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CHAPTER 1

Introduction

"Equipped with his five senses, man explores the universe around him and calls the adventure Science."

- Edwin Powell Hubble

Revealing the mystery of the birth of the universe and the formation of matter has been an everlong
task for humankind to solve. In order to answer an enormous amount of profound questions on this
journey, human beings have been developing various theories in the last centuries. Up to now, there are
two main physical theories that are known to be well-established: the Standard Model (SM) of particle
physics and General Relativity of cosmology. Through countless of analyses and decades of experiments,
these theories have been experimentally validated to astounding precision.

Since the discovery of the electron in 1897 [1], which led human beings into the subatomic scale era,
more particles have been revealed to be fundamental subsequently. With the discovery of the Higgs
boson by the ATLAS and CMS collaborations at the LHC in 2012 [2], one of the last missing pieces of
the SM fell into place, marking a great milestone in the history of particle physics. The properties and
behavior of the Higgs boson matched many theoretical expectations, such as initially massless particles
in the SM acquiring masses through the Brout-Englert-Higgs (BEH) Mechanism. However, there are
still many open questions and inconsistencies remained in the SM, such as naturalness problem, matter-
antimatter asymmetry, dark matter, dark energy, etc. Therefore, there are various Beyond Standard Model
(BSM) theories that are proposed in an attempt to explain the incompatibility between the experimental
observations and SM predictions.

One of the major places to test the SM is the regime of heavy elementary particles, such as the top
quark, W, Z and Higgs bosons. The production of a single top quark in association with a Higgs boson
(tH) allows a direct probe for the coupling of the top quark to the Higgs boson (yt), as well as the
coupling of the W boson to the Higgs boson (gHVV ). This process has a great advantage compared to
other processes such as tt̄H that, it is uniquely sensitive to the relative sign of the coupling constants in
addition to their magnitude. This feature originates from the fact that the tH diagrams, which involve the
two distinct coupling constants yt and gHVV , maximally interfere in the destructive way. The searches for
this process can be classified depending on the Higgs decay channel, and the main three channels are:
multilepton (ML) channel which involves multiple leptons in the final state, H → bb̄, and H → γγ. This
analysis focuses on the ML channel, especially on the channel where the Higgs boson decays into a pair
of τ leptons, of which one decays hadronically and the other decays leptonically (H → τhτl), namely the
lep-had channel. Prior to the tHq analysis, the production of a single top quark in association with a Z
boson (tZq) has been investigated for a precursor analysis, as it constitutes one of the most prominent
backgrounds to the tHq.
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Chapter 1 Introduction

The structure of this thesis is as follows. In chapter 2, a brief overview of the Standard Model, basic
theoretical concepts used in collider physics, as well as a detailed description of top quark physics are
presented. An introduction of the LHC and the ATLAS detector is given in chapter 3, together with an
explanation about how particles are identified and reconstructed within the ATLAS detector. In chapter 4,
the data and Monte Carlo simulated samples that are used for both tZq and tHq analyses are described.
The tZq analysis is presented in chapter 5. In this chapter, the selection of events which give the tZq ML
final state as well as the validation procedure of a framework named tHqLoop (for the tHq analysis) are
shown. The tHq study is divided into two main parts: 1) origin of the light leptons described in chapter 6;
2) reconstruction of the lep-had channel discussed in chapter 7. In chapter 6, a general description of the
event selection procedure of the tHq ML channel as well as a study on the origin of the light leptons are
given. The second part of the tHq analysis is focused on the reconstruction of the lep-had final state. At
last, in the last chapter a summary of the whole analysis as well as a short outlook of a possible direction
for tHq analysis are presented.
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CHAPTER 2

Theoretical concepts

In this chapter, a brief overview of the Standard Model of particle physics and theoretical concepts used
in hadron collider physics is presented. First of all, an introduction to the constituents of the Standard
Model and the relationship between them will be given. Afterwards, basic concepts commonly used
in experimental particle physics will be discussed. Finally, the top quark and the Higgs boson will be
explained in detail as they are key particles in this analysis.

2.1 The Standard Model

Since late 1970s, as a heart of our understanding of nature, the Standard Model of particle physics (SM)
has been developed as a unified theoretical framework that describes the elementary particles1. The laws
governing the behavior of these fundamental particles and their nature have been theoretically formulated
as a set of Quantum Field Theories (QFTs). According to QFTs, a particle is described as an excitation
of a quantum field that satisfies its own quantum mechanical field equations [3]. So far, the SM has
successfully explained nearly all experimental results and predicted a wide variety of phenomena in high
precision, and is therefore known as a well-established model in particle physics.

2.1.1 Ingredients of the SM

All known elementary particles included in the SM are shown in Fig 2.1 They can be classified into two
types: fermions and bosons, based on their spins2. Each type of particles is explained in more detail in
the following section.

Fermions

The fermions, also known as matter particles, are half-integer spin particles. Their behavior is thus
constrained by the Pauli exclusion principle according to the law of spin–statistics [3]. All fermions
experience the weak force, and with the exception of neutrinos, which are electrically neutral, all other
fermions interact via the electromagnetic interaction which is described by Quantum Eletrodynamics
(QED) (more details in Section 2.1.2). There are twelve fermions (and their antiparticles) in the SM
in total to date, which can be subdivided further into two different classifications, six quarks and six

1 Elementary particles or fundamental particles are particles that are thought to have no internal structure, and are the smallest
known building blocks of the universe.

2 Spin is an intrinsic angular momentum carried by the particles.

3



Chapter 2 Theoretical concepts

leptons, depending on whether they interact via the strong interaction, which is theoretically formulated
by Quantum Chromodynamics (QCD). Unlike leptons which carry no color charge, which is equivalent
of electric charge q, quarks carry a color charge and thus interact via the strong interaction. Quarks can
be combined into nucleons, for example the proton with two u-quarks and one d-quark, and the neutron
with one u-quark and two d-quarks. Atoms consist of these nuclei and electrons around them.

ec

Figure 2.1: An overview of the elementary particles in the SM with mass, charge and spin information. The
fermions are classified into quarks (purple) and leptons (green), and bosons can be subdivided into gauge bosons
(red) and scalar bosons (yellow). The antiparticles are now shown here [4].

Antiparticles of fermions

Apart from the fermions shown in Fig 2.1, there is a set of antiparticles, of which each corresponds to a
fermion with the same mass and the opposite charge. The existence of antiparticles was postulated in an
attempt to provide a physical interpretation for the negative energy solutions from the Dirac equation [3].
The existence of antiparticles was confirmed by the discovery of antiproton and antineutron in 1995 at
the University of California, Berkeley [5].

4



2.1 The Standard Model

Generations of fermions

The component of spin along the direction of motion of a particle is known as its helicity. For a spin-half
fermion, the component of spin measured along any axis is quantized to be either ±1/2. These two
possible helicity states are termed right-handed and left-handed helicity states. Only fermions that are
left-handed (or with a negative chirality3) can carry a weak isospin4, and they can be paired in terms of a
weak isospin doublet5. The pairs from the quarks and leptons are arranged to form a generation, with
corresponding particles exhibiting similar physical behavior. The only differences between generations
are the masses and flavors of particles. The first generation has the lightest particles, whereas particles
in the third generation have the largest masses. Each generation of quarks consists of one "up-type"
quark (u, c, t) and one "down-type" quark (d, s, b), and each lepton generation consists of one charged
lepton (e, µ, τ) and an associated neutrino (νe, νµ, ντ). So far, only three generations have been observed,
supported by experimental result from LEP Collaboration, that the number of neutrino types is Nν =

2.9841 ± 0.0083 [6]. The existence of a fourth generation is also excluded in Higgs boson searches [7].

Bosons

The bosons are particles with integer spin, and their behavior is governed by the Bose-Einstein statistics.
There are two types of bosons in the SM: spin-1 gauge bosons and spin-0 scalar bosons. The gauge
bosons mediate the three fundamental forces between fermions except the gravitational force, i.e. the
electromagnetic force, the weak force and the strong force. The photon (γ) mediates the eletromagnetic
force, W± bosons together with Z boson mediate the weak force. The strong interaction is mediated
by a particle called a gluon (g), which itself carries color charge unlike the photon. This leads to the
gluon undergoing self-interaction. Except for gluons and photons, all other gauge bosons have non-zero
masses, which arise from the spontaneous symmetry breaking by the Brout-Englert-Higgs mechanism [3].
The only scalar boson that has been observed to date is the neutral Higgs boson (H0), whereas existence
of charged Higgs bosons is proposed in several extended Higgs sectors. The details regarding how the
bosons mediate the interactions in the SM are explained in Section 2.1.2.

2.1.2 Theoretical aspects in the SM

Quantum chromodynamics

The strong force is theoretically formulated by QCD, which is a quantum field theory explains the
interaction between quarks and gluons. It is associated with a non-abelian gauge group SU(3)C

6. Here, a
gauge group is a group transformation of the field variables that leaves the basic physics of the quantum
field unchanged. This condition is called gauge invariance, and the group transformation is called gauge
transformation. Every quark possess one of three different types of color charge, red (r), blue (b) and
green (g), while every anti-quark carries an anti-color7. As shortly mentioned in Section 2.1.1 there are
two features that QCD exhibits: color confinement and asymptotic freedom.

3 The chirality of a particle is determined by whether the particle transforms in a right- or left-handed representation of the
Poincaré group (a non-abelian Lie group). For massless particles, chirality is the same as helicity, which is the sign of the
projection of the spin vector onto the momentum vector: “left” is negative, “right” is positive.

4 Weak isospin is a quantum number relating to the weak interaction, usually denoted as T .
5 Fermions with negative chirality have T = 1

2 and can be grouped into doublets with T3 = ± 1
2 which behave the same way

under the weak interaction. Here, T3 is the third component of weak isospin T . T3 = 0 for right-handed fields.
6 A non-abelian group is a group that has elements which do not necessarily commute. The C stands for color charge.
7 Anti-color: anti-red (r̄), anti-blue (b̄) and anti-green (ḡ)

5



Chapter 2 Theoretical concepts

Color confinement is referred to as a phenomenon that particles with color charges are always confined
into color-neutral (or color singlet) bounded states. This phenomenon is believed to originate from the
self confinement of gluons, which arise from the fact that gluons themselves carry color charges unlike
electrically neutral photons. The gluons have a combination of two color charges (one of r, g or b and
one of r̄, ḡ and b̄) in a superposition of states. Although there is no analytic proof of the concept of
color confinement, it can be qualitatively understood by the interactions between two free quarks when
they are pulled apart. Whereas the electric field decreases rapidly as two electrically charged particles
are separated, rather a tube-like field is formed when a pair of color charges are moving apart, and the
potential energy per distance between the pair stays constant. If the input of energy to the gluon field is
high enough, which is above ∼ 1 GeV fm−1 (the potential energy of the color field), then an additional
quark-antiquark pair will be created out of the vacuum. [3]

The QCD coupling strength, αS, which is often called as QCD coupling constant, is actually not a
constant. It is also called "running" coupling constant, as its value depends on the energy scale of the
interaction being considered. The QCD coupling strength becomes larger at low-energy scales (large
distance), which explains the confinement phenomenon, and becomes smaller at low-energy scales (short
distance), which is called asymptotic freedom. In this way, the perturbation theory8 can be used at
the high-energy regime, whereas non-perturbation theory applies to the low-energy regime, where the
strength is strong enough for hardonization to take place.

Eletroweak unification

The electromagnetic interaction and the weak interaction appear very different at everyday low energies,
however, they would merge into a single electroweak interaction above the unification energy, at the order
of 246 GeV, by the Glashow-Salam-Weinber (GSW) model. The weak and electromagnetic interactions
are unified based on the gauge symmetry group SU(2)L×U(1)Y

9. The Lagrangian of the weak interaction
is invariant under the SU(2)L local phase transformation, whereas the local gauge invariance of the
Lagrangian of the electromagnetic interaction is associated with the abelian symmetry group U(1)Y.
The introduction of new parameters, weak hypercharge Y and the third component of weak isospin T3
which are the generators of SU(2)L and U(1)Y respectively, is crucial for the electroweak unification
since they give rise to four electroweak gauge fields, the weak isospin fields W+, W−, W0, and the weak
hypercharge field B0, which correspond to four massless bosons. The B0 field mixes with the W0 field
with the weak mixing angle θW and this produces the observed Z gauge boson and the photon of quantum
electrodynamics. These bosons (except the massless photon) become massive after the spontaneous
symmetry breaking and the associated Higgs mechanism (see the next section).

Higgs mechanism

As mentioned in Section 2.1, particles are described by excitations of a quantum field that satisfies
the appropriate quantum mechanical field equations. The dynamics of a quantum field theory can be
expressed in terms of the Lagrangian density. The Lagrangian density of the SM, denoted as LSM, is

8 Perturbation theory is a set of approximation schemes directly related to mathematical perturbation for describing a
complicated quantum system in terms of a simpler one. The idea is to start with a simple system for which a mathematical
solution is known, and add an additional "perturbing" Hamiltonian representing a weak disturbance to the system. If
the disturbance is not too large, the various physical quantities associated with the perturbed system can be expressed as
"corrections" to those of the simple system.

9 The index L stands for "left" based on the fact that the weak charged-current interaction is observed to couple only to
left-handed chiral particles; Y stands for the weak hypercharge, Y = q − T3, where q is electric charge and T3 is the third
component of weak isospin.
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2.2 Feynman diagrams

required to satisfy gauge invariance defined by the local symmetry group SU(3)C × SU(2)L ×U(1)Y. The
LSM can be simply written as:

LSM = −
1
4

FµνF
µν

+ iψ̄Dψ +LH, bosons +LH, fermions , (2.1)

where the first term contains the energy-momentum tensor Fµν of the electroweak fields and the gluon
fields; second term contains the fermion field ψ and a covariant derivative D; and last two terms LH, bosons
and LH, fermions are the Lagrangian of Higgs field associated with bosons and fermions. A direct addition
of the mass term to SM Lagrangian breaks the local gauge invariance, and leads to non-renormalization
of the SM Lagrangian. To solve this problem, a complex scalar doublet field φ called the Higgs field,
along with the Higgs potential V(φ) is added to the Lagrangian as shown below:

LH, bosons = Dµφ
†Dµφ − V(φ) , (2.2)

where V(φ) = µ2φ†φ + λ(φ†φ)2, which is in a mexican-hat shape with µ2
< 0 and λ > 0. Although the

potential itself is symmetric under the SU(2)L ×U(1)Y transformation, its minimum is not at zero but at a

non-zero value with v =

√
µ2

λ (vacuum expectation value, VEV). Therefore, this leads to the spontaneous
breaking of the original symmetry, since the perturbations around the minimum are not symmetric any
more. The perturbative expansion includes both the radial and longitudinal directions in the potential.
Each independent motion in which the fluctuations can take place without a potential gradient provides
a degree of freedom, and as a complex doublet field, the Higgs field has four independent degrees of
freedom. The fluctuation in the radial motion around the minimum will give rise to a massive Higgs boson,
while three massless scalar bosons (also called Goldstone bosons) are created in tangential direction.
These three degrees of freedom for the Goldstone bosons are "eaten" (absorbed) by W± and Z bosons.
In terms of fermions, they acquire mass through so-called Yukawa coupling with the Higgs field. The
photon remains massless since the symmetry breaking does not distort the electroweak symmetry that is
responsible for the electromagnetic interaction to take place, i.e. the vacuum state stays still symmetric
under U(1)em

10 transformation.

2.2 Feynman diagrams

A Feyman diagram serves as a graphic tool for the description of particle interactions, but also a
mathematical tool for the probability amplitudes evaluation. Example Feynman diagrams at Leading
Order (LO) for the process e+e− → e+e− (bhabha scattering) are given in Fig 2.2. A Feynman diagram
consists of points called vertices and lines with two different types: external and internal lines. The
vertices indicate particle interactions that happen at the same point in space and at the same time. There
are two different types of external lines: incoming lines extend from the past to a vertex which represent
an initial state, and outgoing lines extend from a vertex to the future which represent the final state. The
lines of antiparticles, which travel backward in time, are drawn in the opposite direction to particles. The
lines connecting two vertices are internal lines, also called as propagators, and they are virtual particles
(off-shell particles) which do not obey the energy-momentum conservation law.

Mathematically, as defined in the Feynman rule, all the lines and vertices contribute parts to the
amplitude of a Feynman diagram, and the calculation of the probability amplitude can be done by
multiplication of the contributions of all components within the diagram. For a given process, there could

10 The U(1)em is an abelian gauge group which represents the electromagnetic interaction.
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be more than one Feynman diagrams which share the same initial and final states. The total amplitude
for a physical process is calculated by summing over all possible individual amplitudeMi of individual
diagram i. A physical observable, such as cross-section, is evaluated by the taking the square of the sum.
The amplitude of a process could be calculated more accurately if higher order11 diagrams (e.g. diagrams
contain internal loops) are included.

e−

e+

e+

e−

γ

(a)

e−

e+

e−

e+

γ

(b)

Figure 2.2: Example Feynman diagrams at LO for the process e+e− → e+e−. Diagram 2.2(a) shows an annihilation
process, and Diagram 2.2(b) shows a scattering process.

2.3 Collider physics

2.3.1 Basic concepts

Natural units

Natural units are physical units of measurement that are believed to be universal physical constants.
The term of "natural" refers to that their definition originate purely from nature properties and not from
human construct. They are generally used to simplify some specific equations in the laws of physics or to
normalize certain physical quantities.

In this system of units, the speed of the light (denoted as c), the reduced Planck constant (denoted as
~), as well as the Bolztman constant (denoted as kB) are defined to be equal to 1, as follows:

c = ~ = kB = 1 . (2.3)

This allows many physical quantities with units of mass [kg], length [m] and time [s] to be able to
expressed as the units of energy and momentum, electronvolt [eV]12, as well as their inverse units:

[mass] = [energy] = [momentum] = eV ,

[length] = [time] = eV−1 .
(2.4)

11 According to the Feynman rules, each vertex in a Feynman diagram contributes a factor of the coupling constant. Thus, the
order of each coupling constant is the number of vertices of that interaction.

12 1 eV = 1.602176634 × 10−19 J
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2.3 Collider physics

Cross-section and decay width

A cross-section, denoted as σ, represents the probability of an interaction between two particles during
a collision. It has a unit of area [m2], and can be imagined as an effective area where the reaction
actually takes place, orthogonal to their relative motion. The unit of a cross-section in particle physics is
generally expressed as a unit of barn (b), where 1 b = 10−28m2. In particle physics, the commonly used
cross-section units are picobarn (pb) and femtobarn (fb). (1 pb = 10−12 b, 1 fb = 10−15 b)

The cross-section can be calculated by integration of the matrix element over all possible phase spaces
in a given process, with additional multiplication by factors arise from 4-vector momentum conservation,
normalization and etc. Thus, it can be expressed as:

σ ∝

∫
| M |

2dρ , (2.5)

whereM refers to the matrix element, and ρ the possible phase space.
There are two different measurements of cross-section depending on whether the phase space is

calculated as a function of a specific observable or not. If a cross-section is measured only with respect
to a certain variable such as an scattering angle or a momentum, then it is called as a differential (or
exclusive) cross-section, and if it is not, it is called as an inclusive (or total) cross-section.

