the prediction. This includes all theoretical and experimental uncertainties,
including the freely floating normalization of tt̄ + bb̄ and tt̄ + cc̄ processes. See section 6.1
for technical remarks how this is implemented. The statistical uncertainty of the multijet
distribution is taken from the data and the simulated backgrounds in the control region
and is treated as equivalent to the statistical uncertainty on the simulated samples.
The only dedicated uncertainty, targeting the multijet background estimation, is the un-
certainty on the TFloose correction, which is constructed using a second fit to the η dis-
tribution, as described in section 5.5.1. This uncertainty is applied to all processes in the
CR, including data, and is considered uncorrelated between the data-taking periods.

Uncertainties on the trigger efficiency

The impact of the trigger efficiency scale factors on the distributions is estimated by varying
the trigger scaled factors within their uncertainties. The procedure for the fully-hadronic
channel is described in section 5.1.2. The leptonic channels, for which an overview is
given in section 7.1, follow a similar procedure to measure the phase-space-specific trigger
efficiencies. The trigger efficiency uncertainties are considered a shape uncertainty and are
applied to all processes. Since they are specific to the trigger selection in a given channel
and data-taking period, the uncertainty is uncorrelated between the channels and periods.

Uncertainty on the luminosity

This uncertainty is considered a rate uncertainty and is applied to all processes. A partial
correlation scheme, that is only used in the fits combining multiple data-taking periods, is
established in order to take certain measurement- but not period-dependent effects into ac-
count. The sources and their correlation between the data-taking periods is specified blow:

2016 [%] 2017 [%] 2018 [%]
Uncorrelated 2016 2.2 – –
Uncorrelated 2017 – 2.0 –
Uncorrelated 2018 – – 1.5
X-Y factorization 0.9 0.8 2.0

Length scale 17-18 – 0.3 0.2
Beam-beam deflection 16-17 0.4 0.4 –

Dynamic beta 16-17 0.5 0.5 –
Beam current calibration 17-18 – 0.3 0.2

Ghosts and satellites 16-17 0.4 0.1 –

For the individual fits per data-taking period, rate uncertainties of 2.5 %, 2.3 % and 2.5 %
are used for the 2016, 2017 and 2018 data-taking periods, respectively.
5 The purity and statistics uncertainties are fully correlated for the 2017 and 2018 data-taking periods.
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124 6. Statistical Model and systematic uncertainties

Uncertainties on the lepton section

Uncertainties due to the lepton selection are considered. These uncertainties originate from
to data-simulation corrections for the tracking (electrons-only), reconstruction, ID, and
isolation efficiencies. The uncertainties are uncorrelated between the data-taking periods
and the lepton flavors (e and µ). These uncertainties are considered shape uncertainties
and are applied to all processes (in the leptonic channels).

Further uncertainties

The uncertainty on the pileup reweighting is evaluated by varying the total inelastic proton-
proton cross-section by ±4.6 % compared to the nominal values. This variation is propa-
gated to the final discriminant and is considered are shape uncertainty.The uncertainty is
considered fully correlated between the processes and the data-taking periods.
An uncertainties on the L1 ECAL prefiring correction, described in section 5.2.3, is consid-
ered by shifting all prefiring probabilities plus or minus their uncertainties and propagating
the variations to the final discriminant. It is considered a shape uncertainty and is fully
correlated between the processes but uncorrelated for the 2016 and 2017 data-taking pe-
riods.
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7. Results and Combination

This chapter presents the results of fully-hadronic channel as well as expectations for the
combination of all tt̄H(bb̄) channels in the CMS tt̄H(bb̄) Run-2 analysis. At the time of
writing this thesis, the final results for the combination in all channels have not yet been
published. Therefore only fits to collected data in the fully-hadronic channel are presented.
Due to the lack of a published result for the combination of all channels, the results are
obtained from a fit to the sum of the signal and background expectation (asimov dataset).
In the context of this thesis, it is mainly used to evaluate the impact and relationship of the
fully-hadronic and leptonic channels. Before discussing the results for the measurements of
the tt̄H(bb̄) cross section, which is also referred to as the inclusive measurement, the STXS
measurement, the tH(bb̄) measurement, and the coupling measurements in section 7.2, the
strategies in the leptonic analysis channels are summarized in section 7.1.

Large parts of this chapter present a group effort conducted by multiple research groups,
including the author of this thesis, within the CMS collaboration. In order to successfully
compile the combined result, a shared infrastructure was created and the workload of
running the fits and verifying the results has been shared. The individual analyses provide
the final templates, as described in section 6.1, for their respective channel. In the case of
the fully-hadronic channel this was the sole responsibility of the author of this thesis.
Additionally, the framework for the tH measurement and the coupling measurement was
provided by groups within the CMS collaboration. In this case, the primary contribution
of the author of this thesis was to provide the necessary inputs for the fully-hadronic
channel.
For the measurement in the STXS framework, the development of the additionally required
categorization, based on a Higgs-boson reconstruction, for the fully-hadronic channel was a
sole responsibility of the author of this thesis. The additional uncertainties and procedures
are provided by the CMS collaboration.

7.1. Strategies in the semileptonic and dileptonic channels
This sections summarizes the analysis strategies in the leptonic tt̄H(bb̄) channels. The
author of this thesis did not contribute (except for minor validation studies on topics
shared between all channels) to the analysis presented in the following section. This
summary serves the sole purpose of providing a context for the combined measurements
as they are presented in this chapter and are not intended as a complete description.
The general approach for the generation, reweighting, correction, and modeling of the
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126 7. Results and Combination

simulated samples is fully synchronized between the channels. Hence, the topics covered
in section 4.2 are valid in all cases. The lepton selection has been synchronized and ensures
no events are double counted between the channels.

7.1.1. The semileptonic channel

The semileptonic decay mode of tt̄H(bb̄) exhibits, compared to the other two decay modes,
the best balance of signal purity and statistical power and is therefore the channel driving
the overall sensitivity of the combined analysis.

A combination of various single muon and single electron HLT triggers is used. In the
2017 and 2018 data-taking periods additional triggers based on a single electron and HT
selection are used in the single electron region in addition to the pure single electron
triggers.

In the semileptonic channel, events are selected that contain

• exactly one leading lepton, as defined in section 5.3.1,
• four or more jets, as defined in section 5.3.2, of which three or more are required to be

b-tagged,
• and a minimum pmiss

T of 20 GeV.

The exact values for the selection are summarized in table B.4. The signal and the full
background expectation is modeled with simulated samples. The same set of simulated
samples, as introduced in section 4.2, is considered for the background model1.

The following details represent the state, which is used for the results presented in sec-
tion 7.2.1.2, at the time of writing this thesis but could change with respect to the published
result.
The events are split into two exclusive categories based on the number of jets and b-
tagged jets, with (≥ 4 jets, 3 b-tags) and (≥ 4 jets,≥ 4 b-tags). In each of these categories,
a categorical ANN is used to derive the discriminants for the fit. The ANN is trained
to separate events into seven categories: The three signal processes tt̄H, tHq and tHW
and the four dominant background processes tt̄ + b/bb̄, tt̄ + 2b, tt̄ + cc̄, and tt̄ + LF.
The tt̄ + 2b process is considered separately, in order to constrain the uncertainty related
to collinear gluon splitting. The ANN is implemented as fully-connected feed-forward
neutral-network and uses a softmax activation for the output nodes. High-level features,
similar to the ANN developed for the fully-hadronic channel, are used as inputs to the
ANN. The events are categorized based on the largest output node value into one of seven
categories corresponding to the seven processes used in the ANN. This leads to categories
that are enriched in the given processes, which improves how well uncertainties relevant
for this processes, like the tt̄ + bb̄ normalization in the tt̄ + bb̄-node, can be constrained.
The expected contribution of the main background processes and the signal is shown in
figure 7.1 for all categories used in the final fit to data. For events with (≥ 4 jets, 3 b-tags),
the ANN node output of a given node is used as discriminant for the fit. For events with
(≥ 4 jets,≥ 4 b-tags), the ANN node output of the tHq, tHW, tt̄ + 2b, tt̄ + cc̄ and tt̄ + LF
nodes are used as discriminant. The events with largest output values in the tt̄H and tt̄ +
b/bb̄ nodes, are combined into a so-called likelihood ratio discriminant, which is defined
1 For some minor background only the relevant decay modes are used in all the channels. One example is

the W + jets background. The fully-hadronic channel only considers simulated samples for the hadronic
decay modes while the leptonic channels only consider the leptonic ones. This is valid, since the expected
yield of these minor background is very small and including the samples with different decay modes to
the channel, will introduce large fluctuations to the background model. For tt̄ + jets all decay-mode
exclusive samples are used and combined in each channel.
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Figure 7.1.: Expected contribution of signal and main background processes in the semilep-
tonic channel before the fit to data in the SL (≥ 4 jets, 3 b-tags) (top) and
(≥ 4 jets,≥ 4 b-tags) (bottom) categories. The pie charts show the relative
contribution of the relevant processes in each distribution used in the fit. The
signal is scaled to the SM expectation, i.e. µtt̄H = µtH = 1.

as
po = o(tt̄H)

o(tt̄H) + o(tt̄ + b/bb̄) + o(tt̄ + 2b)
, (7.1)

where o(i) is the ANN output value in the node i. For some output nodes, the distributions
are merged into a single bin since the shape information is negligible to constrain the
relevant uncertainties. One example is the tt̄ + cc̄ node which has to main purpose of
constraining the tt̄ + C normalization parameter. In the (≥ 4 jets, 3 b-tags) category,
this is the case for the tt̄H, tt̄ + b/bb̄, tt̄ + 2b, tt̄ + cc̄, and tt̄ + LF nodes. For the
(≥ 4 jets,≥ 4 b-tags) category, the bins of the tt̄+2b, tt̄+cc̄, and tt̄+LF node distributions
are merged into a single bin. A total of 13 (7 in the (≥ 4 jets, 3 b-tags) category and 6
in the (≥ 4 jets, 3 b-tags) category) distributions, per data-taking period, are used in the
final fit for the semileptonic channel.

7.1.2. The dileptonic channel

The dileptonic channel of tt̄H(bb̄) exhibits a very high signal purity but is limited by the
low statistics compared to the other decay modes.

A combination of various two-lepton and one-lepton HLT triggers is used in all data-taking
periods. The one-lepton triggers are only used to increase the signal efficiency. While some

127



128 7. Results and Combination

DL (3 jets, 3 b tags)

= 0.72BS/B = 0.0086, S/

4 jets, 3 b tags)≥DL (

)b+bttH + ttRatio Obs. (
= 2.43BS/B = 0.0347, S/

4 jets, 3 b tags)≥DL (

nodec+ctt
= 0.69BS/B = 0.0125, S/

4 jets, 3 b tags)≥DL (

+lf nodett
= 0.43BS/B = 0.0071, S/

Work in progressCMS Pre-fit expectation(13 TeV)-1137.65 fb

H + tHtt

+lftt
c+ctt

b+btt

Other Bkg

Figure 7.2.: Expected contribution of signal and main background processes in the dilep-
tonic channel before the fit to data in the DL (3 jets, 3 b-tags) and (≥ 4 jets,≥
3 b-tags) categories. The pie charts show the relative contribution of the rele-
vant processes in each distribution used in the fit. The signal is scaled to the
SM expectation, i.e. µtt̄H = µtH = 1.

of these triggers are also used in the semileptonic channel, no events are double counted
do to the orthogonal event selections.

In the dileptonic channel, events are selected if they contain

• exactly two charged leptons with opposite sign (e+e−, µ±e∓, µ+µ−), which are required
to pass the leading and sub-leading lepton selection criteria described in section 5.3.1,

• two or more jets of which one is required to be b-tagged
• and a minimum pmiss

T of 40 GeV.

The invariant mass of the lepton pair mee/µµ is required to be > 20 GeV and, in same-
flavor events, it is further required to lay outside the Z-boson mass interval defined as
76 < mee/µµ < 106 GeV. The exact values for the selection are summarized in table B.4.
As in the semileptonic channel, the signal and the full background expectation is modeled
with simulated samples.

The following details represent the state, which is used for the results presented in sec-
tion 7.2.1.2, at the time of writing this thesis but could change with respect to the published
result.
The events are split into two exclusive categories based on the number of jets and b-tagged
jets, with (3 jets, 3 b-tags) and (≥ 4 jets,≥ 3 b-tags). Independent ANNs, implemented as
fully-connected feed-forward neural networks with three hidden layers, are trained for each
of these categories. In the category with (≥ 4 jets,≥ 3 b-tags), a categorical approach, with
output nodes for tt̄H(bb̄), tt̄ + bb̄, tt̄ + cc̄, and tt̄ + LF and a softmax activation is used
in order to exploit the high signal purity. Like in the semileptonic channel, the tt̄H(bb̄)
and tt̄ + bb̄ nodes are combined in a likelihood ratio similar to the one defined in equa-
tion (7.1). For the (3 jets, 3 b-tags) category, the ANN is implemented as binary classifier
and the output node distribution is used as the final discriminant.
This approach leads to a total of four distributions, per data-taking period, that are used
in the final fit for the dileptonic channel. The expected composition of signal and back-
ground processes in all categories is shown in figure 7.2. The distributions in the tt̄ + cc̄
and tt̄ + LF nodes of the (≥ 4 jets,≥ 3 b-tags) category are merged into a single bin.