Decay rate

There is another quantity called a decay rate (or a decay width), denoted by Γ. It is used to reflect the
probability of a particle process in a unit of time, but limited to a decay process. In a decay mode of
a sufficiently large ensemble which consists of identical particles, the expected number of surviving
particles after a certain time exhibits a function of an exponential. The time span after which the ensemble
is reduced to 1/e of its initial size is called li f etime (τ) of a such particle, and it is inversely proportional
to the decay rate, τ = 1/Γ. The unit of the lifetime is eV−1, and consequently, the decay rate has a unit of
eV.

In general, in a particle collision, not only one decay mode but multiple decay modes could take place,
and the total decay rates can be simply written as the sum of decay rates of all individual decay (or partial
decay width) modes, denoted as Γi:

Γtot =

n∑
i=1

Γi . (2.6)

With a partial decay width known, the branching ratio could be calculated, which defines the fraction of a
partial decay width with respect to the total decay width:

Bi =
Γi

Γtot
. (2.7)

Luminosity and event rate

In high-energy collision experiments, one of the most important quantities is the number of events, which
is denoted as N:

N = σ

∫
L(t)dt = σL , (2.8)

where σ is the cross-section, L(t) is the instantaneous luminosity, which characterizes the perform-
ance and capability of an accelerator, and L is integrated luminosity, the integral of the instantaneous
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luminosity with respect to time in a unit of b−1.
As the distribution of the intensity of two head-on colliding13 beams are assumed to be Gaussian-

shaped, the instantaneous luminosity can be expressed as a function of a set of beam parameters, the
crossing frequency ( f ), the number of particles in the beam (n1/2) and the beam size in horizontal (σx)
and vertical direction (σy):

L(t) =
f n1n2

4πσxσy
. (2.9)

Technically, it is very tricky to precisely measure the instantaneous luminosity as running conditions vary
with time. Thus, the integrated luminosity is more commonly used in data analysis, and the maximization
of this luminosity is regarded as one of the main goals in most of collider experiments for larger data
collection.

The event rate is defined as the number of events within in a certain time:

dN
dt

= σ · L(t) , (2.10)

and has a unit of
[number of events

m2
· s

]
.

2.3.2 Parton distribution function

The parton model is proposed by Richard Feynman in the purpose of interpretation of cascades of
radiation (a parton shower) produced from QCD processes and the interactions in particle collisions.
According to this model, in high-energy hadron collision, hadrons such as protons or neutrons, can be
considered as composite particles of so-called partons, and not the whole hadrons but a bunch of these
partons interact with each other. The partons are referred to as valence and sea quarks14 as well as
gluons. Each parton carries away some certain amount of the longitudinal momentum of a hardon, and
the fraction of the momentum carried by individual partons (pi) can be described by a variable x called
Bjorken x:

xi =
pi

phadron
, (2.11)

As a consequence, the recorded collision energy can be lower than the total amount of the colliding beam
energies. The probability density for finding a parton with a momentum fraction xi at a given energy
scale Q2 (= −q2, where q is a four momentum of modulus) can be described by the parton distribution
function (PDF). [8] With the PDF of each parton known, the cross-section for a process p1 p2 → X (p1,
p2 denotes two partons; X denotes a final state) at a given center-of-mass energy

√
s can be calculated

by:

σp1p2→X(s) =
∑

i,j=partons

∫
dxidx j · f1(xi, µ

2) f2(x j, µ
2)σi j→X(ŝ, µ2) . (2.12)

Here, f1 and f2 are the PDFs of the proton p1 and p2, respectively, at the energy scale of µ (also known
as a fractorization scale). σi j→X is the cross-section for the process of two partons colliding into a final
state of X with ŝ = xix js.

13 A collider is a type of particle accelerator which accelerates particles to very high kinetic energy and letting them impact
on other particles. There are two possible setups: 1) fixed target setup, where one beam of particles (the projectiles) is
accelerated with a particle accelerator, and the other one is put into the path of the beam as a stationary target; and 2) head-on
collider, where two beams of particles are accelerated and the beams are directed against each other. [3].

14 The sea quarks are also known as virtual quarks, and they are always produced in quark-antiquark pairs by a gluon.
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2.3 Collider physics

2.3.3 Kinematics

Center-of-mass energy

The center-of-mass energy of a particle system is the energy measured in the center-of-mass reference
frame, and is defined as follows:

√
s =

√√√√ 2∑
i=1

Ei


2

+

 2∑
i=1

~pi


2

, (2.13)

where Ei and ~pi are the energy and momentum of the initial-state particle i (= 1, 2). Assuming two
colliding particles as massless, the center-of-mass can be simplified as

√
s = 2Ebeam in the center-of-mass

frame,
√

s = 2maEb in the laboratory frame.
Since the energy of the motion of the center of mass itself stays fixed at the center of mass and the

internal properties of the system are unchangeable, it is available to probe new particles or to explore the
internal structure of particles with all available energy. [9]

Transverse momentum and Missing transverse momentum

In collision experiments such as ATLAS, the partons are accelerated along the beam pipe, which is set to
be the z-axis, therefore, in the ideal case, the particles in the final states have no longitudinal but only
transverse components in their momentum15. Consequently, the total sum of the transverse momentum
of the final objects must be zero to fulfill the momentum conservation law. The transverse momentum is
described as:

pT =

√
p2

x + p2
y , (2.14)

and here, px and py denote the momentum in x and y direction, respectively.
However, not all the final objects are detectable in a (reasonable-sized) general purpose detectors, such

as neutrinos which rarely interact with other fundamental particles. The missing transverse momentum
resulted in by these undetectable objects can be calculated by deduction of the total sum of momentum
of all visible objects from zero:

−−−−→
Emiss

T = −
∑

i

−−→
pT

i . (2.15)

Rapidity and pseudorapidity

In the frame of center-of-mass of a proton-proton collision, one of two colliding partons can be boosted
along the beam direction due to the difference in the longitudinal momentum of the partons. Therefore, it
is especially useful to define quantities which are invariant under longitudinal Lorentz boost. The rapidity
(y) is one of such quantities, and is expressed as:

y =
1
2

ln
(

E + pz

E − pz

)
, (2.16)

where E denotes the energy of the particle, and pz the particle momentum along the beam axis.

15 The transverse (or xy) plane is perpendicular to the beam direction (z-axis)
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Another quantity called pseudorapidity, however, is more commonly used, which is defined as:

η =
1
2

ln
(
|~p| + pL

|~p| − pL

)
= − ln

[
tan

(
θ

2

)]
. (2.17)

where θ is the polar angle between the particle and the beam axis. Pseudorapidity asymptotically
approaches the rapidity in the high energy limit, and it tends towards positive infinity at θ = 0◦ (along the
beam axis) and approaches zero at θ = 90◦. Combined with azimuthal angle φ (the angle of a particle
around the beam axis), a boost-independent angular distance ∆R is defined as follows:

∆R =

√
(∆η)2

+ (∆φ)2 , (2.18)

where ∆η and ∆φ is referred to as the differences of pseudorapidity and azimuthal angle between two
particles.

Transverse mass

The transverse mass, denoted as mT, is invariant under Lorentz boost along the beam direction. It is
defined as:

m2
T = E2

T − ~p
2
T , (2.19)

where ET =

√
m2

+ ( ~pT)2 is the transverse energy that is defined using its true invariant mass m, and ~pT
is the transverse momentum.

Pile-up

At a hadron collider, such as the LHC, the beam is bunched into bunches of which each consists of
∼ 1019 protons, and is accelerated in the ring bunch by bunch. Thus it is very likely that multiple protons
interact with each other and produce not only interesting particles but also some other particles that are
not interesting. All these collisions of no interest are collectively referred to as pile-up (PU). There are
two different PUs: in-time PU and out-of-time PU. The in-time PU originates from multiple hadron
interactions in the same bunches, whereas out-of-time PU is produced by earlier or later bunches. One
of our ultimate goals is to maximize the number of interesting collisions, and one possible way is to
maximize the number of particles per bunch. However, this means more pile-up, thus new methods of
dealing with high pile-up condition are in need.

2.4 Top quark physics

In 1973, Kobayashi and Maskawa predicted the existence of the third generation of fermions in the SM,
the bottom and the top quark, in order to explain CP violation in kaon decays. After the discovery of the
bottom quark, the top quark, which is the weak isospin partner of the bottom quark, was discovered by the
CDF and D0 colloborations at Tevatron in 1995. [10, 11] The basic properties and the main production
processes of the top quark will be given in this section.

2.4.1 Top quark properties

As a member of the third generation, the top quark forms a weak isospin doublet with the bottom quark,
with weak isospin value T3 = 1

2 . It has spin 1
2 , charge q = + 2

3 e. The top quark has very unique and

12



2.4 Top quark physics

interesting features compared to the other fermions in the SM. It is the heaviest particle that has been
observed so far, with a mass of 173.34 ± 0.76 GeV. The mean lifetime of the top quark is too short to
form bound states, with τt ≈ 5 × 10−25 s [12], thus it is also called "bare quark". It is believed to strongly
couple to the Higgs boson due to its large mass. Since the mass of the top quark together with the mass
of the W boson are linked to the mass of the Higgs boson, any deviation from this connection could
indicate new physics. Thus, studying the properties of the top quark can provide a direct probe for the
Higgs sector and the Beyond Standard Model (BSM) theories.

2.4.2 Top quark production

At hadron colliders, top quarks are produced mainly in two different processes: top quark pair production
via the strong interaction and single top quark production by the electroweak interaction.

Top quark pair production

Top quark pairs can be produced either via gluon-gluon fusion (gg→ tt̄) or quark-antiquark annihilation
(qq̄ → tt̄). The LO Feynman diagrams of these processes are shown in Fig 5.6. The contribution of
each process to the total tt̄ production cross section depends on the center-of-mass energy of the collider
and the PDF of the interacting particles. At the LHC, gg fusion is the dominant process, whereas at the
Tevatron16, qq̄ annihilation is the dominant. At the center of mass energy

√
s = 13 GeV, the gg fusion

accounts for ∼ 90%. [12] The total cross-section for tt̄ production has been measured experimentally by
the ATLAS collaboration: [13]

σtt̄ = 826.4 ± 3.6 (stat) ± 11.5 (syst) ± 15.7 (lumi) ± 1.9 (beam) pb . (2.20)

g

g

t̄

t

g

(a)

q

q̄

t̄

t

g

(b)

g t

g t̄

(c)

Figure 2.3: Example LO Feynman diagrams of top quark pair production by gluon-gluon fusion 2.3(a), quark-
antiquark annihilation 2.3(b) and quark-antiquark annihilation 2.3(c).

Single top production

A single top quark is produced via the electroweak interaction. There are three main processes of single
top quark production, and their LO Feynman diagrams are shown in Fig 2.4. The difference between
these processes is whether the exchanged particle is on-shell or not.

16 The Tevatron is a circular particle accelerator at the Fermi National Accelerator Laboratory (also known as Fermilab) in the
United States.
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Figure 2.4: Example LO Feynman diagrams of single top quark production. Diagram 2.4(a) shows t-channel,
diagram 2.4(b) corresponds to tW channel, and diagram 2.4(c) depicts s-channel.

Single top quark is dominantly produced via the interaction of a b quark and a virtual W boson in
t-channel, as shown in Fig 2.4(a). In this process, a spectator quark q is produced along with the top
quark, and transforms into a different flavor (q′) via interacting with the W boson. This process accounts
for ∼ 70% of the whole single top quark production cross section. This process contributes differently
to the total cross section σtq, depending on whether single top quark or anti-quark is produced (see
Section 2.4.4). The cross sections of both processes have been theoretically calculated up to NNLO
precision. The fiducial and total cross section have been experimentally measured at center-of-mass
energy of 8 TeV at ATLAS. [14] The most recent results measured at 13 TeV [15] are:

σtq = 156 ± 5 (stat) ± 27 (syst) ± 3 (lumi) pb , (2.21)

σt̄q = 91 ± 4 (stat) ± 18 (syst) ± 2 (lumi) pb . (2.22)

The second largest cross-section for electroweak top quark production is the associated tW production.
As shown in the Feynman diagram in Fig 2.4(b), the top quark is produced with a real W boson in the
final state in this process. The process when both the top quark and the W boson decay leptonically has
been first discovered by the ATLAS collaboration. [16] The measured total cross section for this process
including both top and anti-top quark production is: [17]

σtW = 94 ± 10 (stat)+28
−22 (syst) ± 2 (lumi) pb . (2.23)

The least dominant process of single top quark production occurs via the interaction of a top quark with a
virtual W boson in s-channel, as shown in Fig 2.4(c). The discovery of this process has been reported by
the ATLAS collaboration at 8 TeV in [18], and the theoretical predictions for the cross sections of top
and anti-top quark are: [19]

σt
s-ch (mt = 173GeV,

√
s = 14TeV) = 7.93 ± 0.14 (scale) +0.31

−0.28 (PDF) pb , (2.24)

σt̄
s-ch (mt̄ = 173GeV,

√
s = 14TeV) = 3.99 ± 0.05 (scale) +0.14

−0.21 (PDF) pb . (2.25)

2.4.3 Rare top quark processes

With increasing luminosity and collision energy at the LHC, it is possible to probe rare top quark
processes with larger data. In general, the rare top quark processes involve a top quark pair production
associated with an eletroweak gauge boson (V = Z,W) or a Higgs boson, or with even lower cross-section,
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involve a single top quark production associated with a Z, W or Higgs boson. In the following, several
rare processes are explained.

• tt̄V (V = Z,W): The predicted NLO production cross-section of this process at
√

s = 13 TeV is
lower than 1 pb, and the observed result at the ATLAS collaboration is [20] :

σtt̄Z = 0.9 ± 0.3 pb , (2.26)

σtt̄W = 1.5 ± 0.8 pb . (2.27)

• tt̄H: This process involves a Higgs boson, which provides a direct probe for the Yukawa-coupling
constant. The observed production cross-section of this process is recently published by the
ALTAS [21] and CMS [22] collaborations, and the result from the ATLAS is:

σtt̄H = 670 ± 90 (stat) +110
−100 (syst) fb . (2.28)

• tZq: In this process, a single top quark is produced along with a Z boson, and it has a very similar
final state depending on the decay channel as that of the tHq process which is the focus of this
thesis. Therefore, it is one of the main backgrounds to our signal, but at the same time, a study of
tZq production can be regarded as a precursor to a tHq analysis. Its production cross section and
more details are given in Section 2.4.4.

• tHq: The process where a single top quark is produced in association with a Higgs boson is the
signal process in this thesis. It is of particular interest as not only it provides a direct probe for
the magnitude of the Yukawa coupling constant, but also its sign, which tt̄H has not sensitivity
to. A search for this process in pp collisions at

√
s = 13 TeV is recently published by the CMS

collaboration. [23] More details are given in Section 2.4.5.

2.4.4 Single top quark production associated with a Z boson

As mentioned in Section 2.4.4, a study of the single top quark production in association with a Z boson
can be seen as a precursor to a tHq analysis. The process occurs via the electroweak interaction through
the t-channel diagram. The Z boson radiates either from any quarks that are associated with a virtual W
boson or from the W boson. Thus, it is available to probe for the coupling between a top quark and a
Z boson as well as a W boson and a Z boson (WWZ). The LO Feynman diagrams of tZq productions
are illustrated in Fig 2.5 in the 4-flavor scheme17. The tllq process which does not necessarily contain a
Z boson has been taken into account, since it leads to the same final state and it could potentially add
interference effects to the tZq production.

The cross section of a process which involves a top quark is different from the one which involves an
anti-top quark. The former occurs through:

u + b→ d + t + Z , (2.29)

or
d̄ + b→ ū + t + Z , (2.30)

17 In the 4-flavor scheme (4FS), all quarks except the bottom and top quark are assumed to be massless. In the 5-flavor scheme
(5FS), only the top quark is regarded as massive.
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Figure 2.5: Possible LO Feynman diagrams of the tZq production in the 4-flavor scheme. From diagram 2.5(a) to
diagram 2.5(e) show the processes which involve a Z boson. Diagram 2.5(f) represents the tllq process which does
not necessarily involve a Z boson.

whereas the process which involves an anti-top quark is produced through:

d + b̄→ u + t̄ + Z , (2.31)

or
ū + b̄→ d̄ + t̄ + Z , (2.32)

Here, the anti-quarks in above equations are sea-quarks18. Whether a top quark or an anti-top quark
is produced depends on whether the spectator quark is an u- (or a d̄-) quark or a d- (or an ū-) quark.
Since the proton contains one u-quark and two d-quarks, the cross section ratio of the tZq and the t̄Zq
production should be roughly 2. Assuming that the Z boson and the top quark decay leptonically, the
theoretical prediction of the cross-section in the 5-flavor scheme of total tZq (including both top quark
and anti-top quark) production is: [24]

σtheo.
tZq = 102 fb +5.2%

−1.3% (scale) ± 1.0% (PDF) . (2.33)

The tZq (tllq) process was firstly observed by the CMS collaboration, in the channel where the Z boson
18 Hadrons contain, along with the valence quarks that contribute to their quantum numbers, virtual quark–antiquark pairs

known as sea quarks. Sea quarks form when a gluon of the hadron’s color field splits.
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decays leptonically. The measured cross-section is: [25]

σCMS
tllq = 111 ± 13 (stat) +11

−9 (syst) fb , (2.34)

and the cross section measured by the ATLAS collaboration is: [24]

σATLAS
tllq = 97 ± 13 (stat) ± 7 (syst) fb . (2.35)

2.4.5 Single top quark production associated with a Higgs boson

Single top production in association with a Higgs boson is the main process of interest for this thesis. In
this thesis, the Higgs boson refers to the neutral Higgs boson that has been discovered in 2012 by the
ATLAS and CMS collaborations at the LHC at CERN with a mass of mH = 125.18 ± 0.16 GeV/c2 [2].
Since the discovery of the Higgs boson by the CMS and ATLAS collaborations at the LHC, many
researches have been carried out to measure the Higgs couplings to bosons (gHVV) and fermions (yf) in
high precision. In addition to measuring the absolute value of the couplings, a search for potential relative
phases of the couplings as well as their Lorentz structure19 is of significance to reveal any deviations
from the SM expectations.

Recently, the Yukawa coupling of a Higgs boson to a top quark, as well as the Higgs boson decaying
into bottom quark pairs (H → bb̄) have been observed in the production of a Higgs boson with a top
quark pair (tt̄H) by [21, 22, 27]. However, the production rate of tt̄H is sensitive only to the magnitude
of the top quark-Higgs boson coupling (yt) and not to its sign. On the other hand, the processes involving
loop interactions, such as the production associated with a Z boson or a Higgs boson via gg fusion or
Higgs decays into photon pairs do have sensitivity to the sign of yt. The production of a Higgs boson in
association with a single top quark and Higgs decays into two tau leptons is of main interest in this thesis.
Based on the measurements to date, a positive sign for the coupling is currently more favored. [28, 29]

In the process where a top quark is produced along with a Higgs boson, the Higgs boson can be
radiated either from the top quark or the W boson. Depending on which the baseline process is, there
can be two distinct processes: tHq and tWH. The two most important LO t-channel Feynman diagrams
for tHq and one of the five LO diagrams for tWH are shown in Fig 2.6. The interference between these
diagrams which involve distinct coupling constants (tHq and tWH) makes the production cross section
particularly sensitive to the magnitude in addition to the relative sign and the phase of the couplings. The
maximally destructive interference leads to a small cross section of approximately 71, 16, and 2.9 fb for
the t-channel, tWH and s-channel respectively at

√
s = 13 TeV. In our analysis, only the tHq process

has been considered due to the small cross section of tWH. The overall measurements of the production
cross section of several processes by the ATLAS collaboration are illustrated in Fig 2.7.