7.2. Run-2 result for tt̄H(bb̄)
This section covers multiple measurements of the tt̄H(bb̄) process in the full Run-2 dataset,
corresponding to an integrated luminosity of 137.2 fb−1 collected by the CMS experiment.
In addition to the inclusive measurement, which is used to extract the overall tt̄H signal
strength µtt̄H and is covered in section 7.2.1, additional interpretations are considered:
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The simplified-template cross-section (STXS) measurement, which was mainly developed
to improve various collaboration-wide combinations; a tH measurement; a SM coupling
measurement; and a CP-mixing measurement.

7.2.1. The measurement of the tt̄H(bb̄) cross section in the fully-hadronic
channel and the combination of all channels

The main result for the analysis presented in this thesis is the measurement of the tt̄H(bb̄)
cross section, in form of the signal strength µtt̄H , in the fully-hadronic decay channel of
the tt̄H(bb̄) phase space. Since the analysis was designed with the measurement in the
inclusive phase space in mind, studying the impact of the fully-hadronic channel on the
inclusive measurement as well as the impact of the other channels on the fully-hadronic
channel, is a important part of the work presented in this thesis. As outlined previously,
the combined result in all tt̄H(bb̄) channels has not been published as of the time this
thesis is written. For the fully-hadronic channel, a preliminary result will be used in the
following to discuss the outcome of the analysis described over the last chapters of this
thesis. It is not expected that the result for fully-hadronic channel, when included in a
future publication by the CMS collaboration, will be qualitatively different. While results
for the fit to the collected Run-2 data in the fully-hadronic channel are included in this
thesis, the combined result will be only shown for a fit to the asimov dataset.

7.2.1.1. Discussion of the result in the fully hadronic channel

Binned maximum likelihood fits are performed simultaneously in the distributions of the
three fully-hadronic SR categories in order to measure the tt̄H(bb̄) cross section in the
fully-hadronic decay channel. Individual fits for the three data-taking periods as well as a
simultaneous fit of all data-taking periods are considered. For the full Run-2 fit, utilizing
an integrated luminosity of 137.2 fb−1 collected by the CMS experiment, 9 discriminant
distributions are considered. The uncertainty model described in chapter 6 is used. Fits in
the fully-hadronic categories only consider the uncertainties relevant for the fully-hadronic
channel and 50 % rate uncertainties are used for tt̄+B and tt̄+C normalization instead of
the freely-floating parameters used in the combined fit of all channels and the individual
fits of the semileptonic and dileptonic channel. After studying, optimizing and validating
the analysis on the asimov dataset, yieling the expected results, a step-wise unblinding
procedure2 has been performed to determine the observed results on the collected data.
Tables 7.1 and 7.2 list the expected and observed signal significance and best fit values
for the tt̄H signal strength in the fully hadronic channel for the 2016, 2017, 2018, and full
Run-2 dataset, respectively. It can be seen, that the observed signal strengths in the 2017,
2018 and full Run-2 dataset was determined to a negative value by the fit. While this is
unfortunate and does not make it possible to interpret this result in a physical sense, the
relative size of the uncertainties is still a meaningful parameter to study. In cases in which
the signal strength parameters are negative, no significances can be computed.

When studying these tables, one might expect initially that the results for the individual
data-taking periods improve with the size of the dataset, i.e. the fit in the 2016 dataset
would be worst and in 2018 dataset best, if the same methods and uncertainty models are
used. As shown in tables 7.1 and 7.2, this is not the case for the results in the fully-hadronic
channel. In fact, the fit in 2016 dataset on its own exhibits the best overall results in the
2 Depending on the working group inside the CMS collaboration different unblinding procedures are used.

In case of this analysis, the unblinding of the fit is performed in steps. In a first step the post-fit pulls
of the nuisance parameters are studied and goodness-of-fit tests are performed. In the second step, the
post-fit yields as well as the post-fit discriminant distributions are studies. In the final step, the full fit
result is studied.
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Table 7.1.: Expected best fit results for the signal strength and the signal significance for
the fit in fully-hadronic decay channel. The fit is carried out on the asimov
dataset, which is the sum of the signal and background expectations using
µttH = 1. Two different results are given for the fit to the full Run-2 dataset. In
addition the Run-2 fit only considering the fully-hadronic categories, a second
result is given (marked with ‡) for which all tt̄H(bb̄) decay channels are used
but individual signal strength per channels are used as POIs in the fit. The
latter shows how much the fully-hadronic channel profits from the combination
of all channels.

Significance µttH
Uncertainty

total stat sys

2016 0.86σ 1.0 +1.10
−1.15

+0.39
−0.38

+1.02
−1.08

2017 0.73σ 1.0 +1.27
−1.38

+0.46
−0.46

+1.19
−1.30

2018 0.82σ 1.0 +1.14
−1.22

+0.36
−0.36

+1.08
−1.17

Run-2 1.26σ 1.0 +0.78
−0.78

+0.23
−0.23

+0.74
−0.74

Run-2‡ 2.41σ 1.0 +0.44
−0.41

+0.23
−0.23

+0.37
−0.34

Table 7.2.: Best fit results for the signal strength and the signal significance for the fit in
fully-hadronic decay channel. The fits are carried out for the data-taking eras
individually and for the full Run-2 dataset.

Significance µttH
Uncertainty

total stat sys
2016 0.8σ +0.93 +1.17

−1.20
+0.38
−0.37

+1.10
−1.14

2017 – −1.40 +1.50
−1.62

+0.38
−0.38

+1.45
−1.57

2018 – −2.43 +1.37
−1.58

+0.29
−0.29

+1.33
−1.55

Full Run-2 – −1.28 +0.81
−0.88

+0.20
−0.20

+0.78
−0.85

signal strength and significance. The main reason for this is, that the different data-taking
periods cannot be compared that easily on this level. While it is true, that the 2016 data-
taking period provides the smallest dataset, with an integrated luminosity of 36.3 fb−1, it is
also exceptionally well understood from an experimental standpoint. The 2017 dataset on
the other hand already proved hard to analyze in the analysis presented in reference [11].
One reason are hardware-related issues in the tracker that have a strong impact on the
b-tagging, e.g. larger mis-tagging rates compared to the 2016 data-taking period. Because
the multijet background estimation strongly depends on the performance of the b-tagging,
this has an especially large impact on the fully-hadronic channel. At the time of the 2018
data-taking, these issues have been better understood and play a lesser role. Furthermore
the changes to the LHC machine parameters required a retuning of the triggers used in
the fully-hadronic channel, as discussed in section 5.1, and despite best efforts the signal
efficiencies of the triggers in the 2017 and 2018 data-taking periods could not reach what
was achieved in the 2016 data-taking period, cf. table A.1.

For the full Run-2 dataset, an expected significance of 1.26σ at a best fit signal strength
parameter of 1.0 ± 0.78 and an observed signal strength parameter of −1.28 ± 0.8 have
been determined in the fit to the asimov dataset and the collected dataset, respectively.
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Table 7.3.: Best fit signal strength µttH for the three signal region categories in a fit to the
2016 data-taking period.

Significance µttH
Uncertainty

total stat sys
(7 jets,≥ 4 b-tags) 0.6σ +2.09 +1.58

−1.67
+0.74
−0.73

+1.51
−1.50

(8 jets,≥ 4 b-tags) – −1.41 +2.15
−2.43

+0.58
−0.57

+2.07
−2.36

(≥ 9 jets,≥ 4 b-tags) 0.6σ +2.55 +1.74
−1.74

+0.68
−0.68

+1.60
−1.60

All channels 0.8σ +0.93 +1.17
−1.20

+0.38
−0.37

+1.10
−1.14

The fit results in the 2016 and 2017 dataset can be compared to previous publications by
the CMS collaborations. For the 2016 dataset, this analysis determines an observed best-
fit signal strength parameter of 0.93+1.17

−1.20. Comparing this the previous result of of 0.93+1.5
−1.5

published in reference [10], if can be seen that the goal of overall improving the systematic
description has been achieved. Since the 2016 dataset is exceptionally well understood,
this is a good indicator that the same is in principle true for the full Run-2 dataset. For
the 2017 dataset, this analysis determines an observed best-fit signal strength parameter
of −1.4+1.50

−1.62 and an expected significance of 0.73σ. This is very similar to the results
published in reference [11], which determined an observed signal strengths of −1.69+1.43

−1.47
and an expected significance of 0.7σ.

In addition to the result for the full Run-2 dataset only considering the fully-hadronic
SR categories, a measurement of signal strength in the fully-hadronic channel is shown
in which all tt̄H(bb̄) decay channels are considered, but multiple parameters of interest
(POIs) for µtt̄H in each decay channel are considered. This result in only shown for fit
to the asimov dataset, since the combination with all channels has not been published
at the time of writing this thesis. Fitting the full combination with multiple POIs per
channels makes it possible to gauge how much an individual channels is profiting from the
combination because of correlations between the channels. Due to the stronger constraints
on the tt̄ + jets related uncertainties in the leptonic channels and the large freedom of the
multijet background, the fully-hadronic channel is expected to profit from the combination
significantly. This can be seen by comparing the two Run-2 results listed in table 7.1.
When considering all channels, the expected significance almost doubles to 2.41σ and the
expected systematic uncertainty on the signal strength is reduced by ∼ 40 percentage
points.

Tables 7.3, 7.4, 7.5, and 7.6 list the observed best-fit signal strength parameters per SR
category for the 2016, 2017, 2018, and full Run-2 dataset, respectively. No clear order
in sensitivity of the different channels can be derived form these numbers but it can be
observed, that the sensitivity is rather similar over all studied datasets.

Figure 7.3 shows a graphical representation of tables 7.6 and 7.2 and can be viewed as
final summary of the results obtained from the analysis presented in this thesis.

Postfit distributions of the ANNs in the fully-hadronic channel are given in figure 7.4. By
comparing the post-fit shape of the signal+background model to the data, an under fluctu-
ation can be observed in some of the signal rich bins on the right side of the distributions.
This could explain the negative signal strengths parameters determined by the fit.

For the fit to the full Run-2 dataset in the fully-hadronic channel, a total 186 nuisance
parameters are considered. The impacts of the 30 nuisance parameters ranked highest in
impact in the fit to the asimov dataset are shown in figure 7.5. Because the sum of signal
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Table 7.4.: Best fit fit signal strength µttH for the three signal region categories in a fit to
the 2017 data-taking period.

Significance µttH
Uncertainty

total stat sys
(7 jets,≥ 4 b-tags) – −1.85 +2.41

−2.88
+0.76
−0.75

+2.29
−2.78

(8 jets,≥ 4 b-tags) 0.5σ +0.42 +2.34
−2.45

+0.65
−0.64

+2.24
−2.36

(≥ 9 jets,≥ 4 b-tags) – −0.82 +2.66
−2.68

+0.69
−0.68

+2.56
−2.59

All channels – −1.40 +1.50
−1.62

+0.38
−0.38

+1.45
−1.57

Table 7.5.: Best fit fit signal strength µttH for the three signal region categories in a fit to
the 2018 data-taking period.

Significance µttH
Uncertainty

total stat sys
(7 jets,≥ 4 b-tags) – −1.01 +1.78

−2.08
+0.62
−0.61

+1.98
−1.66

(8 jets,≥ 4 b-tags) – −2.86 +2.06
−2.28

+0.50
−0.50

+1.99
−2.22

(≥ 9 jets,≥ 4 b-tags) – −0.20 +1.99
−2.10

+0.58
−0.57

+1.90
−2.02

All channels – −2.43 +1.37
−1.58

+0.29
−0.29

+1.33
−1.55

and background is used as proxy for the data, the pulls of the nuisance parameters are
equal to zero and the freely floating rate parameters exhibit a value of one. The parameter
with the largest impact is the 50 % rate uncertainty on the tt̄ + B background. This is
reasonable, since the fully-hadronic channel cannot control this parameter well because of
the dominant multijet background and missing control regions. Since the leptonic channels
can control this parameter particularly well, this also explains the large improvement
observed in the fully-hadronic channel in the fit with multiples POIs. The parameters on
positions two to eight, ten, and eleven are the nine freely-floating normalization parameters
for the multijet background in each SR category and data-taking period. Together with
the uncertainties on the TFloose correction, on position twelve and seventeen for the 2018
and 2017 data-taking period, respectively, eleven of the 30 highest ranking parameters
are related to the multijet background estimation. Since the multijet background is the
dominant background in the fully-hadronic channel and has a lot of freedom in the fit
due to the method used to determine the estimation, this behavior is expected. The
remaining parameters among the 30 highest ranked by their impact represent various
uncertainties which are expected to influence the measurements like the uncertainty on
the renormalization scale µR in the tt̄ + B process (rank 9), multiple uncertainties on the
b-tagging (ranks 13, 15, and 22), the 50 % rate uncertainty on the tt̄+C background (rank
14), and the statistical uncertainties on the signal-rich bins (ranks 16, 18-20, 24,25, and
30). The highest ranked uncertainty due to the theoretical description of the process is
the parameter that describes the uncertainty on the used tt̄H cross-section prediction due
to the renormalization and factorization scales on rank 23. A high impact is reasonable
since it directly affects the scale of the signal process.

The impacts of the 30 nuisance parameters ranked highest in impact after unblinding the
analysis are shown in figure 7.6. Overall the same or similar nuisance parameters are ranked
high in the fit to the collected data. The normalization parameters for the multijet and tt̄+
bb̄ backgrounds also show the largest impacts. While all multijet parameters are reduced
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Table 7.6.: Best fit fit signal strength µttH for the three signal region categories in a fit to
the full Run-2 data-taking period.

Significance µttH
Uncertainty

total stat sys
(7 jets,≥ 4 b-tags) – −0.43 +1.46

−1.60
+0.40
−0.40

+1.44
−1.55

(8 jets,≥ 4 b-tags) – −1.99 +1.33
−1.43

+0.33
−0.33

+1.28
−1.39

(≥ 9 jets,≥ 4 b-tags) 0.8σ +0.32 +1.31
−1.29

+0.38
−0.38

+1.25
−1.23

All channels – -1.28 +0.81
−0.88

+0.20
−0.20

+0.78
−0.85
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Figure 7.3.: Best fit values on the signal strength µtt̄H in the fully-hadronic channel ob-
tained from the fit to the Run-2 dataset per signal region category (a) and per
data-taking era (b). For each measurement, the total uncertainty is shown
(outer error bar) and split into statistical (inner error bars) and systematic
components.

compared the expected value, the tt̄ + bb̄ normalization is pulled up by 1σ. Since these
parameters provide significant flexibility to the fit and can only change opposite to each
other by construction, this is an expected behavior. With more parameters corresponding
to the statistical uncertainties on the signal-rich bins, the importance of this type of
uncertainty is increased relative to the expected result. Because minor difference from
the expectation can be observed in the corresponding bins in the final discriminants in
figure 6.1 this behavior is reasonable. Considering these observations it can be stated that
the background and uncertainty model describes the data well.

The pre- and post-fit yields are given in tables 7.7, 7.8, and 7.9 for the 2016, 2017, and 2018
data-taking period, respectively. The values are obtained from the fit in the fully-hadronic
channel.

7.2.1.2. Discussion of the combined result in all top-quark decay channels

For the final Run-2 results of the tt̄H(bb̄) cross-section measurement, a binned maximum
likelihood fit is performed simultaneously in all three tt̄H(bb̄) decay channels and three
data-taking periods. A total of 60 discriminant distributions are considered in this fit.
Performing the fit with a single POI, which is the total tt̄H(bb̄) signal strength µtt̄H ,
represents the main results of the analysis and publication. Table 7.10 lists the expected
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Figure 7.4.: post-fit ANN discriminant in the fully-hadronic channel for the (7 jets,≥
4 b-tags) (left), (8 jets,≥ 4 b-tags) (middle) and (≥ 9 jets,≥ 4 b-tags) (right)
categories after the fit to data in the 2016 (top), 2017 (middle) and 2018
(bottom) data-taking periods. The filled distributions show the simulated
backgrounds and the multijet estimation. The gray band corresponds to the
full post-fit uncertainty for the fit in the fully-hadronic tt̄H(bb̄) decay channel.
The corresponding pre-fit discriminants are shown in figure 6.1.
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Figure 7.5.: Blinded/Expected pull of the constrained (text in black) and
unconstrained/freely-flaoting (text in grey) nuisance parameters included in
the fit to all three data-taking periods in the fully-hadronic channel as well
as their impact on the signal strength µ, ordered by their impact. Only
the 30 nuisance parameters with the largest impact are shown. Since these
impacts are extracted from the asimov dataset, the pulls of the nuisance
parameters (black markers) are equal to zero. The impact ∆µ is computed
as the difference of the nominal best fit value of µ and the best fit value
obtained when fixing the nuisance parameter under scrutiny to its best fit
value θ̂ plus/minus its post-fit uncertainty (colored areas).
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Figure 7.6.: Unblinded pull of the constrained (text in black) and unconstrained/freely-
flaoting (text in grey) nuisance parameters included in the fit to all three
data-taking periods in the fully-hadronic channel as well as their impact on the
signal strength µ, ordered by their impact. Only the 30 nuisance parameters
with the largest impact are shown. The pulls of the nuisance parameters (black
markers) are computed relative to their pre-fit values θ0 and uncertainties ∆θ.
The impact ∆µ is computed as the difference of the nominal best fit value of
µ and the best fit value obtained when fixing the nuisance parameter under
scrutiny to its best fit value θ̂ plus/minus its post-fit uncertainty (colored
areas).
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Table 7.7.: Pre- and postfit yields in the three categories of the fully-hadronic channel in
the 2016 data-taking period. The values are obtained from the fit in the fully-
hadronic channel.

pre-fit (post-fit) yields

Process 7j ≥ 4t 8j ≥ 4t ≥ 9j ≥ 4t

tt̄ + LF 751 (833) 823 (914) 557 (622)

tt̄ + C 509 (758) 734 (1075) 669 (991)

tt̄ + B 1625 (2743) 2410 (3877) 2720 (4213)

Single-top 122 (147) 130 (154) 92 (110)

tt̄V 36 (40) 52 (56) 52 (57)

tH 0.4 (0.4) 0.4 (0.4) 0.2 (0.2)

Multijet Bkg 12225 (10975) 12707 (11098) 8396 (6826)

Total bkg. 15337 (15569) 16921 (17244) 12568 (12911)

± tot unc. ±350 (±179) ±566 (±221) ±795 (±241)

tt̄H 103 (0.0) 141 (0.0) 137 (0.0)

± tot unc. ±17 (±13.8) ±24 (±19.1) ±25 (±20.8)

Data 15441 17063 12720

significance and best fit values for the tt̄H signal strength in the combined fit in all tt̄H(bb̄)
channels for the 2016, 2017, 2018, and full Run-2 dataset. The table shows that the per-
formance of the combined fit in the years 2016 and 2017 is very similar with 2.49σ and
2.50σ, respectively. Even though the 2017 dataset contains ∼ 13 % more data than the
2016 dataset, the contribution of the statistical uncertainty to the best fit value of µtt̄H
is the same. As already discussed in the previous paragraph on the fit results in the
fully-hadronic channel, this most likely results from changes to the machine parameters
affecting the selection efficiencies of triggers, reconstruction procedures, and identification
algorithms. The result for the 2018 dataset reaches an expected significance of 2.92σ and
the combination of all dataset an expected significance of 4.46σ and best fit value of µtt̄H of
1+0.26

−0.23. Excluding the fully-hadronic channel from the calculation, yields an expected sig-
nal significance of 4.06σ. Hence, an improvement of roughly 10 % can be attributed to the
addition of the fully-hadronic channel to the measurement. Previously published results
for measurements of the tt̄H(bb̄) cross section yield an observed (expected) significance of
3.9σ (3.5σ) and a best fit value for µtt̄H of 1.15+0.32

−0.29 in case of the CMS experiment [11],
using 35.9 fb−1 + 41.5 fb−1 of collision data, and an observed (expected) significance of
1.3σ (3.0σ) and best fit value for µtt̄H of 0.43+0.36

−0.32 in case of the ATLAS experiment [134],
using 139 fb−1 of collision data. The expected results indicate that the analysis presented
in this thesis is likely to set a new benchmark for the measurement of µtt̄H in the tt̄H(bb̄)
process.
Figure 7.7 shows the expected best fit values for µtt̄H on the full Run-2 dataset for the
individual channels and the combination. It is clearly visible that the sensitivity of the
overall result is driven by the semileptonic decay channel of tt̄H(bb̄). The dileptonic chan-
nel is the second most sensitive channel but suffers from the higher statistical uncertainty
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Table 7.8.: Pre- and postfit yields in the three categories of the fully-hadronic channel in
the 2017 data-taking period. The values are obtained from the fit in the fully-
hadronic channel.

pre-fit (post-fit) yields

Process 7j ≥ 4t 8j ≥ 4t ≥ 9j ≥ 4t

tt̄ + LF 878 (1113) 1053 (1395) 751 (1007)

tt̄ + C 634 (1059) 936 (1597) 878 (1537)

tt̄ + B 1769 (3313) 2670 (4811) 3057 (5281)

Single-top 143 (189) 152 (202) 118 (154)

tt̄V 40 (48) 55 (65) 46 (56)

tH 0.4 (0.5) 0.4 (0.5) 0.3 (0.3)

Multijet Bkg 17462 (15422) 19328 (16438) 14251 (11407)

Total bkg. 21112 (21368) 24378 (24733) 19188 (19547)

± tot unc. ±425 (±242) ±746 (±363) ±982 (±342)

tt̄H 109 (0.0) 152 (0.0) 149 (0.0)

± tot unc. ±18 (±16.7) ±27 (±23.5) ±28 (±21.6)

Data 21221 24529 19334

due to small dileptonic branching fraction. The fully-hadronic channel is least sensitive
because of the large systematic uncertainties associated with the multijet background.

In total 559 nuisance parameters are considered in the fit to the full Run-2 dataset. On
a technical level, this makes this a very difficult fit to perform and many validation and
testing steps have been considered in order to ensure stable and trustworthy results. The
impacts of the 30 nuisance parameters ranked highest in impact are shown in figure 7.8.
The parameters that describes the uncertainty on the used tt̄H cross-section prediction
due to the renormalization and factorization scales and the PDF choice are placed on rank
1 and 13. Due to the much larger sensitivity of the combined fit, it is reasonable that
these parameter play a more important role in this fit compared to the fit in the fully-
hadronic channel. The second largest impact is associated with the tt̄ + B normalization
parameter, which is freely-floating in this fit unlike the fit in the fully-hadronic channel.
Since the tt̄ + B process is the most important background in the leptonic channels, which
drive the sensitivity and also consider dedicated tt̄ + B-enriched regions in the fit, a large
impact is expected. Similar arguments apply to the parameter describing the tt̄ + C
normalization, which is placed on rank 22. Even though the fully-hadronic channel does
provide the least sensitivity, the multijet normalization parameters still exhibit a rather
larger impact in the combined fit in all channels. Studies showed that this results from
a large correlation between the multijet normalization and the luminosity uncertainties,
which also exhibits a high impacts on rank 21. The remaining uncertainties with large
impacts in the combined fits describe effects that are expected to rank high in the impact
ranking. Some important parameters, e.g. for ISR, FSR, µR, µF , and b-tagging, that are
ranked high in the combined fit are also ranked rather high in the fit in the fully-hadronic
channel. Other parameters in the thirty highest ranking parameters have no particular
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Table 7.9.: Pre- and postfit yields in the three categories of the fully-hadronic channel in
the 2018 data-taking period. The values are obtained from the fit in the fully-
hadronic channel.

pre-fit (post-fit) yields

Process 7j ≥ 4t 8j ≥ 4t ≥ 9j ≥ 4t

tt̄ + LF 1541 (1766) 1881 (2178) 1308 (1552)

tt̄ + C 1045 (1601) 1549 (2335) 1440 (2202)

tt̄ + B 2881 (5012) 4326 (7214) 4920 (7858)

Single-top 232 (272) 272 (322) 190 (227)

tt̄V 63 (72) 89 (101) 67 (77)

tH 0.7 (0.8) 0.7 (0.8) 0.4 (0.5)

Multijet Bkg 27140 (24584) 28944 (25478) 20819 (17370)

Total bkg. 33238 (33686) 37342 (37949) 28899 (29465)

± tot unc. ±711 (±328) ±1243 (±455) ±1608 (±429)

tt̄H 174 (0.0) 244 (0.0) 238 (0.0)

± tot unc. ±29 (±20.2) ±42 (±28.1) ±45 (±39.8)

Data 33408 37587 29139

Table 7.10.: Expected best fit results for the signal strength and the signal significance for
the simultaneous fit in all tt̄H(bb̄) decay channels. The fit is carried out on the
asimov dataset, which is the sum of the signal and background expectations
using µttH = 1.

Significance µttH
Uncertainty

total stat sys

2016 2.49σ 1.0 +0.42
−0.39

+0.29
−0.28

+0.31
−0.27

2017 2.50σ 1.0 +0.44
−0.40

+0.29
−0.28

+0.33
−0.29

2018 2.92σ 1.0 +0.38
−0.35

+0.24
−0.24

+0.30
−0.25

Run-2 4.46σ 1.0 +0.26
−0.23

+0.15
−0.15

+0.22
−0.18
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Figure 7.7.: Blinded/Expected best fit values on the signal strength µtt̄H obtained from
the fit to the Run-2 asimov dataset per channel and in the combination of all
channels. Furthermore, the total uncertainty is shown (outer error bar) and
split into statistical (inner error bars) and systematic components.

importance in the fully-hadronic channel but are important in the more sensitive leptonic
channels. Examples are the uncertainty on the modeling of collinear gluon splitting in
tt̄ + B on rank 5, uncertainties related to the jet energy scale and resolution on ranks
27 and 29, and the uncertainties on the ME-PS matching (hdamp) and underlying event
on ranks 18, 24, and 28. Overall, the highly ranked uncertainties and their constraints
follow expected patterns and are similar to previous analyses like the CMS measurement
published in reference [11].

From the asimov dataset, a relative uncertainty of 20 % is expected. In the most recent
results published in reference [11] by the CMS experiment, which considers the same
channels analyzed with similar strategies, the relative uncertainty on the observed signal
strength was ∼ 28 %. This indicates that the goal of improving the systematic description
of the background model has been met, especially since the relative statistical uncertainty
was two percentage points lower with 13 %. The expected significance of 4.46σ falls short
of the 5σ threshold, that is generally considered the required level of confidence to claim
the observation of a process and has not been reach yet for the tt̄H(bb̄) process. In the
most recent results published in reference [11] by the CMS experiment, a significance of
3.5σ was expected (with an observation of 3.9σ). Hence, the additional data and revised
analysis strategies contributed significantly to improve the results. Once the analysis is
unblinded, the results of the measurement of the signal strength can be discussed and
compared to previous results in more detail.