19 A Lorentz structure on a manifold V is defined as a reduction of the bundle of linear frames to a subbundle of frames invariant
under the homogeneous Lorentz group. [26]

17



Chapter 2 Theoretical concepts

q q′

b

H

t

t

W

(a)

q q′

H

b t

W

W

(b)

b

g

t

H

W−

b

t

(c)

Figure 2.6: Example Feynman diagrams for the tHq process. Diagram 2.6(a) and 2.6(b) shows the t-channel of tHq
production, where the Higgs boson couples either to the top quark or to the W boson, respectively. Diagram 2.6(c)
represents the tWH production, where the Higgs boson couples to the top quark.

Figure 2.7: An overview of total production cross section measurements of several process in the SM. The right
plot shows the cross section measurements in picobarn (pb). The left plot illustrates the ratio of experimental
observations to the theoretical expectation. [30]
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CHAPTER 3

The LHC and the ATLAS experiment

The data used in this thesis is generated at the Large Hadron Collider (LHC) and collected at the ATLAS
detector located at CERN . In this chapter, a general overview of the LHC and the ATLAS detector will
be given, and at last, the details of physical object reconstruction in ATLAS will be explained.

3.1 The Large Hadron Collider

Figure 3.1: A schematic overview of the CERN accelerator complex. The four interaction points marked with
yellow color around the LHC ring represent the places where four major experiments are located. [31]

The CERN is a European research organization that operates the largest particle physics laboratory
in the world. Since 1954 when it was established, numerous experiments have been constructed at
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CERN by international collaborations. [32] The Large Hadron Collider (LHC) is a circular proton-proton
accelerator with a circumference of 27 km, and it is located in underground at a depth of 100m, at the
border of Switzerland and France, Geneva. Its design is descended from the former the Large Electron
Positron (LEP) collider. An overview of the LHC accelerator complex is illustrated in Fig 3.1. More
details regarding the design of LHC can be found in [33].

The first operation of the LHC was carried in 2008. The LHC is not under operation everyday for
the whole year, but only within certain data-taking periods with shutdowns in between. The data was
collected in two separated operational runs so far, Run1 and Run2, from 2009 to 2013 and from 2015
to 2018, respectively. The center-of-mass energies up to 7 and 8 TeV were reached during Run1 with
an instantaneous luminosity of 3.0 × 1034cm−2s−1, and a center-of-mass energy of 13 TeV was reached
during Run2 with a total integrated delivered1 luminosity of 156 fb−1 and of 139 fb−1 available for
physical analyses. Run3 is planned be started in May 2021 with a center-of-mass of 14 TeV. [35] Fig 3.2
illustrates the integrated luminosity achieved during the time between 2015 and 2018.

Figure 3.2: Integrated luminosity for different data-taking periods during 2015-2018. The total luminosity delivered
by the LHC and recorded by ATLAS are marked in green and yellow, respectively. The luminosity that is considered
good for physics is marked in blue. [36]

In order to achieve such high energies, a chain of several accelerators has been built. The protons are
obtained by the ionization of hydrogen atoms in an electric field. The proton sources are then injected to
a pre-accelerator called linear accelerator (LINAC2) up to the energy of 50 MeV, and accelerated further
by a series of circular rings: the Proton Synchroton Booster, the Proton Synchroton and the Super Proton
Synchroton, up to the energy of 50 MeV, 1.4 GeV, 25 GeV, and 450 GeV respectivly. The protons are
first grouped into bunches of 1 × 1011 protons in the Proton Synchroton Booster, and are injected to the
LHC ring once they have reached the energy of 450 GeV. In the LHC, a total of 2808 proton bunches

1 Delivered luminosity refers to the luminosity delivered to the detectors by the LHC. In the ideal case, the amount of luminosity
recorded should be the same as the amount delivered. However, the detectors are unable to take data in some cases, either
because their data acquisition chain is busy or because one or more of the detector subsystems is temporarily unavailable.
The recorded luminosity includes only the luminosity actually logged by the dectectors. [34]
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are accelerated in two separate beam pipes, where one of the proton bunches circulate in the clockwise
direction, and the other one in the counter-clockwise direction. In order to ensure the particle beams
to travel in a circular path, about 1300 dipole magnets with a magnetic filed of 8.4 T are employed.
Additionally, approximately 400 quadrupole magnets are used to focus the beam. Since the proton beams
are not perfectly collimated, about 5000 magnets with higher orders, such as sextupoles and octapoles,
are used for the further correction of the beams focusing. Liquid helium is particularly used to cool down
the temperature of superconducting material of the magnets to 1.9 K for the least resistance losses. [35]

The LHC is designed to collide at four different interaction points, where a specialized detector is built
at each colliding point to detect created particles. The location of these four detectors are shown in Fig 3.1.
There are four experiments under conduction: A Toroidal LHC ApparatuS (ATLAS) [37], Compact
Muon Soleniod (CMS) [38], A Large Ion Collider Experiment (ALICE) [39] and Large Hadron Collider
beauty (LHCb) [40]. The first two are for general purposes, which include the SM-based searches as
well as BSM theories. The LHCb experiment is focused on b-physics, and searches for charge-parity
(CP) violation in the decays of b-hadrons in the SM. ALICE is a heavy-ion detector which is specified to
detect quark-gluon plasma2.

3.2 The ATLAS detector

Figure 3.3: A schematic overview of the ATLAS detector. [37]

The ATLAS detector is a general purpose detector, which is designed to detect and identify the particles
from the collisions. It is a 46 m long and 25 m high detector with a total weight of 7000 t. The ATLAS
detector consists of several layers of sub-detectors, where each of them has been designed to perform
a specific function for the detection of particles. An overview of these sub-components can be seen in
Fig 3.3. There are mainly four components: the Inner Detector (ID), the calorimeter system, which

2 The quark-gluon plasma is a state of matter thought to have formed just after the big bang.
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is comprised of Electromagnetic Calorimeter (ECAL) and Hadron Calorimeter (HCAL), the Muon
Spectrometer (MS) and the magnet system. [37]

The coordinate system of the ATLAS detector can be defined with right-handed cartesian coordinates:
the x-axis points towards the center of the LHC ring; the y-axis is defined to be perpendicular to the
x-axis; and the z-axis is the direction of the LHC beam pipe. More details regarding the kinematic
observables are described in details in Section. 2.3.3.

3.2.1 Inner detector

Figure 3.4: A schematic overview of the inner detector of the ATLAS detector. [37]

The role of the Innder Detector (ID) is to reconstruct the primary and secondary vertices3 and to
measure the momentum, direction, and charge of electrically charged particles passing through the
detector. It consists of three different cylindrical systems of sensors all placed in a magnetic field along
the beam axis: Pixel Detector, Semiconductor Tracker (SCT) and Transition Radiation Tracker (TRT). A
schematic view of this system is shown in Fig 3.4. The tracking scope of the ID is limited to |η| = 2.5.
At each side of the ID, a so-called "end-cap" detector is built in order to detect the particles with higher
η. [37] The central solenoid magnet system is surrounding the ID to bend trajectories of charged particles
with a magnetic field of 2 T.

Pixel detector

The main purpose of the pixel detector is to precisely reconstruct the primary and secondary vertices of
the collisions. It is a silicon detector which has four layers of silicon pixel sensors with high granularity,
and it is placed in the most central part of the ID with distance of 33 mm from the beam line. [33] The
pixel detector is built with 80 million pixels with the pixel size of 50 × 400 µm2, and it has 1744 modules

3 The primary vertex is where the hard scattering, i,e, the initial interaction takes place; and the secondary vertex refers to the
place where the decays of initially interacted particles takes place.
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with approximately 46000 readout channels per module. There is an additionally layer which is inserted
to the innermost of the pixel detector, called Insertable B-layer (IBL). It has been inserted for Run 2 in
order to improve the reconstruction of impact parameters by providing an additional measurement point
closer to the interaction point. [41]

Semiconductor tracker

The semiconductor tracker (SCT) is located outside of the ID with a distance of 300 mm from the beam
pipe. A total area of 60 m2 silicon system consists of four layers of cylindrical silicon sensor modules
in the central (or barrel) region and nine annular (ring-shaped) disks in each end-cap. There are 4088
two-sided individual sensor modules in the SCT, of which one half is located in the barrel region and the
rest in each end-cap. Over 6 million readout strips are implanted in the SCT, with a length of 80 µm for
each. The readout strips can measure the position of charged particles with a resolution of 17 µm for
each layer in the transverse plane. The SCT covers the radial region with hermetic azimuthal angle out to
|η| = 2.5. [42]

Transition radiation tracker

The outermost component of the ID is the TRT, which covers the largest part of the ID with a total volume
of 12 m3. It has 50000 straw-tubes in the barrel region and five times more of straws in the end-caps.
Each straw is filled with a gas mixture depending on their location, and is functioning as an individual
drift chamber. The straws in the barrel region are 4 mm wide and 144 cm long, and contain a gold-plated
tungsten wire with a diameter of 0.03 mm in the center. The straws in the end-caps, on the other hand,
have a length of 39 cm. [43]

A highly negative voltage is applied to the straw wall, leading to an ionization of the gas mixture within
each straw when particles pass through it. An avalanche can be induced when the primary electrons are
accelerated towards the anode, and thus it leaves a detectable current signal. In addition to the track
reconstruction, the TRT is also capable of the particle identification by creating Transition Radiation
(TR)4. For example, an electron and a hadron such as a pion can be distinguished by the amount of the
TR they deposit to the detector. [44]

3.2.2 Calorimeters

The calorimeters are built for identification of highly energetic particles by measuring their energy
deposition. There are two different calorimeters in the ATLAS: the electromagnetic calorimeter (ECAL),
which is responsible for the detection of electrons and photons, and the hadron calorimeter (HCAL),
which measures the particle showers induced by hardons.

The electromagnetic calorimeter

The electromagnetic calorimeter is used to measure the energy deposition of particles that are produced
via the electromagnetic interaction. These particles, which are typically electrons and photons, deposit
their energies through a so-called particle shower in the ECAL. The electrons lose their energy by
emitting a photon when they are passing through the material of the ECAL, while photons deposit their
energies by eletron-positron pair production. The alternating successions of these processes lead to

4 Transition radiation (TR) refers to the radiation of an electrically charged particle emits when it passing through the boundary
between two media with different dielectric constant. [37]
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particle showers and continue until the particles are stopped by losing all of their energies in the matter.
The radiation length, denoted as X0, describes the mean distance that the particles travel until their
energies shrink to 1/e of their initial energies. Since the atomic number Z, is inverse proportional to the
X0, the material with a higher Z is usually preferred for the minimization of the size of the ECAL. [37,
44]

A pre-sampling detector5 is located in the inner side of the ECAL (|η| < 1.8) to avoid leakage of
information regarding the energy loss of particles before entering the main calorimeter. The ECAL is a
sampling calorimeter, which consists of alternating layers of an active material, which records the energy
deposit, and a passive absorbing material, where the particles are absorbed. In ATLAS, liquid argon
(LAr) and lead (Pb) are used as the active material and the passive absorber. The alternating layers are
designed in an accordion-like shape in order to extend the coverage range of the detector up to |η| < 3.2.
The barrel region and two end-cap regions cover |η| < 1.5 and 1.4 < |η| < 3.2, respectively. The ECAL
is subdivided into three different regions depending on their granularities: the first layer which has the
highest granularity of η−φ resolution of 0.003×0.1 to differentiate photons and neutral pions; the second
layer with lower granularity due to its priority in the energy measurements; the third layer with coarser
cells for the separation between electromagnetic and hadronic showers. [37, 44]

The hadron calorimeter

The hadron calorimeter is used to measure the energy deposited by particles that interact mainly via the
strong interaction and/or electromagnetic interaction, typically hadrons like neutrons and pions. Similar
to electrons and photons, the hadrons also induce particle cascades called hadronic showers by interacting
with the nucleus of the calorimeter material and leading to ionization and/or secondary hadrons. In
general, the hadronic showers have electromagnetic shower components as well, such as neutral pions
generate electromagnetic component of the shower, i.e. π0

→ γγ. In addition, the hadronic showers have
longer transverse shower sizes than the electromagnetic showers, thus the HCAL is built within a larger
volume.

The HCAL is comprised of mainly three sub-components with different choices of active and passive
materials: the tile calorimeter, the hadronic end-cap calorimeter (HEC) and forward calorimeter (FCAL).
In the tile calorimeter, plastic scintillators are used as active material and iron as passive material. The
alternating layers of these materials are designed to have a staggered shape to prevent any leakage of the
energy deposition. The tile calorimeter can be subdivided into two sections with different coverage of |η|:
the barrel tile region with a range of |η| < 1.0, and the end-cap tile regions with a range of 1.0 < |η| < 1.7.
The HEC covers the range 1.7 < |η| < 3.2, and uses copper as absorbing material and the LAr as active
material. The FCAL is located in the forward region which covers the range of 3.1 < |η| < 4.9. It is a
highly-densed calorimeter that is composed of three layers with different absorption medium. The first
layer is made to allow the eletromagnetic showers, and it uses LAr as its active material and copper as
the absorption medium. The last two layers use the same active material LAr, but Tungsten as the passive
material, which is very suitable for the measurement of energy deposit from the particles produced with a
high rapidity. [37, 44]

3.2.3 Muon spectrometer

Muons are able to pass through the detector without losing a large fraction of their energies in the
calorimeter system. Since it is very tricky to measure the accurate transverse momentum of muons only

5 A pre-sampling detector, or a pre-sampler is composed of thin layers (with an active depth of 11 mm) of liquid argon (Ar)
equipped with readout electrodes , but no lead (Pb) absorber.
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with the information from the calorimeters, an additional component which is specified to track muons is
needed. The MS is made for this purpose and is located at the outermost part of the ATLAS detector to
cover a wide range of pT and η.

The MS is surrounded by a system of toroidal magnets, which produces a very strong magnetic field
to deflect the muons effectively. It consists of four different types of muon chambers: muon drift tubes
(MDTs), cathode-strip chambers (CSCs) (which is a multi-wire proportional chamber), resistive plate
chambers (RPCs) and thin gap chambers (TGCs). The MDT and CSC are located in the barrel and in the
end-cap regions, respectively. They mainly contribute to the precise measurements of the momentum of
the muons and their tracks reconstruction. The tracks are reconstructed by using the information of the
locations where the muons are initially bended. The RPCs and TGCs are built in the barrel and in the
end-cap regions respectively, and are used as trigger systems with fast time response. [37, 44]

3.2.4 Magnetic system

In the ATLAS detector, a system of superconducting magnets is used to measure the momentum and
determine the charge of particles with high precision by bending their trajectories. It is comprised of two
different magnet systems: a central solenoid magnet surrounding the ID and a toroidal magnet system
which is built as a component of the MS. The central solenoid provides a homogeneous magnetic field of
2T along the beam axis, bending the charged particles in the transverse plane. The energy loss of the
particles when passing through the solenoid is corrected by the pre-sampler as mentioned in Section 3.2.2.
The toroid magnet system in the MS consists of three toroids, one located in the barrel region and the
other two in the end-caps. The toroid system produces a total magnetic field of 4 T perpendicular to the
solenoid field, with 0.5 T from the barrel section and 1 T from the two end-cap sections. [37, 44]

3.2.5 Trigger system

As the center-of-energy and the luminosity in the LHC are significantly high to date, storing the data of
each event is impossible and unnecessary. The trigger system is introduced to reject events of no interest,
and extract only events that we are interested in for physics analysis. The trigger system is divided
into two levels: Level-1 (L1) trigger and High-Level trigger (HLT). The L1 trigger is a hardware-based
system, while HLT trigger is softward-based. The L1 trigger defines Regions-of-Interests (ROIs) based
on the information from calorimeters and muon spectrometer. It is responsible for decreasing the event
rate from 40 MHz to 100 kHz, and the decision rate for each event is 2.5 µs. The events which pass the
L1 trigger are then filtered in the HLT by a factor of 100, at an average time of 200 ms for each event.
The events which pass the HLT are stored and used for different usages. In case of the data analysis, the
full data of each event is stored, while only partial event information is recorded for trigger level analysis
or detector calibration. [37, 44]

3.3 Physics object reconstruction in the ATLAS

When particles passing through the ATLAS detector, they leave distinctive signatures depending on their
particle types within each sub-component of the detector. Fig 3.5 shows some examples of the signatures
that various particles leave in the each part of the ATLAS detector. This section describes more details
about how the particle objects are reconstructed from the signals in each sub-detector.
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Figure 3.5: A schematic overview of typical signatures that various particles leave in sub-components of the ATLAS
detector. [45]

3.3.1 Low-level analysis

In order to fully reconstruct high-energy physics objects, so-called low-level objects need be identified in
advance. These are associated with the trajectories, vertices where hard interactions or particle decays
occur, as well as energy deposition that is registered in the detector.

Tracks

When electrically charged particles pass through the detector, they leave a trajectory of consecutive three
dimension space points, called hits, in the pixel and SCT detector. The reconstruction of these particle
tracks starts from finding the track candidates with at least three hits, using the Kalman filter algorithm.
The track candidates must satisfy a set of quality criteria, such as transverse momentum threshold, the
number of hits, χ2 of the track fits, etc. Each of the track candidates is then given a score by being
evaluated from these criteria, and is ranked according to its score. The tracks fulfilling the requirements
are then extended to the TRT, which extends the track reconstruction procedure up to a radius of 1082
mm. More details can be found in [46].