7.2.2. Additional interpretations

Multiple other measurements, which reinterpret the data and analysis methods used for
the previously discussed inclusive measurement, have been pursued. The fully-hadronic
channel is included in all thesis interpretations but especially for the tH and coupling
measurements sensitivity is expected to be rather limited if it is considered on its own.
Since the final result has not been published at the time of writing this thesis and because
the fully-hadronic channel alone only does not provide much sensitivity, no results from
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Figure 7.8.: Blinded/Expected pull of the constrained (text in black) and
unconstrained/freely-flaoting (text in grey) nuisance parameters included in
the fit to all three data-taking periods in the combination of all channels as
well as their impact on the signal strength µ, ordered by their impact. Only
the 30 nuisance parameters with the largest impact are shown. Since these
impacts are extracted from the asimov dataset, the pulls of the nuisance
parameters (black markers) are equal to zero. The impact ∆µ is computed
as the difference of the nominal best fit value of µ and the best fit value
obtained when fixing the nuisance parameter under scrutiny to its best fit
value θ̂ plus/minus its post-fit uncertainty (colored areas).
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fits to recorded data are shown in this thesis. Only the strategy and approach for the
fully-hadronic channel will be presented and discussed in the following.

7.2.2.1. Measurement Simplified templates cross-section framework

A measurement using the Simplified Template Cross Section (STXS) framework [167,168]
was added to the Run-2 tt̄H(bb̄) analysis. The main goal of the STXS framework is to
maximize the sensitivity of the measurements while minimizing the theory dependency. It
is mainly aimed towards combined measurements of different Higgs-boson production and
decay modes. This is also the reason it was implemented for this analysis. Categorization
schemes have been developed for different Higgs-boson production-modes. In the scheme
used for the tt̄H measurements, the phase space is split into categories, also referred to as
”STXS bins”, based on a reconstructed Higgs-boson pT with the boundaries at 60, 120, 200,
and 300 GeV. In practice this means, that each considered SR category is split into five
categories, in which signal templates for each reconstructed Higgs-boson pT range are fit
simultaneously. Additional uncertainties for the acceptance and migration are considered
and will be described below.
In order to define the five STXS bins, a Higgs Boson has to be reconstructed. Different
approaches are chosen in each of the tt̄H(bb̄) analysis channels. Since this thesis focuses
on the fully-hadronic channel, the approach used in this channel will be discussed in detail,
while the approaches in the other channels will only be summarized briefly.

Higgs-boson reconstruction in the fully-hadronic channel

For the fully-hadronic channel, a χ2 reconstruction is used to reconstruct the Higgs Boson.
A gaussian function

g(x;A,µ, σ) = A · exp((x− µ)2

σ2 ) (7.2)

is fitted to the Higgs-boson dijet mass in tt̄H(bb̄) simulation. Only events in which a
jet could be matched to each of the two bottom quarks originating from the Higgs boson
are used. The distributions of this dijet mass for each of the data-taking periods and
the weighted sum of all years are shown in figure 7.9a. Small differences between the
distributions can be observed. Therefore, the gaussian function is fitted for each data-
taking period individually. The result of this fit in the 2016 data-taking period is shown
in Figure 7.9b. The relevant parameter values for each data-taking period are given in
table 7.11.
In the analysis, the µ and σ values are used to reconstruct the Higgs boson, by finding
the dijet pair minimizing the exponent value in equation 7.2. Only the four jets with the
highest b-tagging discriminator value are used for this calculation. Figure 7.9c shows the
correlation between the reconstructed and generated Higgs-boson pT for events, in which
a jet could be matched to each generator-level bottom quark originating from the Higgs
boson, in the fully-hadronic baseline region. It can be observed, that the majority of events
are reconstructed very well. The pT of the dijet pair, which has been reconstructed with
the method, is used for the STXS categorization.

Higgs boson reconstruction in the leptonic channels

The semileptonic and dileptonic channels categorize the events based on a categorical
ANNs, that are trained on signal tt̄H(bb̄) events with categories targeting the five Higgs
boson pT bins. These ANNs will be denoted as STXS-ANNs in the following.

For the semileptonic channel, the STXS-ANNs, which exhibit a similar architecture as the
ANN in the inclusive analysis, are trained with high-level features separately in the two
jet and b-tag multiplicity categories (≥ 4 jets, 3 b-tags) and (≥ 4 jets,≥ 4 b-tags) on events
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Figure 7.9.: Various distributions used for the χ2 reconstruction of the Higgs boson in the
STXS measurement in the fully-hadronic channel. (a) shows the mass of the
generated Higgs boson in all three data-taking periods and the weighted sum
for all samples. (b) shows the gaussian fit, that is used to derived the values
for the χ2 reconstruction, to the Higgs-boson mass distribution in the 2016
dataset. (c) shows the χ2-reconstructed Higgs boson mass and the generated
Higgs-boson pT for the events in the fully-hadronic baseline region of the 2016
dataset. All plots show simulated tt̄H(bb̄) events.

Table 7.11.: Relevant values for the χ2 reconstruction of the Higgs boson used in the fully-
hadronic channel obtained from the fit of the gaussian distribution, given in
equation (7.2), to the Higgs-boson dijet mass in tt̄H(bb̄) events in all three
data-taking periods.

µ [GeV] σ [GeV]

2016 118.11 17.90
2017 117.02 18.45
2018 116.88 18.41

with highest output in the tt̄H-node. This means, that the tt̄H node is further split into
the five Higgs boson pT bins while the other nodes are kept as in the inclusive analysis.

For the dileptonic channel, only events in the (≥ 4 jets,≥ 3 b-tags) category are used for
the STXS measurement. The events in the tt̄H(bb̄) node are split into the STXS bins.
Events in the other output nodes (tt̄ + bb̄, tt̄ + cc̄ and tt̄ + LF) are not split into the
STXS bins but are included in the fit. The STXS-ANN is trained on (≥ 4 jets,≥ 3 b-tags)
tt̄H(bb̄) events using high-level variables and exhibits a similar general architecture as the
ANN used in the inclusive analysis.

Additional uncertainties

Two additional signal uncertainties are considered for the STXS measurement. These
uncertainties replace the theory uncertainties (scale and PDF, cf. section 4.3.2) on the
inclusive tt̄H signal cross section.
The migration uncertainty parametrizes migration effects between the STXS bins and
follows an adaptation of the Steward-Tackmann method (see IV.6 in [167]).
The acceptance uncertainty parametrizes the acceptance inside a single STXS bin. and
is constructed using the QCD scale weights with µF and µR scaled by factor of two for
the up variation and µF and µR scale by factor of 0.5 for the down variation. The weights
are normalized such that the cross-section inside a STXS bin does not change by applying
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Table 7.12.: Expected best fit results for the signal strength and the signal significance
for the simultaneous fit in the fully-hadronic signal region categories in all
data-taking periods in the STXS bins. Since this is a fit only considering the
fully-hadronic channel, 50 % rate uncertainties are used for the tt̄ + B and
tt̄ + C normalization. The fit is carried out on the asimov dataset, which is
the sum of the signal and background expectations using µttH = 1.

Significance µttH
Uncertainty

total stat sys

pT,H ∈ [0, 60]GeV 0.30σ 1.0 +3.58
−3.29

+2.43
−2.43

+2.63
−2.22

pT,H ∈ [60, 120]GeV 0.42σ 1.0 +2.43
−2.36

+1.65
−1.64

+1.78
−1.69

pT,H ∈ [120, 200]GeV 0.62σ 1.0 +1.64
−1.59

+1.18
−1.17

+1.14
−1.08

pT,H ∈ [200, 300]GeV 0.62σ 1.0 +1.65
−1.58

+1.20
−1.19

+1.13
−1.04

pT,H > 300 GeV 0.58σ 1.0 +1.78
−1.72

+1.32
−1.29

+1.19
−1.14

the weights. This uncertainty is correlated for the signal processes with low Higgs-boson
pT (< 300 GeV and high Higgs-boson pT (≥ 300 GeV). The same procedure is applied
to derive acceptance uncertainties due to ISR and FSR effects from the corresponding
generator weights.

Results

For the STXS measurement, the tt̄H signal strength is determined with a fit to data
in each of the five STXS bins. A total of 33 distributions are fitted per data-taking
period and combined for the 137.2 fb−1 measurement in each bin. Aside from the different
distributions, categories, multiple signal processes, and the new signal uncertainties, the
fit is evaluated in the same way as in the inclusive analysis. As for uncertainty model in
the main tt̄H results, the multijet normalization is freely floating in each distribution used
in the fully-hadronic channel, i.e. it is freely floating in each category and STXS bin.

Table 7.12 shows the expected best fit value for signal strength and the expected signal
significance in each of the five STXS bins for a simultaneous fit in the fully-hadronic signal
region categories in all data-taking periods for a given STXS bin. The combination of
all these STXS bins corresponds to the inclusive result presented previously. It can be
observed, that the fit in the fully-hadronic channel is most sensitive in the STXS bins with
higher pT,H values above 120 GeV.
Like in the inclsuive results, three distributions per data-taking period, i.e. a total of nine
distributions, are fitted. But for this fit, this number of distributions is fit in each STXS
bin. The ANN discriminant output for the 2018 data-taking period is shown in figure 7.10.
Due to the lower number of events in the final discriminants (each SR category is split
into five separate parts), the binning of the discriminant has been changed with respect
to the inclusive result. Similar to the approach described in section 6.1, bins with low
number of events have been merged such that a smooth distribution is found. Especially
in the STXS bis with comparatively small yields, i.e. the lowest and highest bin in pT,H ,
this resulted in much coarser binning.

Results from a fit the collected data are omitted at this point because of the limited
explanatory power of the fully-hadronic channel on its own. A result including this channel
and strategy will be published in the future.
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Figure 7.10.: Blinded prefit ANN discriminant in the fully-hadronic channel in the 2018
data-taking period for the (7 jets,≥ 4 b-tags) (left), (8 jets,≥ 4 b-tags) (mid-
dle) and (≥ 9 jets,≥ 4 b-tags) (right) categories before the fit to data in
the five STXS bins. The STXS bins are determined according to the recon-
structed Higgs-boson pT, using the χ2 method described in section 7.2.2.1.
The STXS bins are pT,H [0, 60], [60, 120], [120, 200], [200, 300], ≥ 300 GeV.
The filled distributions show the simulated backgrounds and the multijet es-
timation. The tt̄H signal for each STXS bin is superimposed as line and
scaled for visual purposes. The gray band corresponds to the full post-fit
uncertainty for the combined fit in all tt̄H(bb̄) decay channels.
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146 7. Results and Combination

7.2.2.2. Measurement of the production of the Higgs boson in association with
a single top-quark

The measurement of the tH production (tHq +tHW) aims to set a limit on the tH signal
strength modifier

µtH = σtH

σSM
tH

· B(H → bb̄)
BSM(H → bb̄)

. (7.3)

For this fit, the tHq and tHW processes are considered signal while the tt̄H processes are
background and kept at SM prediction. No dedicated signal region is constructed and all
tt̄H(bb̄) channels use the discriminators described previously for the inclusive analysis3.
The sensitivity is driven by the semileptonic channel and its tH nodes. Using only the
signal regions of the fully-hadronic final state, a

expected 95 % CL upper limit on µtH of 1410+600
−400

has been determined. The analysis of the tH process with the Higgs-boson decay in the
bottom quarks using 35.9 fb−1 of data collected by the CMS experiment [70] determined
an expected limit of 41.1+13.3

−21.1. Compared to this result, the determined limit in the fully-
hadronic channel is not very sensitive, but is included for completeness in the overall
measurement, which will be part of the publication. Results for these measurements using
the collected data are omitted at this point because of the limited explanatory power of
the fully-hadronic channel on its own. A result including this channel will be published in
the future.

7.2.2.3. Coupling measurements

This measurement is parametrized with the coupling modifiers κt,κ̃t and κV , as defined in
section 1.3.4. The coupling strength of the Higgs boson to the top quark and the vector
bosons as well as the coupling of a non-SM Higgs boson with different CP state to the top
quark are allowed to vary, while the rest of the SM coupling structure is fixed. In practice,
changes in event kinematics are taken into account via a linear combination of templates
generated for specific coupling points and not by simply scaling the template to the cor-
responding cross section. For the tt̄H template, a relatively simple linear combination is
considered:

Ttt̄H(κt, κ̃t, κV ) = A · κ2
t +B · κ̃2

t , (7.4)

with the SM template A (κt = 1,κ̃t = 0 and κV = 1) and the pure CP-odd template
B (κt = 0,κ̃t = 1 and κV = 1). For the tH template more terms are required due to
interference:

TtH(κt, κ̃t, κV ) = A · κt(κt − κV ) +B · κ̃2
tC · κV (κV − κt) +D · κtκV , (7.5)

with the templates A (κt = 1,κ̃t = 0 and κV = 0), B (κt = 0,κ̃t = 1 and κV = 0), C
(κt = 0,κ̃t = 0 and κV = 1), and D (κt = 1,κ̃t = 0 and κV = 1).
The combination and scaling of the different templates as well as changes to the branching
fractions are performed within the CMS COMBINE package in a dedicated model, which is
shared with analyses of other Higgs-boson production and decay modes within the CMS
collaboration. This measurement is planned to be part of the publication for the combined
measurement of the tt̄H(bb̄) signal strengths.
3 In the specific case of the fully-hadronic tt̄H(bb̄) analysis, which is the main work presented in this

thesis, the tH measurements was only added on top in the very end of the analysis. Therefore, no
additional consideration (like special observables or additional classifiers) are taken into account for the
fully-hadronic channel. In practice this means that only the processed simulated tH events required for
the fit are produced while the specific setups and calculations are provided by other groups within the
CMS Collaboration.
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Figure 7.11.: Expected results for the measurement of the κt and κV coupling parameters
in the fully-hadronic channels on the full Run-2 dataset. The plots show the
negative log likelihood for the SM expectation (κt = 1, κ̃t = 0, κV = 1). In
Figure (a), the dependency on the coupling κt with floating κV is shown. The
best fit value, as expected in the SM, as well as the one and two σ band are
shown. Figure (b) shows the negative log likelihood in the κt-κV plane and
the best fit values with the 1σ contour are shown. The SM value is shown as
blue point.

The fully-hadronic channel will considered for this overall coupling measurements but due
to the sensitivity of the fully-hadronic channel, when considered on its own, is limited
especially for the coupling to the vector bosons κV , as it mainly depends on the sensitivity
to tH process.
The plots in figure 7.11, show the blinded fit results in the fully-hadronic channel for the
SM coupling measurement in the full Run-2 dataset. The blinded best fit value for the
κt is expected to be 1+1.03

−0.50 with κV left freely floating. The scan corresponding to this
measurement is shown in figure 7.11a. It shows the expected negative log likelihood scan,
the best-fit value, and the one and two σ bands for best-fit value. The sensitivity for the
Top-Yukawa coupling is not very large compared to the other channels, but values below
0.5 can be excluded with more the one σ in the fully-hadronic channel. Figure 7.11b, which
shows the negative log likelihood for the SM coupling fit in the κt-κV plane, confirms the
expectation that the sensitivity to κV is rather small. This can be concluded from the
almost parallel direction of the 1σ contour to the κV axis. As noted previously, the reason
for this is the sensitivity to the tH process.
The plots in figure 7.12 show the blinded fit results in the fully-hadronic channel for
the CP-mixing measurement in the full Run-2 dataset. Figure 7.12a shows the expected
negative log likelihood scan for κ̃t with κV and κt left freely floating. The shape of
the likelihood indicated that the fully-hadronic channel is mainly sensitivity to κ̃t values
> 1.5. Figure 7.12b shows the expected negative log likelihood scan in the κt-κ̃t plane.
The sensitivity to high absolute values of the κ̃t values can also be seen from for oval shape
of the 1σ contours in the figure.
Overall, the expectation that the sensitivity of the fully-hadronic channel is rather low has
been confirmed by the blinded results presented in this section. While some sensitivity is
present for the Top-Yukawa couplings κt and κ̃t, almost no sensitivity has been achieved
for the coupling the vector bosons κV .
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Figure 7.12.: Expected results for the measurement of the κ̃t coupling parameters in the
fully-hadronic channels on the full Run-2 dataset. The plots show the neg-
ative log likelihood for the SM expectation (κt = 1, κ̃t = 0, κV = 1). In
Figure (a), the dependency on the coupling κ̃t with floating κt and κV is
shown. Figure (b) shows the negative log likelihood in the κt-κ̃t plane and
the best fit values with the 1σ contour are shown. The SM value is shown as
blue point.
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Summary and Outlook

With the discovery of the Higgs boson at the LHC in 2012, the final piece of the Standard
Model of Particle Physics has been found. While this was a great achievement, it was only
the beginning of the experimental investigations into the Higgs sector. Since then, many
different decay and production modes of the Higgs boson have been observed, evidence
was found, and limits on the cross sections are set for many more. The era of precision
measurements of the Higgs sector has long started and measurements of Higgs-boson
properties like the Higgs-Yukawa-couplings and the CP properties of the Higgs boson are
becoming a focus of the experimental program at the LHC. The tt̄H production mode and
H → bb̄ decay channel have been observed individually, but the tt̄H(bb̄) final state has
not been observed yet with the common level of confidence.

A new measurement of the tt̄H(bb̄) process using an integrated luminosity of 137.2 fb−1

collected by the CMS experiment between 2016 and 2018 at a centre-of-mass energy of
13 TeV in proton-proton collisions, has been presented.
While the cross-section measurement of the tt̄H(bb̄) process, considering all decay modes,
as well as further connected measurements have been discussed, the main focus of this
thesis is the fully-hadronic decay mode, in which both W bosons decay to quark pairs.
For this decay mode, events are selected that pass dedicated all-jet triggers as well as
requirements on jet kinematics and b-tagging identification. More precisely, at least 7
jets, of which at least four have to be b-tagged, and no muons or electrons are required.
Events passing these criteria are further split into three orthogonal categories with 7, 8,
and ≥ 9 jets, in which the measurement of the cross section is carried out.
The modeling of backgrounds plays a key role in every physics analysis. The description of
the dominant background processes has been improved decisively. The method to estimate
the dominant QCD multijet background from collision data has been refined, with respect
previous iterations of the analysis, in order to increase the robustness of the estimation
itself and make a region in the data available to train an ANN-based classifier. The
description of the tt̄ + bb̄ background, which is especially crucial for the leptonic analyses
and the combined fit, was revised by introducing a new simulation with a more precise
description of the bottom quark kinematics.
In order to increase the sensitivity of the measurement, an ANN-based classifier has been
developed and is used to create a distribution with a strong separation between the signal
and dominant background process. This classifier combines various physically motivated
input features, that target event characteristics like properties of the additional bottom
quarks, i.e. not originating from the top-quark decay, or the spacial distribution of the
jets.
Multiple different measurements on the same events have been been carried out utilizing
binned maximum likelihood fits. Different parameters of interest and signal samples are
used depending on the measurement. Statistical, systematical and theoretical uncertainties
are considered as nuisance parameters in the fit.

The inclusive result uses the tt̄H(bb̄) signal strength as a single parameter of inter-
est. An observed signal strength of µtt̄H = −1.28+0.81

−0.81, at expected signal strength of
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µtt̄H = 1.0+0.78
−0.78, has been determined when only considering the three categories of the

fully-hadronic channel with an integrated luminosity of 137.2 fb−1 collected by the CMS
experiment between 2016 and 2018. This corresponds to an expected signal significance
of 1.26σ. Overall this is a clear improvement over all previously published analyses of
this final state. For inclusive simultaneous fit of all tt̄H(bb̄) channels a signal strength of
µtt̄H = 1.0+0.26

−0.23, which corresponds to an signal significance of 4.46σ, is expected.
A tt̄H(bb̄) measurement was conducted under the STXS schema, in which the phase space
is further split into orthogonal regions based on the pT of a reconstructed Higgs boson.
For the fully-hadronic channel this splitting is based on χ2 reconstruction of dijet pairs.
On its own, this measurement does not provide much insight for the tt̄H(bb̄) process but
is mostly intended for the CMS-wide combination of all Higgs boson measurements, which
will be published in the future.
For the first time at the CMS collaboration, the fully-hadronic channel of the tt̄H(bb̄) and
tH(bb̄) processes is part of tH, Top-Higgs coupling, and CP-mixing measurements.
For the tH measurement, a binned maximum likelihood fit, with the tH signal strength
as parameter of interest, has been performed and an upper limit on the tH cross section
is extracted. In this case the SM tt̄H process is considered a background in the fit. For
the fully-hadronic channel, an upper limit of µtH < 1410+600

−400 is expected.
The coupling and CP-mixing measurements are performed in the κ framework, in which
parameters are introduced describing the measured coupling constant relative to the pre-
dicted coupling. The parameters κt (for the Top-Higgs coupling) and κV (for the Vector-
boson-Higgs coupling) are considered in the SM coupling measurement. For the CP-mixing
measurement, an additional parameter κ̃t, which describes the coupling to non-SM CP
states of the Higgs boson, is included in the model. The expected best fit value for κt has
been determined to 1.0+1.03

−0.50 in the SM measurement with a floating κV parameter. Cou-
pling values below 0.5 can be excluded with more than 1σ. In the CP-mixing measurement,
sensitivity for large absolute values κ̃t is expected.

Outlook

After a shutdown from 2018 to 2021, the LHC is planned to restart and deliver proton-
proton collisions at 14 TeV in 2022. LHC Run-3 is planned from 2022 to 2024 and is
expected to double the integrated luminosity of Run-2. A similar instantaneous luminosity
to Run-2 is planned but because of a longer period of peak instantaneous luminosity in
the beginning of each fill, the average pile-up of the collected data is expected to increase
with respect to Run-2 while the peak pile-up will be similar. After the end of Run-3, a
new era, which requires substantial upgrades to the LHC and all detectors, is planned.
The High Luminosity LHC (HL-LHC) [169] aims to drastically increase the instantaneous
luminosity with respect to the current machine configuration to a peak instantaneous
luminosity of 5 to 7.5 × 1034 cm−1 s−1. This would enable more accurate measurements
and the observation of processes outside the sensitivity of the current LHC machine. The
targeted integrated luminosity of 300 fb−1 to 400 fb−1 per year would result in a total
integrated luminosity of up to 4000 fb−1 over the currently planned 12 years of operating
the HL-LHC.

For the presented tt̄H(bb̄) analyses, the additional data and center-of-mass energy ex-
pected for Run-3, will not drastically improve the measurement without further deepening
our understanding of the theoretical and systemic uncertainties, which are already dom-
inant in the current dataset. For the fully-hadronic tt̄H(bb̄) analysis, the area of largest
prospect of improving the measurement is the modeling of the QCD multijet background.
Hereby the freely-floating normalization plays a crucial role. Revising the method such
that a precise estimation of the normalization can be found outside the signal region should
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be the goal. This can be either done by deriving the normalization independent of the fit
or by including additional control region that can be used to constrain the parameter in
the signal region. In addition to this, the development of a different discriminant, which
further improves the separation between tt̄ + jets, QCD multijet, and the signal, is ex-
pected to improve the sensitivity. With the current model, reaching a significance of 5σ
in the fully-hadronic channel on its own is not expected for Run-3. The tH, coupling and
CP-mixing uncertainties on the other hand, should be able to profit from this new data
collected during Run-3, since the statistical uncertainty plays a bigger role in these cases.
On the longer time scale of the HL-LHC, the same is the case. Due to the much higher
instantaneous luminosity and average pile-up, especially analysis strongly dependent on
jets, like the fully-hadronic tt̄H(bb̄) analysis, will need to upgrade and revise algorithms
and methods related to jet reconstruction and identification.
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Appendix

A. Trigger strategy

As described in section 5.1.1, trigger paths targeting leptons or other outstanding objects,
e.g. MET or a single high-pT jet, are not overly phase-space specific and have general util-
ity in many different analyses. Since the fully-hadronic tt̄H(bb̄) channel does not contain
any leptons or other outstanding objects, the signal efficiency reachable with such general
triggers is not very large. Especially the general trigger paths targeting hadronic final
states, like HT- or single-jet paths, exhibit threshold that are too large for the phase space
of tt̄H(bb̄). As described in section 5.1, the HT threshold for a fully-hadronic tt̄H(bb̄)
selection should realistically be as low as 300 GeV, while the least stringent trigger of this
kind in the 2018 data-taking period exhibits a threshold of 1050 GeV. In the case of the
single-jet trigger, the threshold of 500 GeV would similarly remove most of the signal as it
can be seen in the top left plot in figure A.1. Both types of triggers would reject > 90 %
of the signal events. Therefore, the development of dedicated trigger paths plays a major
role in the design of most fully-hadronic analyses. Especially for rare processes, like tt̄H
for which only roughly 70000 event are expected during LHC Run-2, this is an impor-
tant step that cannot be overlooked1. In the case of the fully-hadronic tt̄H(bb̄) analysis,
maximizing the efficiency is achieved by using a combination of the jet multiplicity, HT,
and b-tagging criteria at trigger level. A common issue for trigger paths targeting only
hadronic activity is that their rate is strongly dependent on the instantaneous luminosity
and pileup. Since all trigger paths are limited to a certain maximum rate and prescaled
triggers are generally undesirable for precision measurements, controlling the rate over the
fills and machine evolution of the LHC is crucial. This is done during development of a
path by modeling various scenarios and during runtime by monitoring the actual rate as
well as fill and run dependencies. If the path exhibits excessive rates during runtime it
may has to be retuned. This means that using dedicated triggers also requires constant
attention and monitoring during data-taking by the developer. The strong dependency
on the instantaneous luminosity is also the reason that the thresholds of hadronic trig-
ger paths tend to be rather high. Another common issue is that hadronic trigger paths

1 Also leptonic analysis can profit from dedicated triggers. For example, a path targeting a single electron
and HT was developed for the semileptonic tt̄H(bb̄) analysis. Since leptonic trigger paths also exhibit
a (smaller) dependency on the instantaneous luminosity, the thresholds of the pure lepton triggers also
had to be raised for the 2017 and 2018 data-taking periods. Targeting the HT in addition to a single
isolated electron enables the lowering of the electron thresholds.
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Figure A.1.: Distribution of the number of jet (top left), pT of leading (top middle), second
(top right), third (bottom left), fourth (bottom middle) and sixth (bottom
right) jet, order by jet pT, for the tt̄H(bb̄) (blue) and QCD (green) simulation
before applying any event selection. Only jets with pT > 30 GeV and |η|< 2.4
are considered.

are usually complex and computationally expensive, i.e. many objects have to be recon-
structed or complex algorithms have to be run. Since the trigger systems operates under
stringent technical constraints, minimizing the computational footprint of a single trigger
is an important target during development. This is done on dedicated test systems that
are very similar to the actual hardware used for the HLT during data-taking.