Vertices and pile-up

The places where the hard scatterings occur are called primary vertices. They are reconstructed using
a primary vertexing algorithm which takes track parameters such as d0 (transverse impact parameter)
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and z0 (longitudinal impact parameter) as input. Several vertex candidates are created after all iterations
that passed the quality criteria, and the one with the highest

∑
p2

T is selected among all valid candidates.
Apart from the primary vertices, so-called secondary vertices are also reconstructed, which refer to the
positions where a particle participating in the primary scattering decays into its daughter particles. Other
pp inelastic collisions can also take place and give rise to additional vertices. These vertices are called
pile-up (explained in Section 2.3.3), and can be quantified either by the number of reconstructed vertices
NPV, or the average number of additional interactions per bunch crossing <µ>. Here, µ is defined as:

µ = Lbunch × σinel/ fr, (3.1)

where Lbunch represents the instantaneous luminosity per bunch, σinel the inelastic cross-section and fr
the revolution frequency of the LHC. The recorded luminosity by the ATLAS detector as a function of
<µ> during Run 2 is shown in Fig 3.6.
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Figure 3.6: The recorded pileup profile by the ATLAS detector during Run 2 (2015-2018). The total mean number
of interactions per bunch crossing is <µ> ≈ 33.7. [47]

Topological clusters

Topological clusters (topo-clusters) are a combination of individual calorimeter cells which are used to
reconstruct the energy of hadrons and jets (also electrons). There are two different clustering algorithms:
the topological algorithm and the sliding-window algorithm. The topological algorithm starts from
finding a seed cell, whose energy deposition is at least 4 times larger than the expected average noise level.
The neighboring cells which have a signal-to-noise (S/N) ratio of at least 2 are additionally included
to the seed to form a proto-cluster. This procedure is repeated until no any new cells are found to
be added. The sliding-window algorithm is based on summing up all energy depositions of each cell
within a box-shaped frame with a fixed height and length. The position of this window is altered so
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that the transverse energy inside the frame is at its local maximum. This algorithm is known to be very
efficient for energy calibration as well as precise reconstruction of electromagnetic showers and jets from
tau-lepton decay. [48]

3.3.2 Electrons

Electrons are expected to leave very clear tracks and clusters in the ID and in the ECAL respectively, due
to their electrical charges and smallest mass of a charged particle in the SM. The electron reconstruction
requires combined information of the tracks in the ID and the energy deposition in the ECAL. The
sliding-window algorithm is used to identify potential electron clusters in a range of |η| < 2.47 (electrons
that are produced in Athena release 216 is identified via the supercluster algorithm [49]). These clusters
are then matched with ID tracks that are originated from primary vertices, based on the angular distance
between the barycenter7 of the cluster and extrapolated track position into the calorimeter. [50] In order
to reduce the probability of fake electron identification (or misidentification), a multivariate technique
is exploited. In this algorithm, a likelihood profile is built from the information of tracks and clusters,
shower shape, radiation-energy measurement in the TRT, cluster-track matching and etc. Depending
on the chosen threshold for the likelihood value, the identified electrons are classified into the main
three working points: "Loose", "Medium" and "Tight". In addition to reconstruction and identification,
isolation of electrons is also needed for the discrimination between prompt and non-prompt leptons.8

Two variables, EconeXY
T which checks for energy deposit within a cone of ∆R = 0.XY, and pvarconeXY

T
which is the sum of pT of all tracks within a cone of ∆R = min(0.XY, 10 GeV/pT) are used to ensure
whether an electron is isolated.

3.3.3 Muons

Similar to electrons, muons leave charged tracks in the ID, but leave no energy in the calorimeter. Muons
lose most of their energy in the MS due to a larger mass than that of electrons as described in Section 3.2.3.
The reconstruction of muons is done independently in both sub-detectors, and so-called combined muons
are formed depending on how the ID and MS information is combined. For the reconstruction of
combined muons, a global fitting is applied to find the track candidates in these two sub-detectors. For
the identification of muons, a set of variables is used to check the quality of combined tracks, such
as momentum measurement in the ID and MS, the normalized χ2 of the global fit, etc. Four different
identification operating points can be defined for muons: "Loose", "Medium", "Tight" and "High-pT".
The isolation procedure and criteria apply similar to the ones described for electrons.

3.3.4 Tau leptons

The reconstruction of the tau leptons starts from choosing the tau candidates, which are seeded by
jets formed using the anti-kt algorithm with a distance parameter of 0.4 (see the next section). Three-
dimensional clusters of calorimeter cells called topo-clusters (see the next section), calibrated using a

6 Athena is a software functional for event generation, simulation, digitisation reconstruction and DAOD derivations, based
on the common Gaudi framework that is used by ATLAS, LHCb and FCC. The release series 21 is being used for Run 2
simulation and data taking in 2017 and 2018.

7 The barycenter is defined as the point between two objects where they balance each other. It is the center of mass of a
distribution of mass in space where the weighted relative position of the distributed mass sums to zero.

8 Prompt leptons are referred to as the leptons decaying from heavy bosons, such as W or Z bosons. Non-prompt leptons are
the leptons that originate from photon conversions and heavy flavor hadron decays such as b-hadrons, or sometimes even
from light hadron decays like c-hadrons.
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local hadronic calibration (LC) serve as inputs to the jet algorithm. Jets seeding hadronic tau candidates
are additionally required to have pT > 10 GeV and |η| < 2. A tau vertex is chosen as the track candidate
vertex with the largest pT-weighted fraction from tracks associated (∆R < 0.2) with the jet. The tracks
are required to pass certain conditions on the number of hits in the tracker, as well as on the shortest
distance from the track to the tau vertex in the transverse and longitudinal planes. Afterwards, the tracks
that passed these requirements are then associated to core (0 < ∆R < 0.2) and isolation (0.2 < ∆R < 0.4)
regions around the tau candidate. The direction (η or φ) of the tau candidate is calculated using the
vectorial sum of the topo-clusters within ∆R < 0.2 of the seed jet barycenter, exploiting the tau vertex as
the origin. A tau-specific energy calibration is then performed on the tau candidate in order to correct the
energy deposition measured in the detector to the average value of the energy carried by the measured
decay products at the generator level. There are two calibrations: the baseline calibration, and the boosted
regression tree (BRT) based calibration.

The tau identification algorithm is dedicated to reject backgrounds from quark- and gluon-initiated
jets. The identification process formerly used the Boosted Decision Tree (BDT) based method and now
uses a Recurrent Neural Networks (RNN) classifier that provides largely improved jet rejection. The
performance of the RNN tau identification algorithm is evaluated on statistically independent test samples
of Z/γ∗ → ττ for signal and di-jet events (which are selected from data) for background. Four working
points with increasing background rejection "Very loose", "Loose", "Medium" and "Tight" are defined to
be used by physics analyses are provided, and correspond to different tau identification efficiency values.
The input variables to the RNN are adjusted such that the mean value of their distribution for signal
samples is constant as a function of pile-up. This makes sure that the efficiency for each working point
does not depend strongly on the pile-up conditions. [51]

3.3.5 Jets

Jets are identified as a bunch of collimated particles, which are predominantly π±, K± and photons from
π0 decays. They are produced from quarks and gluons via hadronization and fragmentation. There are
two different types of jet collections: 1) topo-cluster jets and 2) Particle Flow (PFlow) jets. Depending
on the type of the jets, different methods are used for the reconstruction.

Topo-cluster jets

The topo-cluster algorithm and an algorithm [52] called anti-kt algorithm are used for the reconstruction
of topo-cluster jets. Since the jets are expected to deposit large energies in the calorimeters, reconstruction
of clusters which present such objects are done prior to the jet reconstruction algorithm. Once the topo-
clusters are formed by the topo-cluster algorithm, they are reconstructed as jet objects by the anti-kt
algorithm. The anti-kt algorithm is the most commonly used jet reconstruction algorithm in ATLAS,
which takes four-vectors of individual particles as input and combines them until they meet certain
threshold requirements. In this process, a distance between two objects i and j, denoted by di j, is defined:

di j = min
(

1

p2
T,i

,
1

p2
T, j

)
∆R2

y

R2 . (3.2)

Here, pT is the transverse momentum of each object, and ∆Ry is a quantity that can be calculated from
∆R2

y = (yi − y j)
2

+ (φi − φ j)
2 where R represents a radius parameter. Once the distance between two

objects i and j is calculated, the distance between the object and the beam, defined as diB = p−2
T,i, is
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calculated. The object pair is merged into one object (jet) if diB is larger than di j. This process is repeated
until it fulfills diB < di j.

For the identification of jets, several discriminants, such as the jet-vertex-fraction (JVF), corrected
jet-vertex-fraction (corrJVF), RpT

as well as a combined discriminant called jet-vertex-tagger (JVT) are
exploited. [53] They are also used for the separation between the jets which originate from the hard
scattering and the ones from pile-up events. A discriminant called forward jet-vertex-tagger (fJVT) is
used in the forward region (2.5 < |η| < 4.5) of the detector, while JVT is used in the central region. [54]

Particle flow jets

Unlike the reconstruction technique used for the topo-cluster jets which uses solely the information
obtained in the calorimeters, the particle flow jet reconstruction technique combines the information
from both the calorimeters and tracking detectors. This technique is usually preferred for optimal event
reconstruction, as the tracking system provides a better pT resolution9 at low pT for charged particles.
Fig 3.7 shows the pT resolution as a function of pT for charged particles in the ECAL and HCAL, as well
as in the tracking system.

Figure 3.7: The transverse momentum resolution σpT
as as function of pT for charged particles. [37]

So-called PFlow-objects are created by combining the tracks and clusters through following four steps:
1) track-cluster matching; 2) charged shower subtraction; 3) cluster annihilation; and 4) neutral particle
calibration. In the first step, the reconstructed track is extrapolated to the calorimeteres, providing the
impact parameter coordinates of the track to different layers of the calorimeters. Then a topo-cluster
nearest to the extrapolated track is chosen using these impact parameters. The information from the
calorimeters is used if no topo-cluster is matched to the track. The second step is essential for avoiding
double counting a particle, which leaves tracks and the deposition of energy in the calorimeters. In this

9 The pT resolution (σpT
) of a charged particle in the ATLAS tracking system is expressed as:

σpT

pT
= 0.05% pT ⊕ 1%
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step, the deposited energy of this particle is removed from the calorimeter cells from the closest10 topo-
cluster (cell-by-cell), until the total amount of the subtracted energy is in consistency with the fraction
from the distribution of the calorimeter response (E/p)11. [55] In the last steps, the calorimeter clusters
with associated tracks are removed during cluster annihilation, and calibration of neutral clusters (the
clusters made from the neutral particles) is performed. This is needed for an accurate jet reconstruction, as
the neutral deposits remained in the calorimeter after charged shower subtraction are not fully calibrated
(the deposited energy in the calorimeter is calibrated at the electromagnetic scale), and need to be
re-scaled appropriately.

3.3.6 b-jets

The jets that stem from a hadron containing a b-quark are called b-jets. A b-hadron can be produced by
the hadronization of a b-quark and it has distinctive features that can be used to distinguish the b-jets
from other jets. The b-hadron has a relatively long lifetime and thus travels a distance in order of a few
millimeters before it decays, making the identification of the secondary vertex and further decay vertices
such as tertiary vertices much easier. It also has a relatively large mass, thus its decay products are likely
to be produced with a larger transverse momenta and a wider opening angle. The b-jet identification,
which is referred to as b-tagging, is performed by a multivariate algorithm. [56] In the algorithm, the
training samples with b-jets as signals and a combination of approximately 90% light-flavoured jets and
10% c-jets as backgrounds are used. There are several working points12 provided, which are defined by a
single cut associated with b-jet efficiency fulfillment. The information regarding the b-tagging efficiency
as well as the rejection rate of c-jets and light-flavoured jets for different working points can be found
in [56].

3.3.7 Emiss
T reconstruction

As briefly mentioned in Section 2.3.3, the missing transverse energy (Emiss
T ) is defined as the negative

vector sum of the transverse momenta of all visible particles pertaining to a collision. The Emiss
T

reconstruction is done by including all calibrated hard objects which are reconstructed with calorimeter
signals in the following order: electrons, photons, hadronically decaying τ leptons, jets, muons (the
object passing specific requirements are added to the Emiss

T calculation if the signal does not overlap with
the objects in the previous step). Apart from these, soft objects originating from soft scattering also need
to be considered. These can be reconstructed by taking detector signals such as ID tracks or calorimeter
signals that are not involved in any hard object selections stated above. [57]

The Emiss
T components are obtained as below:

Emiss
x(y) = Emiss, e

x(y) + Emiss, γ
x(y) + Emiss, τ

x(y) + Emiss, jets
x(y) + Emiss, µ

x(y) + Emiss, soft
x(y) , (3.4)

10 The distance to the topo-cluster from deposited energy is given by:

∆R′ =

√(
∆φ

σφ

)2

+

(
∆η

ση

)2

, (3.3)

where σφ and ση are the width of the cluster with respect to the associated angle in the ATLAS coordinate system.
11 The calorimeter response (E/p) is defined as the ratio of the energy of a cluster in the calorimeter to the momentum of an

associated track.
12 Working Point (WP) describes the efficiency of tagging. For example, if the tagging is performed at a WP of 70% on jets

from a decay of a particle, then it means that 70% of all the jets originating from the decay are tagged.
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where Emiss, i
x(y) refers to the x(y) momentum components of object i with opposite sign. The magnitude as

well as the azimuthal angle φmiss of Emiss
T is calculated as:

Emiss
T =

√
(Emiss

x )2
+ (Emiss

y )2 ,

φmiss
= tan−1 (Emiss

x /(Emiss
y ) .

(3.5)
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CHAPTER 4

Data and Monte Carlo simulated samples

In order to extract signal events that we are interested in from pp collision data recorded by the LHC,
a set of reliably simulated samples which reflects our current understanding of particle interactions is
needed. Monte Carlo (MC) simulation is used for this purpose and will be described in details in this
chapter. By comparing the real data with MC simulated samples, one can have a general idea about the
validity of the SM and BSM hypotheses. At first, details about the data and MC samples used for two
different analyses, tZq and tHq analyses, are presented. Then a brief overview of how the data samples
are collected and how the MC simulation is carried out will be given.

4.1 Datasets

The starting point for both tZq and tHq analyses is the single-top ntuples which are produced from TOPQ1
derivations. The data and MC ntuple samples are produced using a framework called AnalysisTop,
which is used by the ATLAS Top Working Group for sample generation. For both tZq and tHq studies
version 29 (v29) samples produced with AnalysisTop-21.2.75 are used. However, in the tZq study,
the samples that are used in precedent tZq analyses [58, 59] are in version 28 (v28) which are produced
with AnalysisTop-21.2.58. These up to v29 ntuple samples contain no truth-level information (see
Section 7.2.6 for the definition of truth-level) of the Higgs system.

4.1.1 Data samples

The data samples used for the analyses were recorded at the LHC and collected by the ATLAS detector
at the center-of-energy of

√
s = 13 TeV in Run 2, from 2015 to 2018. Only the data samples which

were recorded during stable LHC conditions and guaranteed full functionality of the ATLAS detector
were selected for this analysis. The data fulfilling these conditions are stored as a set of "Good Run Lists
(GRL)" and are evaluated to be in sufficiently good quality for physics analysis. The total amount of
these data corresponds to a total integrated luminosity of 139 fb−1. The data collected in individual years
are listed in Table 4.1.

4.1.2 Monte Carlo simulated samples

MC simulation plays a key role in high energy physics and is used to generate various physics processes
based on stochastic methods. The MC simulation is used to estimate the feasibility of specific measure-
ments, by predicting the event numbers of a signal process as well as contributions from background
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Year Int. Lumi. [fb−1]

2015 3.2
2016 33.0
2017 44.3
2018 58.5

Total 139.0

Table 4.1: A summary of integrated luminosities of the data in each year during Run 2 operation (2015-2018). [58]

processes. It also allows us to investigate the event topology, signatures in the final states, and detector
effects. The generation procedure of MC samples can be divided into three steps. First, the hard scattering
process1 is simulated based on the calculation of the matrix element of this interaction and integration of
its phase spaces. The parton distribution functions (see Section 2.3.2) are determined using experimental
data, and are derived by performing global fits up to NNLO in QCD. Together with the hard interaction,
the underlying events are also generated using a general-purpose event generator such as SHERPA [61].
In order to match the PU conditions that are observed in real data samples, both in-time and out-of-time
PU are modeled in the MC samples by reweighting. Then the hadronization process (where partons
form bound states) of these events as well as parton showering processes are simulated by software such
as SHERPA or HERWIG, and POWHEG as a specialized one. Finally, the simulated events are passed to a
simulation of the ATLAS detector which provides detector effects by a software called GEANT4 [62].
This step is done either via a full simulation (FS), or via a fast simulation (AFII) which makes use of
parameterized parton showers in the calorimeters [63].

The MC samples are modelled based on the common Physics Modelling Group (PMG) recommend-
ations. The MC samples generated for Run 2 are divided into three different categories: labeled as
MC16a, MC16d and MC16e, corresponding to the PU conditions during the data taking period in 2015
to 2016, 2017 and 2018 respectively. As a consequence, the MC samples need to be scaled to match the
corresponding integrated luminosities in the individual data taking periods, as shown in Table 4.1. All
MC samples used for the signal process as well as background processes are listed in Appendix A and an
overview of them is shortly given in the following sections.

MC signal samples

Two separate MC signal samples, tZq samples for the tZq analysis and tHq samples for the tHq
analysis, are discussed here. The tZq samples are generated at NLO in QCD with MadGraph5_aMC@NLO
v2.6.0 [64] and NNPDF30_NLO_AS_0118_NF_4 [58] as the parton distribution function (PDF) set. The
renormalization scale µR and factorization scale µF are set to µR = µF = (mt + mZ)/4 = 66 GeV [65].
Inelastic collisions were simulated using PYTHIA 8.186 [66] and the parton shower as well as the
hadronization were simulated with PYTHIA 8.230 [67]. In order to take the interference effect between
the processes which involve a Z boson and those which do not (see Section 2.4.4), the tZq sample is
technically including the tl+l−q process. The MC simulation is performed using the four-flavor scheme
(4FS), in which all quarks are considered to be massless except for the b- and top quark. Afterwards,

1 The hard scattering refers to a 2-to-2 parton scattering with non-vanishing transverse momentum (pT). The resultant event
contains particles that originate from the two outgoing partons (including initial- and final-state radiation) and particles
that come from the breakup of the proton and antiproton. The underlying event is everything except the two outgoing
hard-scattered jets (for more complicated processes like tZq there can be more outgoing hard-scattered jets). [60]
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all resulted distributions of kinematics and any physical properties need to be rescaled to the five-flavor
scheme (5FS) at NLO with the theoretical prediction of σ = 102+5

−2 fb for the tZq cross-section. [58] The
top quark mass in the event generators was set to mt = 172.5 GeV. The tHq samples are generated in
two different channels: the H → bb̄ and multilepton (ML) channel which includes H → WW/ZZ/ττ.
They are generated at NLO with MadGraph5_aMC@NLO v2.6.0 and their parton showers are simulated
with PYTHIA 8.230. However, due to low statistics of the current samples as described in Section 4.2.2,
the production of new tHq ML samples with increased number of generated events has been proposed.

MC background samples

The backgrounds to the signal (here, we consider the tZq process as signal) is estimated by using
simulated samples that contain at least two leptons and at least two jets [58]. These samples include
the production of tt̄, tt̄H, tt̄V (V = Z,W), tW, tWZ, diboson (WW, WZ or ZZ), and Z+jets. For the tHq
analysis, the tZq production samples are included as one background source. The generators used for the
most important background processes described in Section 5.2 are summarized in Table 4.2.

Process MC generator Parton showering

tt̄ PowhegBox v2 Pythia 8.230
tt̄H PowhegBox v2 Pythia 8.230
tt̄V MadGraph5_aMC@NLO v2.3.3 Pythia 8.210
tW PowhegBox v2 Pythia 8.230
tWZ MadGraph5_aMC@NLO v2.3.3 Pythia 8.212
Diboson Sherpa v2.2.2 Sherpa
Z + jets Sherpa v2.2.1 Sherpa
tZq (for tHq analysis) MadGraph5_aMC@NLO v2.6.0 PYTHIA 8.230

Table 4.2: An overview of all background samples and the MC generators used to simulate them. Note that, in the
tHq analysis, the tZq process samples are included as a background source. More details about the samples can be
found in [58].