For the fully-hadronic tt̄H(bb̄) analysis using 35.9 fb−1 of data collected in 2016 [10], two
dedicated paths, selecting events with six or more jets, hight HT and one or two b-tagged
jets, have been developed. Paths following the design are referred to as HLT_6J1T and
HLT_6J2T. While these paths are also used for the tt̄H(bb̄) analysis in the 2017 and 2018
data-taking periods, the development and monitoring of these paths was taken over by
other groups within the CMS collaboration since these triggers can also be used to select
fully-hadronic tt̄ + bb̄ final states. The author of this thesis consequently developed a
new trigger path, which is denoted as HLT_4J3T, to further increase the signal efficiency
at data-taking for the fully-hadronic tt̄H(bb̄) analysis in the 2017 and 2018 data-taking
periods. The previously described monitoring activities for this new path were also the
responsibility of the author.

Section A.1 will cover details on the motivation, conception, and development of HLT_4J3T
path. In section A.2, additional details on the trigger strategy and efficiency measure-
ments, beyond the information given in section 5.1, will be discussed since this represent
a significant portion of the work required to finish the analysis and this thesis.

A.1. Development of a dedicated all-jet trigger for the tt̄H(bb̄) analysis
in the 2017 and 2018 data-taking periods.

The two paths used during the 2016 data-taking period, listed in table A.3, select events
with ≥ 6 jets with pT > 30(40) GeV, HT > 450(400) GeV and ≥ 1 (2) b-tagged jets.
While the combined usage results in an expected signal efficiency of 97.5 % for the 2016
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Table A.1.: Signal efficiency of different trigger combination used in the fully-hadronic
tt̄H(bb̄) analysis. The efficiency is estimated in tt̄H(bb̄) simulation in events
with HT > 500, ≥ 6 jets, six jets with pT ≥ 40 GeV, ≥ 2 medium b-tagged jets
(Only jets with pT ≥ 30 GeV and |η| < 2.4 are considered) and no e or µ with
pT ≥ 15 GeV and |η| < 2.4. The naming scheme introduced in section 5.1.1
is used and HLT_Mitigation refers to either HLT_PFJet450 (2016) or HLT_
PFHT1050 (2017, 2018). Full combination refers to the ”logical or” of HLT_
6J1T,HLT_6J2T, HLT_4J3T, and HLT_Mitigation

Paths fired Signal efficiency [%]
2016 2017 2018

HLT_6J1T 85.7 69.3 83.0
HLT_6J2T 93.8 85.4 86.3
HLT_4J3T – 66.4 67.8
HLT_6J1T or HLT_6J2T or HLT_4J3T 97.5 93.6 95.1
HLT_Mitigation 6.2 11.5 11.9
Full combination 97.6 93.9 95.4
HLT_6J1T or HLT_6J2T 97.5 90.3 92.0
HLT_6J1T or HLT_Mitigation 86.2 70.4 83.7
HLT_6J2T or HLT_Mitigation 94.2 86.6 87.5
HLT_6J1T or HLT_4J3T – 86.9 92.0
HLT_6J2T or HLT_4J3T – 88.8 89.6
HLT_4J3T or HLT_Mitigation – 69.7 71.2

data-taking period, it was foreseeable that the efficiency would drop significantly with
the adaptations necessary following the updated machine configuration for the 2017 data-
taking period and onward. In fact, the combination of the adapted versions of these
triggers only reaches efficiencies of 90.3 % and 92 % for the 2017 and 2018 data-taking
periods, respectively. Details on the efficiencies are given in table A.1. Since signal events
with low numbers of online b-tagged jets2 are covered by these two triggers, one option
to further increase the yield is to add another trigger path that requires a higher num-
ber of b-tags. Such a tighter threshold on the b-tagging can be used to lower kinematic
thresholds, e.g. the HT or the number of jets. Similar to the number of b-tagged jets,
requirements on the jets multiplicity lower than expected from the final state drastically
increases the amount signal events that can be captured. The top right plot in figure A.1
shows that a significant amount of signal events exhibit only four or five reconstructed jets
and are consequently lost since the available trigger paths only select events with six or
more jets. Lowering the HT threshold as far as possible is crucial since a lot of the signal
events exhibit a HT significantly below the thresholds possible in the six-jet trigger paths,

2 Generally speaking the online b-tagging performs worse than the offline b-tagging used in the analysis.
Therefore, events with a low number of online b-jets can exhibit more b-jets in the analysis when the
offline tagger is used. The main reasons for this are retuned or improved versions of the PF and b-tagging
algorithms that have not been available at the time of data collection. In case of the b-tagging, it is also
very common that completely new algorithms with superior performance are available for the analysis.
In addition to improving the efficiency in the signal region, increasing the number of available events
with two or three offline b-tags also benefits the analysis since these regions are used for the classifier
training and the background estimation.
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as it can be seen in figure 5.1.
Following these considerations, the idea for the new dedicated trigger path was to increase
the number of b-tagged jets to three and reduce the HT requirement compared to the
present six-jet paths. Setting the minimum number of jets to four (instead of six) further
increased the signal efficiency and additionally improved the flexibility of the trigger path
such that it can also be used in analyses targeting final states of processes like four-top
production, HH → 4b, or bb̄H, H → bb̄.
The final configuration of the trigger path targets events with four or more central, i.e.
|η| < 2.5, jets with pT ≥ 30 GeV, the HT in the event is required to exceed 300 GeV
(330 GeV in 2018) and at least three b-tagged jets are required. Additionally, thresholds
are placed on the four leading, i.e. with the highest pT, jets: The first jet requires pT
≥ 75 GeV, the second pT ≥ 60 GeV, the third pT ≥ 45 GeV, and the fourth pT ≥ 40 GeV.
The general structure for the kinematic cuts is influenced by L1-trigger paths that were
introduced around the same time. These paths select events by cutting on HT and ≥ 4
jets. To control the rate while keeping the HT threshold comparatively low, cascading cuts
on the four leading jets are used. For example the first jet could3 require pT ≥ 70 GeV,
the second pT ≥ 55 GeV, the third pT ≥ 40 GeV and the fourth pT ≥ 35 GeV. In order
to operate the HLT_4J3T trigger in the region where this L1 trigger is fully efficient, sim-
ilar (slightly higher) cuts are required at the HLT level. In the case of the fully-hadronic
tt̄H(bb̄) final state, the amount of signal events rejected by such cuts on the pT of the
four leading jets is relatively small. This can be concluded from the left and middle plots
in figure A.1, which show the pT distributions of the four leading jets in simulated events
before any selection. In all four cases, the majority of the pT distribution is above the
values 75 GeV, 60 GeV, 45 GeV, and 40 GeV chosen in the HLT. As discussed earlier, low-
ering the HT threshold as much as possible was the main motivation to develop this path.
The threshold is set to 300 (330) GeV in the 2017 (2018) data-taking period. This is
the minimum value possible considering the point of full efficiency of the corresponding
L1 triggers. Another value that can be used to control the rate is the threshold on the
online b-tagging discriminator value. Initial tests showed that the threshold can be chosen
comparatively loosely. For example in the 2018 data-taking period three jets are required
to exhibit a PF-b-tagging discriminant value > 0.24, which corresponds to a mis-tag rate
of ∼ 4.5 %. As comparison, the path targeting events with ≥ 6 Jets, HT ≥ 400 GeV and
≥ 2 b-jets (HLT_6J2T) uses a threshold of 0.3, which corresponds to a mis-tag rate of
∼ 2.94 %4. This means that the new trigger can also catch events that fail the other two
triggers because of their tighter b-tagging threshold but still contain a third (or second
and third) jet passing the looser b-tagging threshold in the new path.
The new HLT_4J3T trigger path reaches signal efficiencies of 66.4 % and 67.8 % in the 2017
and 2018 data-taking periods, respectively. While on its own this is arguably a low effi-
ciency for a tt̄H(bb̄) analysis, it was never intended to be used like that but instead should
augment the combination of the HLT_6J1T and HLT_6J2T trigger paths, which already
cover large parts of the phase space. The combination of the three triggers reaches signal
efficiencies of 93.6 % and 95.1 % in the 2017 and 2018 data-taking periods, respectively.
This corresponds to a recovery of ∼ 3 percentage points in signal efficiency compared to
not having this trigger in each year.

As discussed in section 2.2.6, trigger paths are built as a sequence of modules that either
reconstruct objects in the event or filter events based on some thresholds. If an event
does not pass a filtering step, the sequence is stopped immediately in order to minimize
runtime. Table A.2 shows the sequence for the HLT_4J3T trigger path as it was configured
during the 2018 data-taking period. The configuration used during the 2017 data-taking

3 Various configuration are used depending on the instantaneous luminosity.
4 Lower mis-tag rates (almost) always mean that less real b-jets will be b-tagged as well.
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Table A.2.: Full sequence of HLT modules for the HLT_4J3T path as used during the 2018
data-taking period (CMS-internal name: HLT_PFHT330PT30_QuadPFJet_75_
60_45_40_TriplePFBTagDeepCSV_4p5). The sequence runs through the listed
modules sequentially from top to bottom. Modules marked as ”Filter” are used
to select events based on kinematic properties. If an event fails the requirement
of a given filter, it is rejected and the sequence is stopped.

HLT module name Explanation

L1 seed Combination of various L1 seeds
Prescale = 1; Path is not prescaled

HLTAK4CaloJetsSequence Reconstructs ”calo-jets” only using ECAL+HCAL
hltQuadCentralJet30 Filter Keep: ≥ 4 calo-jets w/ pT > 30 GeV and |η| < 2.5

hltCaloJetsQuad30ForHt Produce calo-jet collection for HT calculation. All
calo-jets w/ pT > 30 GeV and |η| < 2.5 are considered.

hltHtMhtCaloJetsQuadC30 Calculate HT from calo-jet collection
hltCaloQuadJet30HT320 Filter Keep: calo-jet HT > 320 GeV

HLTBtagDeepCSVSequenceL3 Run b-tagging for calo-jets
hltBTagCaloDeepCSVp17Double Filter Keep: ≥ 2 b-tagged calo jets (b-tag value ≥ 0.17)

HLTAK4PFJetsSequence Reconstructs Particle flow (PF) jets
hltPFCentralJetLooseIDQuad30 Filter Keep: ≥ 4 PF-jets w/ pT > 30 GeV and |η| < 2.5

hlt1PFCentralJetLooseID75 Filter Keep: Leading jet pT > 75 GeV
hlt2PFCentralJetLooseID60 Filter Keep: Second leading jet pT > 60 GeV
hlt3PFCentralJetLooseID45 Filter Keep: Third leading jet pT > 45 GeV
hlt4PFCentralJetLooseID40 Filter Keep: Fourth leading jet pT > 40 GeV

hltPFCentralJetLooseIDQuad30forHt Produce PF-jet collection for HT calculation. All
PF-jets w/ pT > 30 GeV and |η| < 2.5 are considered

hltHtMhtPFCentralJetsLooseIDQuadC30 Calculate HT from PF-jet collection
hltPFCentralJetsLooseIDQuad30HT330 Filter Keep: PF-jet HT > 330 GeV

HLTBtagDeepCSVSequencePF Run b-tagging for PF-jets
hltBTagPFDeepCSV4p5Triple Filter Keep: ≥ 3 b-tagged PF-jets (b-tag value ≥ 0.24)
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period follows an almost identical sequence. Only certain threshold and the b-tagging
algorithm differ between the configurations.

This section will walk through a full HLT sequence by the example of the HLT_4J3T trigger
path:
The sequence starts with a ”logical or” of multiple HT-only and HT + four-jets L1 trigger
paths. This is followed by a prescale module, which specifies the prescale at a certain
instantaneous luminosity, that every HLT sequence needs to include. In this case, the
prescale is set to one over the full instantaneous luminosity range. This means that the
trigger is fully unprescaled. In order to minimize computing time, a jet reconstruction
and selection using only calorimeter information is used as a preselection before the slower
and more complex but also more accurate PF reconstruction is run. After running the
calorimeter-based reconstruction (resulting in so-called calo-jets), a filter requiring at least
four calo-jets with pT ≥ 30 GeV and |η| < 2.5 is placed in the sequence. The next two
modules calculate the calo-jet HT, which is used in a filter step requiring it to exceed
320 GeV. The final two modules operating on calorimeter information are calorimeter-
based b-tagging modules. The b-tagging is based on the DeepCSV algorithm. Only events
exhibiting at least two (very) loosely b-tagged calo-jets pass the corresponding filter. Since
these modules are only intended as preselection and the results of the PF reconstruction
can be different, the calorimeter-based filters generally operate with lower thresholds than
targeted in the filters using the superior PF objects. For the remaining events, a jet
reconstruction with the PF algorithm is run. In a first filtering step, events that do not
exhibit at least four PF-jets with pT ≥ 30 GeV and |η| < 2.5 are rejected. The next
four modules check if the first PF-jet (sorted by pT) exceeds a pT of 75 GeV, the second
exceeds 60 GeV, the third exceeds 45 GeV, and the fourth exceeds 40 GeV. For events
passing these filtering steps, the HT of the PF-jets is calculated and HT > 330 GeV is
required in a filtering step. The second to last module is running the b-tagging algorithm.
As for the calorimeter-based modules, the DeepCSV algorithm is used. The last module
rejects events that do not exhibit at least three PF-jets with a b-tagging value of 0.24
or higher. This threshold corresponds to a mis-tag rate of ∼ 4.5 %. During the 2017
data-taking, the corresponding trigger path used the CSVv2 algorithm and a mis-tag rate
of ∼ 3.0 %, i.e. a tighter threshold, was required in the filtering step at roughly the same
rate.

Overall, adding the HLT_4J3T trigger path in the 2017 and 2018 data-taking periods en-
abled a partial recovery of the signal efficiency lost due to increased thresholds, that where
necessary because of changed LHC machine parameters, in the HLT_6J1T and HLT_6J2T
trigger paths. Both configurations (for the 2017 and 2018 data-taking) of the HLT_4J3T
trigger path operated robustly without excessive rates or computing resource consump-
tion over their operational time. No prescale or reconfiguration during the individual
data-taking periods was necessary, resulting in very sable efficiencies and a minimal run
dependency.

A.2. Additional information of the trigger strategy in the fully-hadronic
tt̄H(bb̄) channel

This section collects various additional information and material referenced in section 5.1.
The combined trigger efficiency turn-ons for the 2016 and 2017 data-taking periods are
shown in figures A.2 and A.3, respectively.

Configuration of the considered trigger paths

Tables A.3, A.4, and A.5 list the individual high-level trigger paths used during the 2016,
2017 and 2018 data-taking periods, respectively.
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Figure A.2.: Trigger efficiency measured in HT (left), pT of the sixth jet (middle) and
number of medium b-tagged jets (right) in the 2016 dataset with respect to
HLT_IsoMu24 in events with one offline lepton and passing the fully-hadronic
baseline selection (excluding the lepton veto). The efficiency is measured in
data (black) and tt̄ + jets simulation (red).
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Figure A.3.: Trigger efficiency measured in HT (left), pT of the sixth jet (middle) and
number of medium b-tagged jets (right) in the 2017 dataset with respect to
HLT_IsoMu27 in events with one offline lepton and passing the fully-hadronic
baseline selection (excluding the lepton veto). The efficiency is measured in
data (black) and tt̄ + jets simulation (red).

Table A.3.: High level trigger paths used in the 2016 data-taking period. The name and
relevant cuts are given in the table. The threshold of the b-tagging is given in
the name (BTagCSV_p*) and is specified in terms of the discriminator value of
the CSVv2 algorithm.

Path (CMS-internal naming scheme) Relevant Cuts

HLT_PFHT450_SixJet40_BTagCSV_p056 PF HT ≥ 450 GeV
≥ 6 PF jets
pT,6 ≥ 40 GeV
≥ 1 b-tagged PF jets

HLT_PFHT400_SixJet30_DoubleBTagCSV_p056 PF HT ≥ 400 GeV
≥ 6 PF Jets
pT,6 ≥ 30 GeV
≥ 2 b-tagged PF jets

HLT_PFJet450 ≥ 1 PF jets with pT > 450 GeV
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Table A.4.: High level trigger paths used in the 2017 data-taking period. The dataset,
name, and relevant cuts for all triggers are given in the table. During data-
taking (between runs B and C) the names of the paths changed but the con-
figuration stayed the same. The table lists both names. The threshold of the
b-tagging is given in the path name (BTagCSV_p*) and is specified in terms
of the mis-tag rate (or the discriminator value in the case of Run-B) of the
CSVv2 algorithm. During data-taking, events are saved in different dataset
depending on the fired trigger paths. The (CMS internal) dataset is specified
in the Dataset column. In simulation, the configuration listed first is used.

Dataset Path (CMS-internal naming scheme) Relevant Cuts

JetHT HLT_PFHT430_SixPFJet40_PFBTagCSV_1p5 PF HT ≥ 430 GeV
HLT_PFHT430_SixJet40_BTagCSV_p080 (Run-B) ≥ 6 PF jets

pT,6 ≥ 40 GeV
≥ 1 b-tagged PF Jet

JetHT HLT_PFHT380_SixPFJet32_DoublePFBTagCSV_2p2 PF HT ≥ 380 GeV
HLT_PFHT380_SixJet32_DoubleBTagCSV_p075 (Run-B) ≥ 6 PF jets

pT,6 ≥ 32 GeV
≥ 2 b-tagged PF jets

BTagCSV HLT_PFHT300PT30_QuadPFJet_75_60_45_40_TriplePFBTagCSV_3p0 PF HT ≥ 300 GeV
HLT_HT300PT30_QuadJet_75_60_45_40_TripleCSV_p07 (Run-B) ≥ 4 PF jets

pT,1 ≥ 75 GeV
pT,2 ≥ 60 GeV
pT,3 ≥ 45 GeV
pT,4 ≥ 40 GeV
≥ 3 b-tagged PF jets

JetHT HLT_PFHT1050 PF HT ≥ 1050 GeV
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Table A.5.: High level trigger paths used in the 2018 data-taking period. The name and
relevant cuts are given in the table. The threshold of the b-tagging is given in
the path name (BTagDeepCSV_p*) and is specified in terms of the mis-tag rate
of the DeepCSV algorithm. Several, slightly different, configuration of the HLT
paths with ≥ 6 PF jets have been used during data-taking. The impact on
the overall trigger efficiency was estimated be be negligible. Before run 315974
(CMS internal run numbers), the CSVv2 algorithm was used for the path with
≥ 6 PF jets and ≥ 1 PF b-jet. Due to prescaling of certain L1-trigger paths,
both paths with ≥ 6 PF jets had to be retuned in order to reduce their rate.
In simulation, the configuration listed first is used.

Path (CMS-internal naming scheme) Relevant Cuts

HLT_PFHT450_SixPFJet36_PFBTagDeepCSV_1p59 PF HT ≥ 450 (430) GeV
HLT_PFHT430_SixPFJet40_PFBTagCSV_1p5 (Runs 315252-315974) ≥ 6 PF jets
HLT_PFHT430_SixPFJet40_PFBTagDeepCSV_1p5 (Runs 315974-317509) pT,6 ≥ 36 (40) GeV

≥ 1 b-tagged PF Jet

HLT_PFHT400_SixPFJet32_DoublePFBTagDeepCSV_2p94 PF HT ≥ 400 (380) GeV
HLT_PFHT380_SixPFJet32_DoublePFBTagDeepCSV_2p2 (Runs 315252-317509) ≥ 6 PF jets

pT,6 ≥ 32 GeV
≥ 2 b-tagged PF jets

HLT_PFHT330PT30_QuadPFJet_75_60_45_40_TriplePFBTagDeepCSV_4p5 PF HT ≥ 330 GeV
≥ 4 PF jets
pT,1 ≥ 75 GeV
pT,2 ≥ 60 GeV
pT,3 ≥ 45 GeV
pT,4 ≥ 40 GeV
≥ 3 b-tagged PF jets

HLT_PFHT1050 PF HT ≥ 1050 GeV
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Figure A.4.: Closure tests in HT (left), pT of the sixth jet (middle) and number of medium
b-tagged jets (right) for each trigger configuration used during the 2018 data-
taking period in data (blue, green, and red) and the corresponding config-
uration in simulation (black). The scale factors derived from the efficiency
measurement shown in figure 5.2 are applied to the simulation. Reasonable
agreement of the corrected simulation with all run periods can be observed.
The run-number given in the legend refers to the CMS-internal numbering
scheme. The temporal order of the data distribution is blue → green → red.
The red distribution uses the configuration that is also used in simulation
(black).

The trigger names given in the tables represent the CMS-internal naming scheme and
the listed cuts omit less relevant information like the exact b-tagging discriminator value
(only the number of tags is shown but the value can be extracted from the name), the used
L1-seeds, or the calorimeter-based criteria. If more than one configuration is listed for a
given path, it is only relevant when analyzing the data. In simulation, the configuration
listed first is used.
During the 2016 and 2017 data-taking periods, the thresholds of all considered paths
stayed the same. Nevertheless, Table A.4 lists two distinct paths for each of the HLT_
6J1T, HLT_6J2T and HLT_4J3T triggers, that only differ in their respective naming scheme
(configuration is identical)5, for the 2017 data-taking. During the 2018 data-taking pe-
riod, the HLT_6J1T and HLT_6J2T paths required multiple configuration changes. In the
beginning of the data-taking period, HLT_6J1T used the CSVv2 algorithm instead of the
intended DeepCSV algorithm. Furthermore, both paths required an increase in kinematic
thresholds (HT and minimum PF-jet pT for the jet multiplicity calculation) in order to
reduce the trigger rate such that prescaling was not necessary. Depending on the differ-
ences in trigger efficiency and turn-on, such changes might make it necessary to consider
individual data/simulation correction for each trigger path combination active at a certain
time during data-taking. Generally, it is preferable to derive data/simulation corrections
for the triggers on the whole dataset since the statistical power of the measurement is a
limiting factor. Furthermore, it would introduce additional complexities in context of the
corresponding uncertainties considered in the signal extraction. In the case of this analysis,
the correction factors are derived on the whole dataset. This is valid since the variations
in the configurations are small. Closure tests were performed with the correction derived
from the full dataset and the different combinations active at a certain time during data-
taking. The closure tests are shown in figure A.4 and the differences are deemed small
enough such that they can be neglected.

5 In the beginning of the 2017 data-taking period it was decided, that multiple naming conventions, used
in the 2016 data-taking period, should not be used anymore in order to make the naming more clear.
Among others the used reconstruction method (e.g. PF or Calo) should be added to the name and the
mis-tag rate used for the b-tagging should be given instead of the discriminant value.
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Figure A.5.: Efficiency of the b-tagging portion of the HLT_4J3T trigger paths during the
2018 data-taking period. Instead of measuring the trigger efficiency relative to
a single muon trigger for this measurement, the efficiency is measured relative
to a prescaled paths that exhibits exactly the same sequence as HLT_4J3T but
without the calorimeter-based and PF-based b-tagging modules. Both plots
show the trigger efficiency as a function of the number of medium b-tagged
jets but the DeepCSV algorithm was used for the left plot and the DeepJet
for the right plots. Therefore, the left plot uses the same algorithm at trigger
level and analysis level.

Effect of using different online and offline b-tagging algorithms

As mentioned in the discussion of the data/simulation correction in section 5.1.2, the
online b-tagging algorithms are different to the algorithm used offline in the analysis.
Generally different algorithms at these two stages should have no influence on the analysis
itself. In any case, it is not possible to change the algorithm after the data is collected
and using the superior tagger in the analysis, if available, is without any alternative.
Nevertheless understanding the impact is necessary in order to correctly interpret the
trigger efficiency measurements. The measured efficiencies are effected by the choice of
the b-tagging algorithm used offline because the correction is parametrized using the b-
tagging multiplicity and differences in tagging performance lead to shifts in b-tagging
related observable that effect the signal and reference triggers in different ways. It can
be observed that the maximum reachable efficiency gets smaller and the turn-on is slower
when the relative performance between the online and offline b-tagging improves. This
means that the measured efficiency may never reach 100 %, which is generally not desired.
Since the offline DeepJet algorithm significantly outperforms both algorithms used online
(CSVv2 during the 2016 and 2017 data-taking and DeepCSV during the 2018 data-taking)
the previously described features can be studied by comparing the efficiency measurements
using different offline b-tagging algorithms. One example in which this can be seen very
well is to exclusively look at the b-tagging portion of a given trigger path. Figure A.5 shows
the efficiency of the b-tagging portion for the HLT_4J3T path in the 2018 data-taking
period. The slower turn-on in the efficiency using DeepJet, which also does not reach
100 %, compared to the efficiency using DeepCSV (in the latter case the same algorithm is
used online and offline) is solely an artifact of the considered algorithm at analysis-level
and not the trigger itself. Similar behavior can be observed in the efficiencies of the fully
strategy. This means, that a slow turn-on and low maximum efficiency, as they can be
observed in the efficiency measurements with the DeepJet algorithm, are no concerning
features.
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Systematic uncertainty in the data/simulation correction

As discussed in section 5.1.2, the uncertainty on the trigger data/simulation correction
in the fit is taken from the statistical uncertainty of the correction factor measurement
and sources of systematic uncertainty are neglected. The motivation for this is the under-
standing that the statistical uncertainty is by far the dominant source of uncertainty to
the correction factors. This can be mainly attributed to the rather small overlap between
single-muon and jet+b-tag triggers in the analysis phase space. Additionally, the contri-
bution of uncertainty for the trigger data/simulation correction to the total uncertainty of
the measurement is very small (the impact is essentially negligible). Nevertheless, several
possible sources of systematic uncertainty have been investigated. The correlation to the
reference trigger, pileup dependencies, and a dependency on the evolution of the machine
parameters over the data-taking (run dependency): The correlation between the reference
trigger and the combination of the signal triggers was estimated to be significantly below
1 % using the formula (ϵ(Reference) · ϵ(Signal))/ϵ(Reference and Signal) with the trigger
efficiencies ϵ in all data-taking periods. As mentioned multiple times, all-jet triggers ex-
hibit a large dependency on the pileup which can also introduce a systematic uncertainty.
In the case of the data/simulation correction for the trigger strategy in the fully-hadronic
tt̄H(bb̄) analysis, it is expected that this dependency is modeled well since the correction
is parametrized as function of HT, which is also strongly correlated to the pileup. Since
the trigger configuration is very stable over the individual data-taking periods (and the
pileup dependency is covered by the parametrization) run dependency was observed to
be minimal. Even in the case of the 2018 data-taking period, in which the configurations
changed to most, the dependency is negligible as discussed previously.