4.2 Monte Carlo reweighting

4.2.1 Event-by-event and luminosity reweighting

Simulation of events taking place in the real world is not always perfect, and may not correctly reproduce
the data-taking conditions. Furthermore, the selection efficiency may alter for different physical objects.
Therefore, the simulated samples need to be reweighted to be used for accurately estimating the real data
samples. There are two different reweighting procedures: event-by-event reweighting and luminosity
reweighting. In event-by-event reweighting, every single MC simulated event needs to be multiplied with
an event-by-event factor wevent (w stands for weight) which can be written as below:

wevent = wMC × wpile-up × wlepton × wJVT × wtrigger × wb-tagging . (4.1)

The total weight for each event is the product of following individual weights:

• wMC : this factor stands for MC event weight. The MC generators generate events which carry a
certain weight wMC which differs from 1 due to the way how the MC integration is implemented
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in the generator. Therefore, wMC needs to be applied for each event such that the sum of these
weights from all generated events (

∑
wMC) gives the correctly estimated number of events for the

simulated sample.

• wpile-up : this corrects for the simulated pile-up conditions to match the pile-up conditions in real
data taking runs.

• wlepton : this term represents the efficiency of reconstruction, identification and isolation of leptons.
It is applied by multiplying the individual weights corresponding to each of the selected leptons for
each event. In the tHq analysis, this weight is further multiplied by wtau which takes into account
those efficiencies of hadronically decaying τ leptons (no τ lepton is selected in the tZq signal
regions).

• wJVT : this reduces backgrounds based on primary vertex when applying a cut on the Jet Vertex
Tagger (JVT) in high pile-up environment.

• wtrigger : this term represent the mismatch related to trigger selection efficiencies in data and MC.

• wb-tagging : this correction factor accounts for b-tagging efficiencies in data and MC.

Apart from the event-by-event reweighting by multiplying a factor of wevent to each MC event, luminosity
reweighting also needs to be applied in order for the simulation to reach the correctly estimated integrated
luminosity as well as a cross-section similar to the one in real data. Furthermore, as MC simulation
demands for a high computing power, the total number of events that can be generated is limited.
Therefore, the MC simulation is carried out up to a certain number of events2 according to production
cross-section of the process, and a reweighting procedure to compensate this difference between MC
and data is crucially done. The luminosity reweighting is done by multiplying a factor of wlumi, called
luminosity weight, to each wevent:

wtotal = wevent × wlumi , (4.2)

where wlumi is defined as:

wlumi =
σLw
Nw

× wc . (4.3)

Here, σ is the cross-section of the process in unit of [pb], Nw is the number of weighted events in the
original MC samples, and Lw is the integrated (nominal) luminosity that the events need to be normalized
to, of which the default is set to 1000 pb−1 in our framework, such that the integrated luminosity of the
dataset to be in [fb−1]. The last term wc stands for campaign weight which is determined as the fraction
from individual luminosity to the total luminosity:

wc =
Lc∑
iLi

, (4.4)

where Lc is the luminosity associated with the campaign that the weight is generated for. Note that all
these mentioned weights are only applied to MC simulated events.

4.2.2 Monte Carlo weight problem

As shortly mentioned in Section 4.1.2, the current tHq ML samples are suffering from severe low statistics.
This issue is thought to originate from a high percentage of negative weights. Here, the weight refers to

2 The MC samples are actually produced at an arbitrary luminosity and is scaled to the luminosity of the real data (in some
cases there can be more MC simulated events than we expect from the data).
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nominal weight. In the framework tHqLoop, there are two different types of weights, nominal weight
(wnominal) and raw nominal weight (wnominal raw). The wnominal is defined as below:

wnominal = Πiwi × wlumi

= Πiwi ×
[ σLw∑

i wMCi

× wc

] (4.5)

Here, the wlumi is differently defined from the previous section, where the luminosity is normalized
using the sum of MC generator event weights

∑
i wMCi

[68, 69]. The wnominal raw is defined the same as
wnominal but without wc. As you can see from Fig 4.1, the number of negative weights in the nominal
weight distribution accounts for ∼ 35%. In order to search for the origin of this large fraction of negative
weights, each weight distribution of wMC, wpile-up, wlepton, wJVT and wb-tagging has been investigated as
shown in Fig 4.2 (wtrigger is not shown). As you can see, it is the wMC which contributes to the negative
value of weights mostly. Due to this large population of the negative weights, the tHq sample which
has low statistics shows significant fluctuations in some kinematic distributions. This indicates that the
statistics is not sufficient enough for Multi-Variative Analysis (MVA), background suppression, fake
studies, etc. Therefore, to resolve this problem, a new production with increased statistics is proposed
and is in progress.
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Figure 4.1: The distribution of nominal weight (wnominal) or event weight (wtotal) of the v29 tZq sample (all
campaigns).
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Figure 4.2: The distribution of wMC, wpile-up, wlepton, wJVT and wb-tagging the v29 tZq sample (all campaigns).
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CHAPTER 5

tZq event selection and tHqLoop framework
validation

In this chapter, an overview of the tZq analysis as a precursor to the tHq analysis is presented. As
mentioned in Section 2.4.4, the tZq process can result in a similar final state as the tHq process,
constituting a background source to the tHq process. Therefore, studying the event topology of the tZq
final state can provide us a better understanding of the tHq events as well as an efficient method for the
tZq background suppression. This chapter mainly describes how the validation of a framework named
tHqLoop (for the tHq study) has been carried out. First, the strategy used for selecting signal regions will
be given in details. Then the results obtained with tHqLoop will be compared to those from precedent
tZq studies [58, 59] for the cross-check.

5.1 tZq trilepton final state

In the tZq process, a single top quark associated with a Z boson as well as a forward1 (spectator) quark
are produced. Since the direct detection of the Z boson and top quark is not possible in parton level due
to their relatively short lifetimes, they can be observed only through the reconstruction of their decay
products in the final state. The top quark decays almost exclusively (∼ 99%) into a W boson and a
b-quark, and the W boson can decay either leptonically resulting in a charged lepton and its corresponding
neutrino (W → lνl), or hadronically (W → qq̄′). The Z boson can decay into a charged opposite sign,
same flavor (OSSF) lepton2 pair, or a pair of neturinos, or hadronically. An overview of corresponding
branching ratios for the previously mentioned individual decay channels as well as the probability for all
possible combined final states are shown in Fig 5.1.

In this analysis, the trilepton final state of the tZq process is investigated as it has similar signal
signatures as the ML final state of the tHq process (see Section 6.1 for details about the tHq ML final
state). In the trilepton tZq final state, the Z boson and W boson both decay leptonically and result in
exactly three leptons where at least one OSSF pair must be included. Although the branching ratio of this
channel is very small (∼ 2%), this channel is expected to have a better signal-to-background ratio and
thus a higher chance to be observed. An example of a Feynman diagram for the event topology of this

1 A forward jet generally refers to a jet which is produced in the forward direction of the detector. However, in this thesis, the
jet which is defined as the forward jet tends to be more forward than the others, and it is not necessarily in the forward region.

2 In previous tZq searches [58, 59] the leptons refer to only charged light leptons, i.e. electrons, muons and those which
originate from leptonically decaying τ leptons. However, hadronically decaying τ leptons are also taken into account later on
in this thesis (tHq analysis).
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channel is shown in Fig 5.2. The tZq trilepton final state is expected to be composed of exactly three
leptons, one neutrino, one b-jet, and one forward jet.

Figure 5.1: An overview of the branching ratios for the Z boson and top quark decay modes as well as the probability
for all possible combined final states. The combined channel marked with dark blue box, where both the Z boson
and top quark decay leptonically, gives the tZq trilepton final state. [70]

5.2 Source of background

In this section, the main sources of background to the tZq trilepton channel are discussed. The tZq process
shares most of its background sources with the tHq signal process. The backgrounds can be divided into
two different categories: the processes which involve prompt or real leptons, and the ones involve at least
one non-prompt or fake lepton. Here, prompt leptons are referred to the leptons originating from the
main collisions as direct products of the particular decay of a heavy particle such as a W, Z boson or a τ
lepton. On the other hand, non-prompt leptons originate from the decays of b- or c-hadrons or photon
conversions. Fake leptons are mostly jets that are misidentified as electrons and muons. The background
processes such as diboson, tt̄V and tt̄H are the main backgrounds involving prompt leptons, while tt̄ and
Z+jets are the main background sources including non-prompt or fake leptons. In the following sections,
the main background sources are explained in details.

5.2.1 Diboson

Diboson process is one of the largest backgrounds for the tZq final state. This process involves two
bosons, WZ or ZZ, where both bosons decay leptonically and enter the signal selection criteria. The
LO Feyman diagrams for both processes are illustrated in Fig 5.3. As can be seen from Fig 5.3(a), a
WZ process results in a final state which consists of three real leptons with leptonically decaying W and
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Figure 5.2: One example of a LO Feynman diagram of the tZq processs, with leptonically decaying Z boson and
top quark.

Z bosons, mimicking the final state of the tZq trilepton and tHq multilepton channels. One example
Feynman diagram of the ZZ process is shown in Fig 5.3(b). The ZZ process takes place when both Z
bosons decay leptonically and one of the leptons is either not reconstructed or fails to pass the object
selection criteria.
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Figure 5.3: Two example Feynman diagrams for the diboson process. Diagram 5.3(a) shows the WZ process, and
diagram 5.3(b) corresponds to the ZZ process.

5.2.2 t t̄V and t t̄H

tt̄V and tt̄H processes are those in which a top quark pair is produced in association with a heavy boson
such as a Z or a Higgs boson. One example of this background event topology is displayed in Fig 5.4. A
tt̄Z event can have a similar signature since it involves a Z boson and a pair of top quarks, resulting in
three leptons with additional two jets including one b-jet. The unidentified b-jet at the reconstruction
level can lead to the event passing the signal selection criteria.

The tt̄H process has a similar event topology to the tt̄V process with only V = Z replaced by V = H.
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Given the fact that the production cross-section of a pair of top quarks and a Higgs boson as well as the
branching ratio for leptonical decay channels of the Higgs boson are small, a lower contribution than
from the tt̄V process can be expected.
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W−

q

q̄′

b̄

Figure 5.4: One example Feynman diagram for the tt̄V (V = Z) processs. The tt̄H process has a similar event
topology where only the Z boson is replaced by a Higgs boson.

5.2.3 tWZ

The production of a single top quark in association with a W and a Z boson has not been experimentally
observed so far. However, it is expected to be produced with a cross-section of approximately 12.2
pb [71]. One example of a NLO Feynman diagram of the tWZ process where both the W and Z bosons
originate from a top quark is shown Fig 5.5. The leptonically decaying Z and W bosons can originate
either from hard-scattering or a top quark decay and result in three leptons in the final state but with a
high jet multiplicity.
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Figure 5.5: One example of a NLO Feynman diagram of the tWZ processs.

5.2.4 t t̄

The production of tt̄ events is one of the main background sources to the signal event. As can be seen
in Fig 2.7, the production cross-section of a pair of top quarks is listed as one the largest production
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cross-sections following those of the processes involving a W or a Z boson. One possible LO Feynman
diagram of the tt̄ process is displayed in Fig 5.6. The pair of top quarks decay leptonically, leading to the
similar signature to the signal event when one of the leptons originate from a b-hadron decay.
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Figure 5.6: One example of a LO Feynman diagram of the tt̄ processs, where both W bosons decay leptonically.

5.2.5 Z+jets

Z+jets is considered to be one of the major non-prompt backgrounds. A corresponding event topology is
illustrated in Fig 5.7. In this process, the Z boson decays leptonically, while the gluon emitted from the
quark decays into a pair of b-quarks. One lepton originates from either of these b-hadrons can mimic the
tHq final state.

q
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q̄′ b
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Z

g

Figure 5.7: One example of a LO Feynman diagram of the Z+jets processs, where the Z boson decays leptonically
and a gluon splits into a bb̄ pair.

5.3 Event selection

In this section, an overview of the strategy for selecting the signal event, i.e. the tZq trilepton event, as
well as the event yields of all processes including the signal and background processes are given. For the
development as well as the validation of the framework that will be used for the tHq multilepton channel
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analysis, a framework called tHqLoop is exploited to apply selection cuts. For the framework validation,
a comparison of the obtained event yields with those from a recently published tZq research [58] is
performed.

5.3.1 Signal regions

The signal regions (SRs) are defined as the regions enriched with the tZq events. For the cross-check,
we follow the same selection criteria that are stated in precursor tZq studies [58, 59]. For the signal
events, two orthogonal SRs are defined: 2j1b SR and 3j1b SR. The 2j1b SR refers to the regions where
three leptons, one b-jet as well as one untagged (forward) jet are selected. The 3j1b SR is also defined in
addition, since one additional untagged jet could be resulted in the final state by gluon radiation. This jet
is referred to as radiation jet. In the 3j1b SR, the same selection criteria is used as in the 2j1b SR except
the requirement of two untagged jets, of which the one that gives the highest value of invariant mass mbjf
between the b-jet is selected to be the forward jet. Unlike the 3j1b SR, the forward jet is uniquely defined
in the 2j1b SR.

The common selection criteria used for the 3j1b and 2j1b SRs are shown below:

• Exactly three leptons are required (e or µ). The three leptons are sorted by their pT regardless of
their flavor into l1, l2, and l3 (l1 has the highest pT). The three leptons are required to fulfill the
transverse momentum conditions pT(l1) > 28 GeV, pT(l2) > 20 GeV and pT(l3) > 20 GeV. All
leptons must be reconstructed in the central detector region and thus must satisfy |η| < 2.5.

• Jets are required to have pT > 35 GeV and |η| < 4.5, as the untagged jet (or one of the two untagged
jets in the 3j1b SR) is likely to be in the forward direction.

• The b-jet is required to satisfy pT > 35 GeV and |η| < 2.5. The 70% working point is used for
selecting the b-jets, and for b-tagging the MV2c10 algorithm [72] is used.

The followings are specific selection criteria used to define the 2j1b and 3j1b SRs:

• In order to suppress the backgrounds which do not contain a Z boson, at least one OSSF lepton
pair associated to the Z boson is required. Additionally, the invariant mass of the OSSF leptons
need to fulfill |mll − mZ| < 10 GeV. In the case where there are more than one OSSF lepton pairs,
the pair whose invariant mass is closest to the Z boson mass is selected.

• Exactly one b-jet is required in both 2j1b and 3j1b SRs. In 2(3)j1b SR, two (three) jets satisfying
the previously mentioned jet condition are required, of which exactly one jet must be b-tagged.

The selection cuts applied in the SRs are summarized in Fig 5.8. As can be seen in this figure, six control
regions (CRs) are defined in parallel with the SRs. The CRs are the regions designed to be enriched
with background events. Similar cuts are applied to CRs as those applied to the SRs, such that they are
perpendicular to the SRs, as can be seen in Fig 5.9. Both SRs and CRs are used for the extraction of the
signal event yields. The six CRs are the regions designed to address background contributions: CR-2j0b
and CR-3j0b for diboson events. For more details about the CRs, see [58].

5.3.2 Signal region yields

The event yields of all simulated processes including the signal and background processes after applying
the full selection criteria in the two SRs can be found in Table 5.1. In order to ensure the framework
tHqLoop is applying the selection cuts properly, the obtained event yields are compared to those in
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Figure 5.8: An overview of the requirements applied when selecting the tZq events in the signal and control
regions. Here, an OSSF pair stands for an opposite-sign same-flavor lepton pair, and an OSDF pair stands for an
opposite-sign different-flavor lepton pair. This summarized table is taken from [58].

Figure 5.9: A summary of all defined SRs and CRs for the tZq analysis. The SRs and tt̄ CRs are different regarding
the requirement for lepton pairs: the SRs are required to have one OSSF lepton pair satisfying |mll −mZ| < 10 GeV,
while tt̄ CRs are required to have one OSDF lepton pair. This figure is taken from [59].
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Chapter 5 tZq event selection and tHqLoop framework validation

Fig 5.10 and 5.11, which show the number of predicted and observed event yields for the 2j1b SR and 3j1b
SR respectively, taken from [59]. In Fig 5.10 and 5.11, some background samples are treated together as a
single background group following the conventions from [58, 59]. The tt̄ and tW backgrounds, as well as
tt̄Z and tWZ, are combined as they share similar production mechanisms and kinematic properties. The
tt̄W and tt̄H contributions are also grouped together, as both are referred to as very small backgrounds.
These background groupings are done on events with mT(W) > 20 GeV, and the justification of these
groupings can be found in [59]. The diboson contribution is split according to the origin of the associated
jets using generator-level information: diboson + heavy flavor (VV + HF) denotes the event where one
of the jets contains a b- or a c- hadron; and diboson + light flavor (VV + LF) denotes the case for one of
the jets contains lighter quarks.

The obtained event yields with tHqLoop are in a good consistency with those from the previous studies.
Here, the event yields of the tZq samples are rescaled to the 5FS3. We presume that the discrepancies that
exist in the event yields between our and previous studies might come from the differences between two
versions of the used ntuples, v29 and v28. Apart from that, the two SRs show similar signal-to-background
ratios.

Process Number of events

tt̄V 64.1 ± 0.6
tt̄H 1.9 ± 0.0
tWZ 16.8 ± 0.6
Diboson 122.5 ± 1.3
Z + jets 11.1 ± 1.8
tt̄ 24.9 ± 1.1
tW 1.1 ± 0.4
tZq 80.9 ± 0.6
Total expected 322.8 ± 2.7
Data 336

(a) 2j1b SR

Process Number of events

tt̄V 95.8 ± 0.7
tt̄H 2.3 ± 0.1
tWZ 19.7 ± 0.7
Diboson 72.2 ± 0.8
Z + jets 4.4 ± 0.5
tt̄ 11.7 ± 0.8
tW 0.4 ± 0.3
tZq 47.3 ± 0.5
Total expected 253.7 ± 1.7
Data 263

(b) 3j1b SR

Table 5.1: Numbers of expected and observed (reweighted) event yields in the 2j1b SR (Table 5.1(a)) and 3j1b
SR (Table 5.1(b)) broken down by process, obtained by tHqLoop. The uncertainties include only statistical
uncertainties. Here, the event yields of the tZq samples are scaled to the 5FS.

Complementary to the event yield tables, so-called cutflow plots which represent the efficiency of each
applied cut are illustrated in Fig 5.12 for the 2j1b SR and Fig 5.13 for the 3j1b SR. The entry at each bin
in these plots corresponds to the number of events of the signal and background processes passing each
respective cut described in Fig 5.8. The number of events shown in the cutflow plots are reweighted to
the luminosity. As you can see, the requirements on the minimum number of jets, leptons and b-jets, the
maximum number of τ leptons as well as the mass constraint on the two leptons that originate from the Z
boson cut away quite a large amount of events for most of the backgrounds compared to the signal in
both SRs. Especially the required minimum number of (b-) jets as well as leptons is the most efficient cut
for the suppression of two major backgrounds Z+jets and tt̄.

3 Scale factor is calculated as a ratio of the SM expectation of the tZq cross-section in the 5FS to that in the 4FS: SF

=
101.7 fb
88.5 fb

∼ 1.15. This scaling factor has been applied to the event yields of the tZq process [24].
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Figure 5.10: Numbers of predicted and observed event yields in the 2j1b SR broken down by process, taken
from [59]. The left table shows the number of events after luminosity weighting, while the right table shows the
raw number of simulated events available. The uncertainties include only statistical uncertainties.

Figure 5.11: Numbers of predicted and observed event yields in the 3j1b SR broken down by process, taken
from [59]. The left table shows the number of events after luminosity weighting, while the right table shows the
raw number of simulated events available. The uncertainties include only statistical uncertainties.