Double counting in the 2017 data-taking period

For technical reasons, events are saved in one or more distinct datasets depending on the
trigger paths a given event is passing. Events passing a single-muon trigger are saved in
the so-called SingleMuon dataset while event passing a HT based trigger are saved in the
JetHT dataset. If the event passes both types of trigger it will be saved in both datasets.
This enables that analyses to process only the events actually needed based on the utilized
type of trigger. During the 2017 data-taking period, event passing HLT_4J3T trigger and
the HLT_6J1T/HLT_6J2T triggers were saved to different datasets. The former to a dataset
called BTagCSV and the latter two to one called JetHT. Since the overlap between the three
paths is quite large, a scheme was established in order to excluded the possibility of double
counting events. All events passing any combination including HLT_4J3T are taken from
BTagCSV and only events passing at least one of the HLT_6J1T/HLT_6J2T triggers (but not
HLT_4J3T) are taken from JetHT. Further details are given in table A.6. Events that fire
HLT_PFHT1050 but none of the other three triggers are taken from the JetHT dataset.
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Table A.6.: During the 2017 data-taking period event passing the HLT_4J3T path are saved
in the BTagCSV dataset while event passing HLT_6J1T and HLT_6J2T paths are
saved to a different (and completely separate) JetHT dataset. In order to
exclude the possibility of double counting data events, the following scheme
was developed. The table has to be understood as follows: The ”x” denotes if
a trigger path was fired. Multiple ”x” in one column mean that the triggers
fired on the same event.

Trigger
Event taken from

BTagCSV Dataset JetHT Dataset

6J1T x x x x
6J2T x x x x
4J3T x x x x
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B. Additional information on object and event selections
This appendix collects various tables summarizing object and event selections relevant for
the tt̄H(bb̄) analyses presented in this thesis.

Table B.1.: Summary of the cut values for the tight muon id used in the tt̄H(bb̄) analysis.

Parameter Cut value

χ2/ndof < 10
muon chamber hit > 1

muon station with muon segments > 2
dxy < 2 mm
dz < 5 mm

number of pixel hits > 0
number of tracker layers with hits > 5

Table B.2.: Summary of the cut values for the tight electron id used in the tt̄H(bb̄) analysis.
Different cut values are used for the two regions in ηsupercluster with ≤ 1.479
and > 1.479.

Parameter Cut value

|ηsupercluster|
≤ 1.479 > 1.479

5x5 σiηiη < 0.022 < 0.0353
|∆ηseed| < 0.00255 < 0.00501
|∆ϕin| < 0.022 < 0.0236
H/E < 0.079 < 0.0637

|1/E − 1/ρ| < 0.159 < 0.0197
Nmiss < 1 < 1
dxy < 0.05 cm < 0.1 cm
dz < 0.1 cm < 0.2 cm

conversion veto pass pass

Relative Isolation < 0.046 < 0.0759
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Table B.3.: Summary of the cut values for the tight jet identification with lepton veto used
in the tt̄H(bb̄) analysis.

Parameter Cut value

Neutral hadron fraction < 0.9
Neutral EM fraction < 0.9

Number of constituents > 1
Charged Hadron fraction > 0

Charged multiplicity > 0

Muon fraction < 0.8
Charged EM fraction > 0.8

Table B.4.: Baseline selection for all tt̄H(bb̄) analysis channels considered in the Run-2
combination. If the criteria differ per data-taking period, they are quoted as
2016/2017/2018.

FH SL DL

Number of leptons 0 1 2
Sign and flavour of leptons — e±, µ± e+e−, µ±e∓, µ+µ−

Min. pT of pT-leading electron [GeV] — 29/30/30 25
Min. pT of pT-leading muon [GeV] — 26/29/26 25

Max. pT of additional leptons [GeV] 15 15 15
Max. |η| of leptons 2.4 2.4 2.4

Min. number of jets 6 4 2
Min. pT of jets [GeV] 30 30 30

Min. pT of 6th jets [GeV] 40 — —
Max. |η| of jets 2.4 2.4 2.4

Min. number of b tagged jets 2 3 1
Min. HT [GeV] 500 — —

Min. m
e

+
e

−
/µ

+
µ

− [GeV] — — 20
mee/µµ [GeV] — — < 76, > 106

Min. pmiss
T [GeV] — 20 40
mqq [GeV] > 30, < 250 — —
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C. ANN classifier input variables
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Figure C.1.: ANN input variables H2, H3, H4, H5, R1 for the (7 jets,≥ 4 b-tags) category
for 2016 (left), 2017 (middle) and 2018 (right). The hashed band visualizes the
prefit uncertainty including all uncertainties used in the final fit. Additionally
a 50% normalization for the tt̄ + B and tt̄ + C processes is considered instead
of the free floating normalization used in the final fit. The QCD shown in
these plots is the data driven estimation as described in section 5.5.
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Figure C.2.: ANN input variables R2, R3, R4, MEM and η of the 1st jet by b-tag for the
(7 jets,≥ 4 b-tags) category for 2016 (left), 2017 (middle) and 2018 (right).
The hashed band visualizes the prefit uncertainty including all uncertainties
used in the final fit. Additionally a 50% normalization for the tt̄ + B and
tt̄ + C processes is considered instead of the free floating normalization used
in the final fit. The QCD shown in these plots is the data driven estimation
as described in section 5.5.
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Figure C.3.: ANN input variables Aplanarity, ∆ηjets, H0, H1 and η of the 2nd jet by b-
tag for the (7 jets,≥ 4 b-tags) category for 2016 (left), 2017 (middle) and
2018 (right). The hashed band visualizes the prefit uncertainty including
all uncertainties used in the final fit. Additionally a 50% normalization for
the tt̄ + B and tt̄ + C processes is considered instead of the free floating
normalization used in the final fit. The QCD shown in these plots is the data
driven estimation as described in section 5.5.
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Figure C.4.: ANN input variables ∆Rmax
j,j , ∆Rmin

j,j and mclosest to 125
j,j for the (7 jets,≥

4 b-tags) category for 2016 (left), 2017 (middle) and 2018 (right). The hashed
band visualizes the prefit uncertainty including all uncertainties used in the
final fit. Additionally a 50% normalization for the tt̄+B and tt̄+C processes
is considered instead of the free floating normalization used in the final fit.
The QCD shown in these plots is the data driven estimation as described in
section 5.5.
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Figure C.5.: ANN input variables Sphericity for the (7 jets,≥ 4 b-tags) category as well
as Aplanarity, mmax m

b,b , ∆ηjets and H0 for the (8 jets,≥ 4 b-tags) category for
2016 (left), 2017 (middle) and 2018 (right). The hashed band visualizes the
prefit uncertainty including all uncertainties used in the final fit. Additionally
a 50% normalization for the tt̄ + B and tt̄ + C processes is considered instead
of the free floating normalization used in the final fit. The QCD shown in
these plots is the data driven estimation as described in section 5.5.

184



C. ANN classifier input variables 185

0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.175

/dof = 1.4952χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-136.3 fb

0 0.5 1 1.5 2 2.5 3 3.5

1H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.756

/dof = 0.5682χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-141.5 fb

0 0.5 1 1.5 2 2.5 3 3.5

1H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.934

/dof = 0.3072χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-159.7 fb

0 0.5 1 1.5 2 2.5 3 3.5

1H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.221

/dof = 1.3732χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-136.3 fb

0 0.5 1 1.5 2 2.5 3 3.5

2H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.598

/dof = 0.7642χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-141.5 fb

0 0.5 1 1.5 2 2.5 3 3.5

2H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5 3 3.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.5

KS = 1.000
p-vale = 0.828

/dof = 0.4742χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-159.7 fb

0 0.5 1 1.5 2 2.5 3 3.5

2H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0 0.5 1 1.5 2 2.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.4

2

KS = 1.000
p-vale = 0.045

/dof = 2.2682χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-136.3 fb

0 0.5 1 1.5 2 2.5

3H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.4

2

KS = 1.000
p-vale = 0.473

/dof = 0.9102χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-141.5 fb

0 0.5 1 1.5 2 2.5

3H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.5 1 1.5 2 2.5

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.4

2

KS = 1.000
p-vale = 0.909

/dof = 0.3062χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-159.7 fb

0 0.5 1 1.5 2 2.5

3H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 0.999
p-vale = 0.210

/dof = 1.4292χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-136.3 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

4H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 1.000
p-vale = 0.529

/dof = 0.8292χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-141.5 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

4H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 1.000
p-vale = 0.970

/dof = 0.1802χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-159.7 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

4H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 1.000
p-vale = 0.747

/dof = 0.5392χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-136.3 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

5H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 1.000
p-vale = 0.279

/dof = 1.2582χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-141.5 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

5H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d. 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

10

210

310

410

510

610

E
ve

nt
s 

/ 0
.3

7

KS = 1.000
p-vale = 0.787

/dof = 0.4862χ

Data SMHt t×100 
+lftt Multijet

c+ctt Single t
b+btt V+jets

~~~+Vtt
Diboson
Uncertainty

4 b tags)≥FH (8 jets, 
Pre-fit expectation

Work in progress CMS  (13 TeV)-159.7 fb

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

5H

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

Figure C.6.: ANN input variables H1, H2, H3, H4 and H5 for the (8 jets,≥ 4 b-tags) cat-
egory for 2016 (left), 2017 (middle) and 2018 (right). The hashed band vi-
sualizes the prefit uncertainty including all uncertainties used in the final fit.
Additionally a 50% normalization for the tt̄+B and tt̄+C processes is consid-
ered instead of the free floating normalization used in the final fit. The QCD
shown in these plots is the data driven estimation as described in section 5.5.
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Figure C.7.: ANN input variables R1, R2, R3, R4 and MEM for the (8 jets,≥ 4 b-tags)
category for 2016 (left), 2017 (middle) and 2018 (right). The hashed band
visualizes the prefit uncertainty including all uncertainties used in the final
fit. Additionally a 50% normalization for the tt̄ + B and tt̄ + C processes
is considered instead of the free floating normalization used in the final fit.
The QCD shown in these plots is the data driven estimation as described in
section 5.5.
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Figure C.8.: DNN input variables Sphericity, η of the 1st jet by b-tag, η and pT of the 2nd

jet by b-tag and ∆Ravg
j,j for the (8 jets,≥ 4 b-tags) category for 2016 (left),

2017 (middle) and 2018 (right). The hashed band visualizes the prefit un-
certainty including all uncertainties used in the final fit. Additionally a 50%
normalization for the tt̄ + B and tt̄ + C processes is considered instead of the
free floating normalization used in the final fit. The QCD shown in these
plots is the data driven estimation as described in section 5.5.
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Figure C.9.: ANN input variables ∆Rmax
j,j ,∆Rmin

j,j for the (8 jets,≥ 4 b-tags) category as
well as mmax m

b,b , ∆ηjets and MEM for the (≥ 9 jets,≥ 4 b-tags) category for
2016 (left), 2017 (middle) and 2018 (right). The hashed band visualizes the
prefit uncertainty including all uncertainties used in the final fit. Additionally
a 50% normalization for the tt̄ + B and tt̄ + C processes is considered instead
of the free floating normalization used in the final fit. The QCD shown in
these plots is the data driven estimation as described in section 5.5.
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Figure C.10.: ANN input variables H0, H1, H2, H3 and H4 for the (≥ 9 jets,≥ 4 b-tags)
category for 2016 (left), 2017 (middle) and 2018 (right). The hashed band
visualizes the prefit uncertainty including all uncertainties used in the final
fit. Additionally a 50% normalization for the tt̄ + B and tt̄ + C processes
is considered instead of the free floating normalization used in the final fit.
The QCD shown in these plots is the data driven estimation as described in
section 5.5.
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Figure C.11.: DNN input variables H5, R1, R2, R3, R4 for the (≥ 9 jets,≥ 4 b-tags) cat-
egory for 2016 (left), 2017 (middle) and 2018 (right). The hashed band
visualizes the prefit uncertainty including all uncertainties used in the final
fit. Additionally a 50% normalization for the tt̄ + B and tt̄ + C processes
is considered instead of the free floating normalization used in the final fit.
The QCD shown in these plots is the data driven estimation as described in
section 5.5.
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Figure C.12.: ANN input variables Aplanarity, pT of the seventh jet, ∆Ravg
j,j , ∆Rmax

j,j and
Sphericity for the (≥ 9 jets,≥ 4 b-tags) category for 2016 (left), 2017 (middle)
and 2018 (right). The hashed band visualizes the prefit uncertainty including
all uncertainties used in the final fit. Additionally a 50% normalization for
the tt̄ + B and tt̄ + C processes is considered instead of the free floating
normalization used in the final fit. The QCD shown in these plots is the
data driven estimation as described in section 5.5.
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Figure C.13.: ANN input variables η of the 1st jet by b-tag as well as η and pT of the 2nd

jet for the (≥ 9 jets,≥ 4 b-tags) category for 2016 (left), 2017 (middle) and
2018 (right). The hashed band visualizes the prefit uncertainty including
all uncertainties used in the final fit. Additionally a 50% normalization for
the tt̄ + B and tt̄ + C processes is considered instead of the free floating
normalization used in the final fit. The QCD shown in these plots is the
data driven estimation as described in section 5.5.
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