5.3.3 Signal region plots

For further cross-check, we compare the distributions of lepton-, jet- and reconstructed event-related
variables in the two SRs. The distributions of lepton-related quantities are shown in Fig 5.14 to 5.15, and
the distributions for other quantities are presented in Appendix B.

4 In the plots, the place where ’None’ is located is supposed to stand for the selected SR name, but is not shown.
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Figure 5.12: The cutflow plot for the measured event yields in log-scale after each SR selection requirement on the
signal and background processes in the 2j1b SR.

Figure 5.13: The cutflow plot for the measured event yields in log-scale after each SR selection requirement on the
signal and background processes in the 3j1b SR.
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Figure 5.14: Comparison of data and MC predictions for reconstructed lepton-related quantities for events in the
2j1b SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds4.
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Figure 5.15: Comparison of data and MC predictions for reconstructed lepton-related quantities for events in the
3j1b SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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5.4 Final state reconstruction

As described in Section 5.3.1, the final state of the tZq ML channel consists of exactly three charged
leptons, of which two originate from the Z boson and one from the top quark, one b-jet, one forward jet
and one neutrino. Reconstructing the mother particles, i.e. the Z boson and top quark is important for
separating the signal from backgrounds which do not involve those particles.

First, the Z boson is reconstructed with an opposite-sign, same-flavor (OSSF) lepton pair. If all three
leptons in the final state have the same flavor, then the pair which has the invariant mass closest to the
Z boson mass is chosen. Then the leptonically decaying W boson is reconstructed from the remaining
lepton and the neutrino (missing transverse momentum). However, the longitudinal component of the
neutrino (Emiss

z ) is unknown, thus it is calculated by applying an invariant mass constraint on the W boson
as follows:

p2
W = (pl + pν)

2
= M2

W , (5.1)

where pl as well as pν represent the four-momentum vectors of the light lepton and the neutrino that
decay from the W boson respectively, and the mass of the W boson is set to MW = 80.4 GeV. The
quadratic equation 5.1 can be expressed in terms of Emiss

z :

Emiss
z =

α · Pl
z ±

√
(El)2

· (α2
− Pl

T · E
miss
T )

(Pl
T)2 , (5.2)

where α is given by:

α =
M2

W

2
+ Pl

T · E
miss
T . (5.3)

Depending on the sign under the square root in equation 5.2, there can be different types of solutions:
1) if it is positive (α2

≥ Pl
T · E

miss
T ), then there are two real solutions; 2) if negative (α2 < Pl

T · E
miss
T ),

then the solutions are not real; 3) if it is equal to 0, then one real exact solution exist. For the first case,
the smallest value in the magnitude is taken based on the expectation that the W boson is likely to be
produced with small rapidity. The problematic case is the second one, and simply ignoring the square
root in equation 5.1 will violate the initial assumption on the invariant mass of the W boson. Therefore,
one possible remedy could be fixing mT(W) = MW , vanishing the square root in equation 5.2. Then a
quadratic dependence of Emiss

x and Emiss
y appears, and this can be resolved by introducing a new scale

factor β, which is defined as:

β =
M2

W

2 · Pl
T

· Emiss
T − Pl

T · E
miss
T , (5.4)

where β is used to scale Emiss
x , Emiss

y and Emiss
T . Then α is recalculated as shown in equation 5.3. Emiss

z
can be calculated by considering only the offset part of equation 5.2. [59]
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CHAPTER 6

tHq study part 1: origin of two light leptons

In this chapter, an overview and the first part of the tHq analysis, which is our main interest in this thesis,
is presented. The tHq analysis is mainly focused on the ML decay channel of the tHq process which
includes the Higgs boson decay channels H → ττ/WW/ZZ. Of particular interest, we search for the
tHq → tτlτhq (lep-had) channel, where one of the τ lepton decays leptonically and the other decays
hadronically. After a general description of the event selection procedure for the lep-had channel, a study
on addressing the ambiguities in the origin of light leptons has been carried out, since each of the two
light leptons in the final state can either originate from the Higgs boson or the top quark.

6.1 tHq → tτlτhq channel

As mentioned in Section 2.4.5, the Higgs boson can be radiated either from the top quark or from the
exchanged W boson in two dominant LO diagrams (see Fig 2.6). Depending on which channel the Higgs
boson decays through, several possible tHq final states can be listed. The target Higgs decay modes that
have been used for direct searches of the tHq production in the 8 TeV [73] and 13 TeV dataset [23] by the
CMS collaboration are: H → ττ, H → WW and H → ZZ modes with ML signatures in the final states;
H → bb̄ with a signature of a single lepton and a bb̄ pair; and H → γγ with a high signal significance for
a reinterpretation of the measurement. Of particular interest for us among those tHq final states are those
with the ML final state. A recent study on the tHq ML final state using the full 2016 LHC dataset of at
13 TeV by the CMS collaboration has been reported in [74].

Due to diverse decay channels of the Higgs boson, several distinct decay channels can lead to the
signatures of the ML final state in each of H → WW, H → ττ and H → ZZ channels. The decay
channel that we are interested in is H → ττ, where the τ leptons decay either hadronically or leptonically,
resulting in three distinctive channels: H → τhτh (had-had channel), H → τlτh (lep-had channel) and
H → τlτl (lep-lep channel). This analysis targets an unique topology of the tHq→ tτlτhq channel. Total
five possible signal regions in the ML final state are defined and illustrated in Fig 6.1, depending on the
number of light leptons1 and hadronically decaying τ leptons. The lep-had channel is marked as 2l+
1τhad. One example of a Feynman diagram of the event topology for this channel is illustrated in Fig 6.2.

1 Here, light leptons refer to electrons and muons including those which originate from τ lepton decays.
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Figure 6.1: All possible signal regions which result in the tHq multilepton final states.

Figure 6.2: One example Feynman diagram for the tHq→ tτlτhq (lep-had) channel.
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6.2 Event selection

In this section, the strategy for selecting the tHq → tτlτhq channel, as well as the event yields of all
processes including the signal and backgrounds are given. The used data and MC samples can be found
in Appendix A. The main background sources to the signal process are those described in Section 5.2 in
the tZq study (the tZq process is a background source here).

6.2.1 Signal region

The final state of the lep-had channel consists of exactly three leptons including two light leptons and
one hadronically decaying τ lepton, 2-6 jets including radiation, forward-jets and exactly one b-jet , four
neutrinos of which one from top quark and three from the Higgs boson. In the followings are selection
criteria used for defining the signal region:

• Exactly three leptons are required, of which two are light leptons (e or µ) and one is the hadronically
decaying τ lepton. The three leptons are required to fulfill the conditions pT(l1) > 28 GeV,
pT(l2) > 20 GeV and pT(l3) > 20 GeV (l1 has the highest pT). All leptons must be reconstructed
in the central detector region and thus must satisfy |η| < 2.5. In addition, as the overlap removals
for the muons and τ leptons are not working between the cracks in the detector, vetos have been
applied: for the muons, a veto of 0.0 < |η| < 0.01 is applied; and the τ leptons are vetoed in region
1.37 < |η| < 1.57. Additionally, the leptons are required to pass the single lepton trigger and tight
isolation working point. For the hadronic τ leptons, passing RNN medium is required, and the
overlap removal recommended by ASG is used to make sure that no energy deposition is double
counted.

• We constrain the jet multiplicity to be from 2 to 6 in order to increase the statistics of the tHq
signal events. The jets include inclusively the forward- and radiation jets, and are required to
satisfy pT > 25 GeV and |η| < 4.5. Exactly one b-jet is required out of those jets, fulfilling the
conditions pT > 25 GeV and |η| < 2.5. The 70% working point is used for selecting the b-jets, and
for the b-tagging the MV2c10_PC algorithm is used.

• The total missing transverse energy is required to be at least larger than 5 GeV, as the total missing
transverse energy in this boosted system is less likely to be canceled out.

tHq lep-had selections

2 ll (e or µ), 1 τh
pT (l1) > 28 GeV, pT (l2) > 20 GeV, pT (l3) > 20 GeV, |η| < 2.5

2-6 jets, pT > 25 GeV, |η| < 4.5
1 b-jet, pT > 25 GeV, |η| < 2.5

Emiss
T > 5 GeV

Table 6.1: An overview of the requirements applied when selecting the signal regions of the lep-had channel.
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Process Number of events

tZq 38.4 ± 0.5
Diboson 155.0 ± 2.6
Triboson 1.1 ± 0.1
tt̄ 3 788.5 ± 14.6
tt̄V 168.2 ± 1.2
tt̄H 47.6 ± 0.2
W+jets −1.0 ± 2.4
Z+jets 2 481.9 ± 85.2
tW 355.8 ± 9.1
tWZ 22.5 ± 0.7
4top 1.0 ± 0.1
tHq 1.4 ± 0.2

Total expected 7 060.4 ± 87.0

Data 7312.0

Table 6.2: Numbers of expected and observed event yields in the lep-had SR broken down by process, obtained
with tHqLoop. The uncertainties include only statistical uncertainties. Here, the diboson sample is an inclusive
sample2. The negative number of events in the W+jets is thought to be caused by low statistics.
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Figure 6.3: The cutflow of the measured event yields after each SR selection requirement on the signal and
background processes in the lep-had SR. Here, W+jets is not shown due to a technical issue caused by low
statistics.
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6.2.2 Signal region yields and plots

The event yields of all simulated processes including the signal and background processes after applying
the full selection in the lep-had SR can be found in Table 6.2. The cutflow plot is shown in Fig 6.3. The
distributions of lepton- and jet-related variables are shown in Fig 6.4.

6.3 Origin of light leptons

The two light leptons in the final state of the lep-had channel can originate either from the Higgs boson
or the top quark. Thus, there are ambiguities regarding the origins of these light leptons, making the
reconstruction of Higgs and top quark extremely difficult. Nevertheless, the charge as well as the flavor of
these leptons could provide us useful information to probe for their origins. For example, two τ leptons
decaying from the Higgs boson must be opposite charge (OS) to each other. Two light leptons must be
opposite signed in some backgrounds as well, such as tt̄ and Z+jets (involves a Z boson). By requiring
two SS light leptons, the large backgrounds can be suppressed. We can also discriminate the signal from
other backgrounds which do not involve a Z or a Higgs boson by grouping the leptons by their flavor.

6.3.1 Categorization of light leptons

Based on the idea mentionlight ed above, the two light leptons are classified first into two different lepton
pairs depending on their sign: opposite sign (OS) and same sign (SS) pairs. Table 6.3 illustrates all
possible configurations of the light lepton pairs with different origins. Here, the two light leptons are
labeled as l1 and l2 respectively for the discrimination (they are not pT-sorted). Note that, in this table the
decay channel 1 and 2 which involve the l2 and l1 from the (anti-) top quark respectively are differentiated
unlike the case for the Higgs boson (exchange of the l1 and l2 of which both originate from the Higgs
boson will not give rise to a new light lepton composition in the final state), since the productions of
the anti-top quark and the top quark contribute to the number of OS and SS pairs differently3. In other
words, if the l1 in the decay channel 1 is from the top quark, then the l2 in the decay channel 2 must
come from the anti-top quark (see Section 6.3.2 for more explanations). Then the light lepton pairs are
further categorized by their flavor, i.e. into same flavor (SF) and different flavor (DF) pairs. At the end,
there are four different categories of the light lepton pairs: OSSF, OSDF, SSSF, SSDF. The theoretical
expectations of the number of events in each category is presented in Section 6.3.2. In order to see the
contributions from the backgrounds in each composition, the number of observed events as well as the
signal strength are obtained.

decay channel 1 2 3

H τ τh τh l1
τ l1 l2 l2

t W l2 l1 τh

Table 6.3: All possible configurations of the origin of the (not pT-sorted) light leptons l1 and l2 in the lep-had
channel. Invisible decay products are not shown. The charge and flavor of all particles are not specified.

2 The diboson samples are divided into four different sets of samples: ZZ, WZ, ZZ and "Diboson", and each set contains
different DSID samples.

3 The top quark decays into a positively-charged light lepton, i.e t → W+b→ l+νlb, whereas the anti-top quark decays into a
negatively-charged light lepton, t̄ → W−b̄→ l−ν̄lb̄.
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Figure 6.4: Comparison of data and MC predictions for reconstructed lepton-related quantities for events in the
lep-had channel. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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6.3 Origin of light leptons

6.3.2 Calculation of the number of events

In this section, the strategy for calculation of theoretically expected number of events will be given. One
example of the calculation procedure for a decay mode of H → ττ is shown.

Number of events

The number of expected events can be calculated with the expression below:

Nevent = L · σtotal · BR · ft/t̄ ≡ L · σsig , (6.1)

where Nevent is the expected number of events, L is the total integrated luminosity during Run 2, and
the symbol BR represents the branching ratio (BR) of individual decay channels. The σtotal is the total
production cross-section of the inclusive tHq process, including pp→ tHq and pp→ t̄Hq. ft/t̄ is defined
in order to account for the contribution of each of these two different productions, respectively. The
branching ratio of any decay channels which involve the top or anti-top quark needs to be multiplied
by this factor accordingly. We define a quantity denoted as σsig as the cross-section of individual decay
channels for convenience. The total integrated luminosity here is taken as L = 139 fb−1 and the total
cross-section of the tHq process is taken as σtotal = 72.55 fb for t-channel at NLO at

√
s = 13 TeV

with the combined flavor scheme (4F + 5F) [75]. For the fraction factor ft/t̄, we take the production
cross-section of the tHq and t̄Hq processes as σtHq = 47.64 fb and σt̄Hq = 24.88 fb, respectively [75].
The fraction factor ft and ft̄ then can be calculated as below:

ft =
σtHq

σtotal
=

47.64 fb
72.55 fb

� 0.6567 , (6.2)

ft̄ =
σt̄Hq

σtotal
=

24.88 fb
72.55 fb

� 0.3429 . (6.3)

Branching ratio

There is a very important point that needs to be taken into account during the calculation of the BR: the
light lepton from the leptonic decay of the top quark can either originate from a light lepton which decays
directly from the W boson or from the leptonic decay of a τ lepton which decays from the top quark.
Thus, in the channel where the top quark decays leptonically, the branching ratios of these two decay
channels are summed up:

BR(leptonic decay of t) = BR(t → bW → blνl) + BR(t → bW → bτντ → blντνl) , (6.4)

where l represents the light lepton, i.e. l = e, µ. One example of the BR calculation procedure is
given below, for one OS case where the Higgs boson decays into one leptonically decaying τ lepton and
one hadronically decaying τ lepton, while the top quark decays leptonically. Table 6.4 illustrates the
simplified event topology of the final state of this process.

The branching ratio for this process is as follows:

BR(H → τ+τ−, leptonic decay of t)

= BR(H → τ+τ−) · BR(τ→ τh) · BR(τ→ l) · BR(t → bW) · BR(W → l, τl) · ft
� 0.00227 .

(6.5)
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Chapter 6 tHq study part 1: origin of two light leptons

decay channel OS lepton pair

H τ+ τ+
h

τ− l−

t W+ l+, τl+

Table 6.4: One possible tHq lep-had decay channel which results in one OS light lepton pair in the final state. The
leptonic decay of the top quark here represents the inclusive leptonic decay, denoted as l+, τl+ where l stands for the
light lepton which decays directly from the top quark and τl the leptonically decaying τ lepton from the top quark.
τh stands for hadronic decay of the τ lepton.

Here, the W → l, τl represents the inclusive leptonic decay channel of the top quark that is mentioned in
the previous section (τl represents the leptonically decaying τ lepton).

6.3.3 Theoretical expectations of the number of events in H → ττ/WW/ZZ

In this section, the expected number of events for each of the tHq ML decay channels H → ττ/WW/ZZ
is given. For the rest of this thesis, following conventions will be used for the sign/flavor tables: similar
to Table 6.4, the first two columns show the parent particles where the first column represents two major
parent particles, the Higgs boson (H) and the top quark (t), and the second column represents their
intermediate decay particles τ+/− and W+/− (b-quark is not shown). The top quark and antitop quark (t̄)
shown in the first column represent two separate productions associated with the Higgs boson. Next are
the columns illustrating the final state particles including only the light leptons (l+/−), hadrons (’had’),
leptonically decaying τ leptons (τl+/−) and hadronically decaying τ leptons (τh). Invisible decay products
are not shown. Each of the decay channels which contain different origin of the light leptons is numbered
as decay channel i (i ∈ Z) in the second top row. The last two columns show the total number of events
for both OS and SS lepton pair configurations. In the flavor combination (SF/DF) table that corresponds
to each OS/SS configuration in the sign combination table, four different flavor combinations for the two
light leptons l1l2 are considered: ee, eµ, µe and µµ. The pair ee and µµ are grouped into OSSF or SSSF
pair, and eµ and µe are grouped into OSDF or SSDF pair, depending on their sign.

Expected number of events in H → ττ

All possible sign (OS and SS) configurations for the origin of light leptons in H → ττ are shown in
Table 6.5. In this channel, two τ leptons that come from the Higgs boson can decay either leptonically
or hadronically while the top quark must decay leptonically (decay channel 3-6); or the Higgs boson
can decay into a pair of leptonically decaying τ leptons while the top quark decays into a hadronically
decaying τ lepton (decay channel 1-2). Table 6.7 shows all flavor lepton pair combinations for each sign
(OS and SS) pair configuration shown in Table 6.5.

Expected number of events in H → WW

In the decay channel H → WW, all three W bosons must decay leptonically, of which two must decay
into two light leptons and one must decay into a hadronically decaying τ lepton. Table 6.6 shows all
possible event topologies with different origins of the light leptons. The SF and DF tables for Table 6.6
can be found in Appendix C.
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6.3 Origin of light leptons

lepton pair OS SS OS total SS total

decay channel 1 2 3 4 5 6 1 - 4 5 - 6

H τ+ l+ l+ τ+
h l+ τ+

h l+

τ− l− l− l− τ−h l− τ−h

t W+ τ+
h l+, τl+ l+, τl+

t̄ W− τ−h l−, τl− l−, τl−

BR(%) 0.04 0.02 0.23 0.13 0.13 0.23

σsig[fb] 0.03 0.02 0.17 0.10 0.10 0.17 0.30 0.26

Nevent 3.67 2.13 23.19 13.50 13.50 23.19 42.50 36.70

Table 6.5: All possible sign (OS and SS) configurations for the origin of light leptons in H → ττ. The BR is
expressed in percentage (%) for convenience. The top quark (t) and antitop quark (t̄) shown in the first column
represent two separate productions associated with the Higgs boson. The OS pairs are from decay channel 1 to 4,
and the SS pairs are from the decay channel 5 to 6.

lepton pair OS SS OS total SS total

decay channel 1 2 3 4 5 6 1 - 4 5 - 6

H W+ l+, τl+ l+, τl+ τ+
h l+, τl+ τ+

h l+, τl+

W− l−, τl− l−, τl− l−, τl− τ−h l−, τl− τ−h

t W+ τ+
h l+, τl+ l+, τl+

t̄ W− τ−h l−, τl− l−, τl−

BR(%) 0.06 0.04 0.06 0.04 0.04 0.06

σsig[fb] 0.05 0.03 0.05 0.03 0.03 0.05 0.15 0.07

Nevent 6.55 3.81 6.55 3.81 3.81 6.55 20.72 10.36

Table 6.6: All possible sign (OS and SS) configurations for the origin of light leptons in H → WW. The BR is
expressed in percentage (%) for convenience. The top quark (t) and antitop quark (t̄) shown in the first column
represent two separate productions associated with the Higgs boson. The OS pairs are from decay channel 1 to 4,
and the SS pairs are from the decay channel 5 to 6.
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6.3 Origin of light leptons

Expected number of events in H → ZZ

In the decay mode H → ZZ, there are more possible combinations than in the previous two channels, as
a Z boson can also decay into a pair of ν or quarks. Table 6.8 shows all the decay channels in H → ZZ
that lead to the lep-had final state. Complementary to the explanation given in Table 6.8, one example
decay mode where one Z boson decays into a pair of τ leptons and the other Z boson decays into hadrons
or a pair of neutrinos (Z → ττ, Z → νν/had, t → l, τl) will be explained. In this decay mode, there are
two further possible decay channels: one of the τ leptons decays into a light lepton and the other τ lepton
decays hadronically, while then the top quark must decay leptonically (decay channel 3 from Table 6.8);
or both of the τ leptons decay leptonically and the top quark decays into one hadronically decaying τ
lepton (decay channel 4 from Table 6.8). All possible sign configurations are illustrated in Table 6.9
and 6.10. Since the contribution from H → ZZ to the number of OS and SS lepton pairs is relatively
lower than those from H → ττ and H → WW, further categorization into SF and DF lepton pairs is
neglected.

Z, Z ττ ee µµ had νν

ττ x x x 3) l, τl 4) τh 5) l, τl 6) τh
ee x x x 1) τh 2) τh
µµ x x x 1) τh 2) τh
had 3) l, τl 4 )τh 1) τh 1) τh x x
νν 5) l, τl 6) τh 2) τh 2) τh x x

3/5) Z → τlτh, t → l, τl, 4/6) Z → τlτl, t → τh

Table 6.8: All possible decay channels in H → ZZ that lead to the lep-had final state. The first column as well as
the first row illustrate the decay modes of each of the two Z bosons respectively. The entry of the table denotes
the decay mode of the top quark. The entries marked with ’x’ represent the decay mode that do not result in the
lep-had final state irrespective of the decay mode of the top quark. The rest that are marked with the same number
(from 1 to 6) are the same decay mode. For the decay mode 3 to 6, whether they can lead to the lep-had final state
depends on the decay modes of two τ leptons from the Z boson. These decay modes can result in the lep-had final
state only if the Z boson and top quark decay as illustrated below the table. The decay modes that are labeled with
the same number result in the same final state.

Summary table for expected number of events in H → ττ/WW/ZZ

A summary for the theoretically expected number of events in all considered channels H → ττ/WW/ZZ
is presented in Table 6.11. This table shows that, apart from H → ττ there are also some contributions
from H → WW and H → ZZ. As can be seen from the table, OS to SS ratio is the smallest for H → ττ,
OS/SS � 1.158, and is the largest for H → ZZ, OS/SS � 3.704. However, the H → ZZ channel has a
very low contribution to the total number of events in OS and SS configuration in comparison to the other
two channels. The overall OS/SS ratio is 1.369, which indicates that there is a higher chance for an OS
light lepton pair (∼ 57.58%) to be produced than a SS light lepton pair (∼ 42.22%) in the lep-had signal
region.
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lepton pair OS

decay channel 1 2 3 4 5 6 7 8

H Z l+l− l+l− l+l− l+l− τl+τl− τl+τl− τl+τl− τl+τl−

Z had had νν νν had had νν νν

t W+ τ+
h τ+

h τ+
h τ+

h

t̄ W− τ−h τ−h τ−h τ−h

BR(10−5) 5.74 3.34 1.64 0.96 0.36 0.21 0.10 0.06

σsig[ab] 4.19 2.44 1.20 0.70 0.26 0.15 0.07 0.004

Nevent 0.59 0.34 0.17 0.10 0.04 0.02 0.01 0.01

Table 6.9: Possible sign (OS) configurations for the origin of light leptons in H → ZZ. The BR is expressed in
10−5 for convenience. The top quark (t) and antitop quark (t̄) shown in the first column represent two separate
productions associated with the Higgs boson. More possible OS light lepton pair configurations are shown in
Table 6.9 complementary to this table. The numbering of the decay channels is irrelevant to Table 6.8.

lepton pair OS SS OS total SS total

decay channel 9 10 11 12 13 14 15 16 1 - 12 13 - 16

H Z τl−τh+ τl+τh− τl−τh+ τl+τh− τl+τh− τl−τh+ τl+τh− τl−τh+

Z had had νν νν had had νν νν

t W+ l+, τl+ l+, τl+ l+, τl+ l+, τl+

t̄ W− l−, τl− l−, τl− l−, τl− l−, τl−

BR(%) 2.26 1.31 0.65 0.38 2.26 1.31 0.65 0.38

σsig[ab] 1.65 0.96 0.47 0.27 1.65 0.96 0.47 0.27 12.41 3.35

Nevent 0.23 0.13 0.07 0.04 0.23 0.13 0.07 0.04 1.74 0.47

Table 6.10: Possible sign (OS and SS) configurations for the origin of light leptons in H → ZZ complementary to
Table 6.9. The BR is expressed in 10−5 for convenience. The last two columns present the total number of events in
the OS and SS lepton pair configurations including those from Table 6.9. The OS pairs are from decay channel 1 to
12, and the SS pairs are from the decay channel 13 to 16. The numbering of the decay channels is irrelevant to
Table 6.8.
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decay channel SSSF [fb] SSDF [fb] OSSF [fb] OSDF [fb] SS [fb] OS [fb] total [fb] OS/SS

H → ττ 0.13 0.13 0.15 0.15 0.26 0.30 0.57 1.16
H → WW 0.04 0.04 0.07 0.07 0.07 0.15 0.22 2.00
H → ZZ 0.003 0.01 0.02 3.70

total σsig 0.17 0.17 0.23 0.23 0.34 0.46 0.80 1.37

total Nevent 23.52 23.52 31.64 31.64 47.46 64.96 112.42 1.37

Table 6.11: A summary table for the theoretically expected number of events in all considered channels H →
ττ/WW/ZZ. Except the total number of events Nevent and OS/SS ratio, all entries are the signal cross section in
unit of [fb]. The flavor categorization is neglected in H → ZZ due to its low contribution.

6.3.4 Observed number of events

In this section, the observed number of events in each sign and flavor composition, i.e. OSSF, OSDF,
SSSF, SSDF is shown. The (reweighted) observed number of events for the OS and SS pair configurations
including the flavor classifications for the signal and backgrounds can be found in Table 6.12 and 6.13. A
summary for the comparison between the expected and observed number of events is given in Table 6.14.
The observed number of events of the signal (tHq) in this table is way lower than its theoretical expectation.
We assume that the discrepancy might originate from the low statistics of the signal sample itself.

As illustrated in Table 6.12, the major backgrounds to the signal are tt̄ and Z+jets. The tt̄ accounts for
about ∼ 39% of the total number of events of the backgrounds in the SF pair region, whereas it accounts
for about ∼ 89% in the DF pair region. This is due to different contributions from the Z+jets in the SF
and DF regions. Contrary to the tt̄ process where the number of SF and DF leptons does not differ too
much (slightly more DF lepton pairs), the contribution of the Z+jets is significantly reduced in OSDF
region than in OSSF region, as the light leptons can originate only from the Z boson. By applying a cut
requiring at least one DF lepton pair, we can suppress the background from Z+jets. However, a large
contamination from tt̄ is also expected since there is no restrictions on the flavor of the light leptons in the
tt̄. Therefore, a further study on these two major backgrounds in terms of the flavor of the light leptons is
needed.

The overall background contributions are drastically decreased in the SS regions as can be seen from
Table 6.13. Especially the decrease of the number of events in the tt̄ is very prominent, as the pair of top
and antitop quark is only allowed to decay into an OS lepton pair. Since the contributions of the major
backgrounds in the SS regions are fairly small, no big differences can be found between the SF and DF
regions. About 38% of the number of events in the signal has been cut away in the SS region compared
to that in the OS region, from 0.89 ± 0.18 to 0.55 ± 0.14. However, as can be seen from Table 6.14, the
signal strength is much higher in the SS (SSSF and SSDF) regions regardless of the flavor of the light
leptons: S/B in the SS regions is larger than in the OS (OSSF and OSDF) regions approximately by a
factor of 24 and a factor of 4 for S/

√
B. This effect is graphically represented in Fig 6.5. This indicates

that, applying a cut requiring at least one SS lepton pairs might be an efficient background suppression
method. The observed number of events of the tHq in the OS regions is roughly 53 times less than the
expected value, and is about 117 times less in the SS regions. We presume that this discrepancy might be
caused by significantly low statistics of the tHq sample.

65



Chapter 6 tHq study part 1: origin of two light leptons

OSSF OSDF OS

l1l2 e−e+
/ e+e− µ−µ+

/ µ+µ− e−µ+
/ e+µ− µ−e+

/ µ+e− total

tZq 12.54 ± 0.28 15.46 ± 0.29 2.04 ± 0.11 1.54 ± 0.09 31.57 ± 0.43
Diboson 59.33 ± 1.72 69.85 ± 1.74 5.19 ± 0.26 4.89 ± 0.54 139.27 ± 2.51
Triboson 0.24 ± 0.03 0.26 ± 0.03 0.19 ± 0.03 0.14 ± 0.03 0.82 ± 0.06
tt̄ 848.93 ± 6.90 995.54 ± 7.39 991.85 ± 7.53 888.12 ± 7.04 3 724.44 ± 14.44
tt̄V 46.96 ± 0.63 49.39 ± 0.63 18.88 ± 0.47 16.73 ± 0.45 131.96 ± 1.10
tt̄H 8.48 ± 0.09 8.67 ± 0.09 8.65 ± 0.09 7.73 ± 0.08 33.53 ± 0.18
W+jets 0.12 ± 0.12 0.00 ± 0.00 0.16 ± 0.15 0.00 ± 0.00 0.28 ± 0.19
Z+jets 1 068.16 ± 55.77 1 402.75 ± 64.34 2.68 ± 1.24 0.72 ± 1.64 2 474.32 ± 85.18
tW 87.31 ± 4.68 95.02 ± 4.64 90.57 ± 4.67 77.99 ± 4.08 35.09 ± 9.05
tWZ 7.61 ± 0.43 7.62 ± 0.40 1.52 ± 0.18 1.53 ± 0.17 18.28 ± 0.64
4top 0.15 ± 0.02 0.18 ± 0.02 0.20 ± 0.02 0.16 ± 0.02 0.68 ± 0.04

total bkg 2 139.91 ± 56.43 2 644.72 ± 64.96 1 121.95 ± 8.96 999.55 ± 8.33 6 906.13 ± 86.92
tHq 0.24 ± 0.10 0.24 ± 0.09 0.21 ± 0.09 0.20 ± 0.09 0.89 ± 0.18

MC 2 140.16 ± 56.43 2 644.96 ± 64.96 1 122.16 ± 8.96 999.75 ± 8.33 6 907.02 ± 86.91

data 2220.00 2778.00 1136.00 992.00 7126.00

Table 6.12: An overview of the reweighted observed number of events in OS pair configuration including SF and
DF pair configurations for all MC samples including the signal and backgrounds. l1 and l2 denote each of the two
light leptons respectively, but without pT sorting (they are used solely for discrimination here). The number of
events from the tHq process is singled out in the last row in order to be compared with the total number of events
from all backgrounds. The row represented as MC includes the signal and all backgrounds.
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SSSF SSDF SS

l1l2 e−e− / e+e+ µ−µ− / µ+µ+ e−µ− / e+µ+ µ−e− / µ+e+ total

tZq 1.94 ± 0.11 1.67 ± 0.09 1.82 ± 0.11 1.44 ± 0.09 6.88 ± 0.20
Diboson 4.69 ± 0.36 3.26 ± 0.21 4.36 ± 0.26 3.37 ± 0.25 15.69 ± 0.55
Triboson 0.08 ± 0.02 0.09 ± 0.02 0.07 ± 0.02 0.07 ± 0.02 0.31 ± 0.04
tt̄ 26.78 ± 1.21 6.25 ± 0.61 15.50 ± 0.92 15.47 ± 0.86 64.01 ± 1.85
tt̄V 9.23 ± 0.28 9.30 ± 0.28 9.85 ± 0.29 7.89 ± 0.26 36.27 ± 0.55
tt̄H 3.61 ± 0.07 3.29 ± 0.06 3.77 ± 0.07 3.44 ± 0.07 14.10 ± 0.14
W+jets 0.27 ± 0.18 0.39 ± 0.39 0.08 ± 0.08 −2.11 ± 2.39 −1.99 ± 2.42
Z+jets 6.99 ± 3.37 0.33 ± 0.22 −0.17 ± 0.33 0.38 ± 0.23 7.53 ± 3.40
tW 2.69 ± 0.79 0.40 ± 0.31 1.26 ± 0.15 1.45 ± 0.56 4.91 ± 1.06
tWZ 1.20 ± 0.16 0.90 ± 0.14 1.26 ± 0.15 0.90 ± 0.13 4.26 ± 0.29
4top 0.08 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.27 ± 0.03

total bkg 57.56 ± 3.71 25.94 ± 0.91 36.97 ± 1.12 32.36 ± 2.64 152.83 ± 4.77
tHq 0.13 ± 0.07 0.17 ± 0.07 0.13 ± 0.07 0.11 ± 0.06 0.55 ± 0.14

MC 57.69 ± 3.71 26.10 ± 0.91 37.11 ± 1.12 32.47 ± 2.65 153.38 ± 4.78

data 64.00 36.00 43.00 43.00 186.00

Table 6.13: An overview of the reweighted observed number of events in SS pair configuration including SF and
DF pair configurations for all MC samples including the signal and backgrounds. l1 and l2 denote each of the two
light leptons respectively, but without pT sorting (they are used solely for discrimination here). The number of
events from the tHq process is singled out in the last row in order to be compared with the total number of events
from all backgrounds. The row represented as MC includes the signal and all backgrounds. The negative numbers
are thought to be caused by technical issues such as low statistics.

OSSF OSDF SSSF SSDF total

total bkg 4 784.63 ± 86.05 2 121.50 ± 12.23 83.50 ± 3.82 69.33 ± 2.87 7 058.96 ± 87.04
tHq 0.48 ± 0.13 0.41 ± 0.13 0.30 ± 0.10 0.24 ± 0.09 1.43 ± 0.23

S/B 0.00010 ± 0.00003 0.00019 ± 0.00006 0.00359 ± 0.00120 0.00346 ± 0.00134
S/
√

B 0.00694 ± 0.00195 0.00890 ± 0.00276 0.03283 ± 0.01086 0.02882 ± 0.01109

tHq (expected) 23.52 23.52 31.64 31.64 112.42

Table 6.14: A summary for the comparison between the expected and observed number of events in all sign and
flavor configurations. The table shows the reweighted observed number of events of the backgrounds and the signal
(tHq) in the first two rows respectively. The signal strength is calculated as S/B and S/

√
B. The last row represents

the theoretical expectation for the signal.
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Chapter 6 tHq study part 1: origin of two light leptons

(a) S/B

(b) S/
√

B

Figure 6.5: The signal strength calculated as S/B (Fig 6.5(a)) and S/
√

B (Fig 6.5(b)) in all sign and flavor categories.
The reweighted observed number of events are used, taken from Table 6.14. The uncertainties are calculated as

δ(S/B) =

√
( δs

s )2
+ ( δB

B )2
· (S/B) for S/B and B replaced with

√
B for S/

√
B.
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CHAPTER 7

tHq study part 2: reconstruction of
tHq → tτlτhq channel

In the second part of the tHq study, an overview of the reconstruction of the final state of tHq→ tτlτhq
(lep-had) channel is discussed. First, a general strategy regarding the reconstruction of major parent
particles in the lep-had channel, i.e. the Higgs boson and top quark will be discussed. Then the
reconstruction procedure of these particles will be presented in mainly two steps: the reconstruction of
the top quark and the Higgs boson (ττ-system). Along with the reconstruction of parent particles, we test
the validity of the assumptions we made in the first step by truth-matching studies. Note that due to the
low statistics of the tHq MC samples, mostly the tZq MC samples are used throughout the whole section.

7.1 Reconstruction strategy

As introduced in Section 6.1, the Higgs boson and the top quark are the major parent particles in the
lep-had channel. Unfortunately, an accurate reconstruction of these particles is extremely challenging
due to four neutrinos in the final state, of which three are from the Higgs boson and one is from the top
quark, as can be seen in Fig 6.2. One possible strategy to fully reconstruct the final state is to reconstruct
the top quark first and then the ττ system. This idea is based on the fact that total missing transverse

momentum,
−−−−→
Emiss

T (total), is the sum of the missing transverse momentum from the di-tau system and that
from the top quark as below:

−−−−→
Emiss

T (total) =
−−−−→
Emiss

T (Higgs) +
−−−−→
Emiss

T (top). (7.1)

As the total
−−−−→
Emiss

T can be obtained through the object reconstruction procedure described in Section 3.3.7, if
−−−−→
Emiss

T (top) is known, then
−−−−→
Emiss

T (Higgs) can be calculated by subtracting the missing transverse momentum

of the top quark from the total
−−−−→
Emiss

T . Since there is only one neutrino originating from the top quark,

reconstructing the top quark system can be done with the analytical method, i.e.
−−−−→
Emiss

T from the top
quark can be fully reconstructed if the 4-momentum vector of the neutrino is completely known. The
invariant mass of the ττ system can be reconstructed with three different methods: 1) partial invariant
mass method; 2) collinear approximation; and 3) missing mass calculator (MMC). However, this strategy
has a fatal drawback that, the amount of the missing transverse energy that is assigned to the Higgs system
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Chapter 7 tHq study part 2: reconstruction of tHq→ tτlτhq channel

solely depends on that of the reconstructed top quark, Emiss
T (top) =

√
(px

ν,top)2
+ (pyν,top)2. Therefore, how

accurately the neutrino from the top quark is reconstructed will significantly affect obtaining an accurate
value for the invariant mass of the Higgs boson.

Furthermore, this reconstruction strategy is only applicable if we know which light lepton comes from
the top quark, which is the case for oppositely signed (OS) light lepton pair case. There are two light
leptons and one hadronically decaying τ lepton in the final state of the lep-had channel. Here, the charge
of a hadronically decaying τ lepton can be known (see Section 3.3.4) and consequently the charge of the
light lepton that decays from the other (leptonically decaying) τ lepton is known, which must be OS to
each other since the Higgs boson is neutrally charged1. This way, once the light lepton from the Higgs
boson is fixed, then it is obvious that the remaining light lepton is from the top quark. However, there can
be two different cases for the charge of the light lepton from the top quark, either OS or SS to the light
lepton from the Higgs boson. We must choose the OS light lepton case, otherwise two SS light leptons
give rise to ambiguities in their origin since any of them can originate either from the Higgs boson or
from the top quark. For example, assume that we have τ+

h , e− and µ− in the final state (SS light lepton
case), then we can either group τ+

h and e−, or τ+
h and µ− to reconstruct the Higgs boson. On the other

hand, if we have the muon OS to the electron, i.e. τ+
h , e− and µ+, then we can assure that the light lepton

that has to be grouped with τ+
h to reconstruct the Higgs boson is e−.

To deal with the SS light lepton case, we can try to search for some useful features in the OS light
lepton case that can be used to distinguish the origin of light leptons without the information regarding
the charge of the two light leptons. Then we might be able to build specific decision rules for choosing
the light lepton which is more likely to originate from the Higgs boson in the SS lepton case.

7.2 Reconstruction of the top quark

In the following sections, the reconstruction procedure of the neutrino, the W boson, and the top quark
will be given. Note that the reconstruction of the top quark is independent of that of any particles
involved in the Higgs boson decay, such as a hadronically or a leptonically decaying τ lepton. Therefore,
this reconstruction strategy can be applied to other tHq → tττq channels, i.e. tHq → tτhτhq (had-had
channel) and tHq→ tτlτlq (lep-lep channel).

7.2.1 Assumptions

In order to fully reconstruct the top quark, a completely known 4-momentum vector of the missing
transverse energy from the top quark is needed. First, we assume that the only source of the missing
transverse energy is the neutrino. The 4-momentum vector of the neutrino, denoted as Pν, can be
expressed as:

Pν = (Eν , px
ν , pyν , pz

ν) , (7.2)

where px
ν, pyν and pz

ν are referred to as the x-, y- and z-component of the neutrino momentum respectively,

and Eν =

√
m2
ν + p2

ν is the energy of the neutrino (mν and pν are the rest mass and momentum of the
neutrino). Since the rest mass of the neutrino can be neglected due to its small value, there are 3 remaining
unknown quantities: px

ν, pyν and pz
ν. This means we need 3 constraints in order to get exact solutions for

those unknowns. Therefore, we make assumptions as follows:

1 Here, we do not consider the hadronically decaying τ lepton from the top quark, even though then the two light leptons must
be OS.
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7.2 Reconstruction of the top quark

• Assumption 1: The top quark as well as the W boson which decays from the top quark are produced
on-shell, i.e. the invariant masses of the top quark and the W boson are equal to their rest masses
respectively. According to the four-momentum conservation law, the invariant mass equations for
the top quark and the W boson can be written as below:

m2
t = (Pb + Pl + Pν)

2
= M2

t , (7.3)

m2
W = (Pl + Pν)

2
= M2

W , (7.4)

where mt as well as mW are the invariant masses of the top quark and the W boson respectively, and
Pb as well as Pl represent the 4-momentum vectors of the b-quark and the light lepton from the top
quark decay. The rest masses of the top quark and the W boson are set to Mt = 173.0 GeV and
MW = 80.4 GeV. This assumption provides 2 constraints to the kinematic system of the neutrino,
making it possible to gain the exact solutions for the x- and y-components when the z-component
is known.

• Assumption 2: The z-component of the momentum of the neutrino from the top quark (pz
ν) linearly

depends on that of the light lepton from the top quark with a factor of an arbitrary coefficient α:

pz
ν = α · pz

l . (7.5)

As mentioned in Section 3.3.7, the total Emiss
T is reconstructed only with the components which lie

in the transverse plane. Therefore, the z-component of the total missing energy can be considered
as zero. However, this does not mean that the z-component of the Emiss

T from the top quark is also
zero, as it is the sum of the z-components from the top quark as well as the Higgs boson that is
equal to zero. For this reason, we can set the z-component of the neutrino to be any value, but in
a certain relation with that of the light lepton from the same origin. In other words, we assume
that the W boson is likely to decay from the top quark within a certain preferred phase space. The
coefficient α can be set to an arbitrary number initially, such as 0 (zero z-component) or -1 (the
neutrino and the leptons are in back-to-back topology), but it can be optimized to a more probable
value which gives the best reconstruction results. However, there is no promising experimental or
theoretical basis which supports this assumption. Therefore, truth studies on the kinematics of the
neutrino as well as the charged light lepton are mandatory.

7.2.2 Solving two invariant mass equations

Exact solutions for the 4-momentum vector of the neutrino can be obtained by solving a system of two
invariant mass equations described in Assumption 1, with the assumed z-component of the neutrino
from Assumption 2. Only simplified steps are given in this section (more detailed steps can be found in
Appendix D).

First, the invariant mass constraint on the W boson (equation 7.4) can be written as below, assuming
the neutrino and the light lepton to be massless (mν = ml = 0):

m2
W = (Pl + Pν)

2

= m2
l + m2

ν + 2Pl · Pν
� 2(El · Eν − ~pl · ~pl) .

(7.6)
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Similarly, the invariant mass constraint on the top quark (equation 7.3) can be written as below:

m2
t = (Pb + Pl + Pν)

2

= m2
b + m2

l + m2
ν + 2(Pb · Pl + Pb · Pν + Pl · Pν)

� 2(Pb · Pl + Pb · Pν + Pl · Pν) ,

(7.7)

Both equation 7.6 and 7.7 can be simplified into two second-degree polynomials in terms of x = Px
ν and

y = Pyν:
0 = a1x2

+ b1x + c1xy + d1y
2

+ e1y + f1 , (7.8)

for the W boson invariant mass equation, and

0 = a2x2
+ b2x + c2xy + d2y

2
+ e2y + f2 . (7.9)

for the top quark invariant mass equation, respectively. In the followings, all involved coefficients
including ai, bi, ci, di, ei and fi with i = 1, 2, are described in Appendix D. The reformed invariant mass
equations are in the generic formula of the conic section2. Depending on the coefficients, there are three
types of conic sections: the hyperbola, the parabola and the ellipse (the circle is a special case of the
ellipse, though historically it was sometimes called a fourth type) [76]. For convenience, the ellipse shape
is taken for describing all possible types of solution sets as shown in Fig 7.1.

In order to solve a system of 2 quadratic equations with 2 unknowns, we first express both equations in
terms of only one unknown x (y is also possible) as follows:

x1
± =
−(b1 + c1y) ±

√
A1y

2
+ B1y + C1

2a1
, (7.10)

for equation 7.8, and

x2
± =
−(b2 + c2y) ±

√
A2y

2
+ B2y + C2

2a2
, (7.11)

for equation 7.9. Then, we set these equations to be equal. After simplification, we get one quartic
(4th-order) equation in terms of y only:

A · y4
+ B · y3

+ C · y2
+ D · y + E = 0 . (7.12)

For a quartic equation in the form of 7.12, there can be at most 4 roots in total:

y1,2 = −
B

4A
− S ±

1
2

√
−4S 2

− 2p +
q
S

(7.13)

y3,4 = −
B

4A
+ S ±

1
2

√
−4S 2

− 2p −
q
S

(7.14)

2 In mathematics, a conic section (or simply conic) is a curve obtained as the intersection of the surface of a cone with a plane.
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with following coefficients:

p =
8AC − 3B2

8A2

q =
B3
− 4ABC + 8A2D

8A3

S =
1
2

√
−

2
3

p +
1

3A
(Q +

∆0

Q
)

Q =

3

√√
∆1 +

√
∆

2
1 − 4∆

3
0

2
∆0 = C2

− 3BD + 12AE

∆1 = 2C3
− 9BCD + 27B2E + 27B2E + 27AD2

− 72ACE .

(7.15)

For convenience, the quantities under the square roots in equation 7.13 and 7.14 are denoted as:

D1,2 = −4S 2
− 2p +

q
S
, (7.16)

and
D3,4 = −4S 2

− 2p −
q
S
, (7.17)

respectively. After solving two invariant mass equations in terms of y, we need to reform the y into
x, so that we have the x-component of the neutrino 4 momentum-vector. We recall the invariant mass
equations that are written in terms of x:

x±1 =
−(b1 + c1y) ±

√
A1y

2
+ B1y + C1

2a1
, (7.18)

for equation 7.10 and

x±2 =
−(b2 + c2y) ±

√
A2y

2
+ B2y + C2

2a2
. (7.19)

for equation 7.11. So there can be 4 x values, x+
1 , x−1 , x+

2 , x−2 for each y value. However, not all of these
x values are the solutions of corresponding y value, as we are solving a system of two simultaneous
equations. One of the x values from the invariant mass equation of the W boson, x+

1 or x−1 , must be equal
to one of the x values from the invariant mass equation of the top quark, x+

2 or x−2 . So only the x values
which satisfy the condition:

x±1 = x±2 , (7.20)

are selected to be paired with corresponding y value. At the end, we have at most 4 exact solutions for
the system of two invariant mass equations: {xi, yi} with i = 1, 2, 3, 4. All derivation steps as well as the
involved coefficients can be found in Appendix D.
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7.2.3 Problems in solutions

We obtained exact solutions for the 4-momentum vector of the neutrino from the top quark by solving
two invariant mass equations with an assumption on the z-component. However, there are serious issues
regarding the exact solutions, since there can be more than one solution, and the solution itself can be
non-real. These are not what we expect to observe in the real world, as only one real solution exists in
nature. Here, we bring up the problematic solution cases.

Multiple solutions

As shortly mentioned in the previous section, the two second-order invariant mass equations 7.8 and 7.9
can be regarded as two generic conic sections (the ellipses for convenience). The coincident intersection
points of two ellipses may be viewed as the solutions to those invariant mass equations. There can be total
9 possible types of solution sets [77], and the main 5 types are visualized in Fig 7.1. The 2-dimensional
plane shown in Fig 7.1 can be either real or imaginary, where the coordinates of the plane are the x- and
y-components of the reconstructed neutrino momentum. Note that each intersection point (x, y) must be
either real or imaginary in pairs, and therefore the corresponding plane is either real or imaginary only
for the one specific intersection point. In other words, for example, all 4 intersection points in Fig 7.1 do
not necessarily need to be in the real or imaginary plane at the same time (the graphical representation is
to show how many possible types of solution cases available). The 9 possible types of solution sets are:

• No solution (the first diagram in Fig 7.1): two ellipses do not intersect, one shape is inside the
other or two ellipses are a distance away from each other.

• One solution (the second diagram in Fig 7.1): two ellipses are tangent to each other, and intersect
at exactly one point.

a. all real (if there is only one solution, then it is always real)

• Two solutions (the third diagram in Fig 7.1): two ellipses intersect at two points.

a. two imaginary

b. two real

• Three solutions (the fourth diagram in Fig 7.1): two ellipses intersect at three points.

a. two imaginary and one real

b. two real and one imaginary

• Four solutions (the fifth diagram in Fig 7.1): two ellipses intersect at four points.

a. all imaginary

b. two real and two imaginary

c. all real

Imaginary solutions

Apart from the more-than-one-solution problem, there is another issue regarding the solutions themselves:
there could be non-real solutions which have no physical meaning. This issue is resulted by negative
quantities under the square roots in the coefficients. As you can see from equation 7.13 and 7.14, there
are several factors which give rise to non-real pyν as listed below:
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No solution One solution Two solutions Three solutions Four solutions

Figure 7.1: Possible types of solution sets for the points of intersection of two ellipses. The 2-dimensional plane
can be either real or imaginary, where the coordinates of the plane are the x- and y-components of the reconstructed
neutrino momentum. Note that each intersection point (x, y) must be either real or imaginary in pairs.

1. negative discriminants D1,2 < 0, D3,4 < 0

2. imaginary discriminants D1,2, D3,4

First, obviously the negative discriminants (D1,2 < 0, D3,4 < 0) in those equations lead to imaginary y
values. However, the same problem can occur when D1,2 and D3,4 themselves are imaginary. Fig 7.2
shows the overall flow of these processes. As can be seen from their definitions in equation 7.16 and 7.17,
an imaginary S can contribute to the non-real D1,2 and D3,4, since unlike p and q, S has a square root√
− 2

3 p + 1
3A (Q +

∆0
Q ) that depends on p, A, Q, and ∆0. Compared to the other coefficients p, A, ∆0, the Q

has a cubic root of a square root of ∆
2
1 − 4∆

3
0. Thus, if ∆

2
1 − 4∆

3
0 goes negative, then consequently Q, S ,

D1,2, D3,4 and y will automatically become imaginary. On the other hand, if ∆
2
1 − 4∆

3
0 is positive, then Q

will always become real, since a negative quantity under the cubic root does not give an imaginary value.
Unfortunately, the positive ∆

2
1 − 4∆

3
0 does not guarantee a real S . The S can be imaginary depending

on its own under square root. Therefore, in summary, there are mainly three stages (marked as yellow
rhombuses in Fig 7.2) that give rise to non-real solutions: 1) negative ∆

2
1 − 4∆

3
0 in Q; 2) negative under

square root in S ; and 3) negative discriminants D1,2 and D3,4.

7.2.4 Remedy for multiple solutions

As has been brought up in the previous section, only one unique solution for the z-component of the
neutrino (pz

ν) is needed to properly reconstruct the neutrino 4-momentum vector. All other cases that are
described in Section 7.2.3, i.e. no-solution or more-than-one-solution cases, need to be excluded. Then
there can be following questions that might arise:

1. What causes more than one distinct solution?

2. Can we choose only one solution over the other solutions?

3. If not, how can we find suitable methods for choosing one unique solution?

In this section, we answer the above questions and come up with several remedies to address the
multiple-solution case that has been brought up in the previous section.
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Figure 7.2: A flowchart that shows the process how an imaginary or a real y (pz
ν) is resulted.
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Cause of multiple solutions

To answer the first question above, we need to take a look back to the initial assumptions. As shown in
Section 7.2.1, the invariant mass equations are second-order polynominals with 2 variables, i.e. there are
quadratic terms that consist of 2 variables in the invariant mass equations. In Assumption 1, we assumed
that the invariant masses of the top quark and the W boson are equal to their rest masses respectively.
This means that all the solutions we obtained for the x- and y-components must give the exact values
that we have assumed, i.e. Mt = 173.0 GeV and MW = 80.4 GeV. Otherwise, the x and y values are
definitely not the solutions for the invariant mass equations.

To ensure that the obtained x- and y-components are truly the solutions, we need to check if the
invariant mass distributions of the top quark as well as the W boson are exactly peaked at the assumed
rest masses. Fig 7.3 shows the reconstructed invariant masses of the top quark and the W boson. As can
be seen from Fig 7.3(a) and 7.3(c), both invariant mass distributions of the top quark and the W boson
have a peak exactly at their assumed mass values. Fig 7.3(b) and 7.3(d) show the case when the b quark
is assumed to be massless. The difference between Fig 7.3(a) and 7.3(b) is not huge, since the mass of the
b quark is ∼ 4 GeV, which is quite small in the scale of the top quark mass (∼ 173 GeV). The invariant
mass distribution of the W boson stays intact regardless of the b quark mass, since no b-quark is involved
in its decay. During the reconstruction procedure, the massless b-quark is assumed for convenience.
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Figure 7.3: The invariant mass distributions of the top quark and the W boson. The figures in the top row, Fig 7.3(a)
and 7.3(b) illustrate the distributions of the top quark, and the bottom row shows those of the W boson. The left
and right columns show the distributions when b quark is assumed to be massive and massless, respectively. The
used sample is the mc16a tZq sample with α = 0.5.
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Chapter 7 tHq study part 2: reconstruction of tHq→ tτlτhq channel

Behavior of multiple solutions

The second question is tricky to answer since there is no reasonable standard that we can use for choosing
only one solution among all possible solutions (at least in terms of reconstructing the top quark system).
Therefore, we investigate the behavior of the number of solutions in two ways:

1. see how the number of solutions depends on α (an arbitrary constant that can be optimized as
mentioned in Section 7.2.1)

2. check whether the kinematic distributions of the reconstructed neutrino (or W boson, top quark)
exhibit any different features depending on the number of solutions

Dependency of the number of solutions on α

First, we check how the choice of α affects the results of the reconstruction. Table 7.1 to E.5 (see
Appendix E.1) illustrates how frequently each of the main 5 cases (not considering the cases subdivided
by the reality of the solutions) described in Section 7.2.3 takes place depending on the α value for the
tZq, tHq and tt̄ samples. In the tables, each type of the number of solutions is calculated inclusively,
i.e. summed up all real and imaginary solutions. The next two columns are the total number of real and
imaginary solution cases, which are added up independent of the number of solutions. The ratio of the
number of no-solution cases over the total number of events as well as the ratio of the number of real
solutions over the number of imaginary solutions are shown in the rightmost side of the table. Table 7.1
to E.2 (see Appendix E.1) show the number of solutions with anti-top removal, and Table E.3 to E.5
(see Appendix E.1) show those without the anti-top removal. Here, the anti-top removal is an algorithm
implemented as a part of the reconstruction algorithm which is dedicated to remove the anti-top quark
contribution to the lep-had channel3. This is done by discarding the events which contain a negatively
charged light lepton as the lepton from the top quark.

Both sets of the tables with and without the anti-top removal show that the most of the multiple
solution cases are 2-solution cases (only 0 or 1 event for the other solution cases). This means the two
invariant ellipses almost intersect at 2 points rather than at 1, 3 or 4 points, and this phenomenon might
originate from the topology of two conic sections itself as shown in Fig 7.1. Interestingly, the number
of no-solution cases decreases as the α value increases (not always but in terms of a general tendency)
in the range of α ∈ {−1.0, 3.0}. However, more interestingly, the number of real solutions, or the ratio
(real/imag), in all tested samples (tZq, tHq and tt̄), reaches a certain maximum value with different α
values regardless of the application of the anti-top removal. The ratio (real/imag) is at the maximum value
of α = 0.5, 1.0 and 0.75 for the tZq, tHq and tt̄ samples using the anti-top removal, and α = 0.25, 1.0 and
1.0 without using the anti-top removal. Fig 7.4 illustrates this behavior of the ratio (real/imag). There are
some fluctuations as you can clearly see from the figure, which implies that the ratio (real/imag) might
also fluctuate in a range composed of smaller steps. Additionally, it does not mean that this maximum
is the global maximum as we have not checked through a large range of the α. This could be just a
local maximum, and therefore we need to investigate where and how many maxima are there in the next
studies.

Additionally, the slightly different optimum α value which has the maximum ratio (real/imag) with
and without the anti-top removal indicate that the optimum pz

ν value could be a bit different depending
3 In the reconstruction algorithm, after the selection of an OS light lepton pair, the light lepton which is SS to the hadronically
τ lepton is assigned to be the one from the top quark. Since no charge constraints are applied on this lepton, it could be either
positively or negatively charged which means it could come from the top quark or from the anti-top quark. Therefore, in
order to ensure that we are performing the truth-matching studies exactly on the top quark (anti-top quark is not considered in
the truth-matching studies), we remove the anti-top quark contribution.
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7.2 Reconstruction of the top quark

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 99 807 56 179 1 43 626 0 1 22 343 21 285 56.29 51.21
−0.50 99 807 49 721 0 50 085 0 1 27 510 22 576 49.82 54.93

0.00 99 807 30 689 1 69 117 0 0 39 755 29 363 30.75 57.52
0.25 99 807 28 552 0 71 255 0 0 41 160 30 095 28.61 57.76
0.50 99 807 22 137 0 77 670 0 0 45 251 32 419 22.18 58.26
0.75 99 807 19 785 0 80 022 0 0 45 890 34 132 19.82 57.35
1.00 99 807 18 828 1 80 978 0 0 45 536 35 443 18.86 56.23
2.00 99 807 17 452 1 82 354 0 0 41 901 40 454 17.49 50.88
3.00 99 807 18 168 0 81 639 0 0 37 922 43 717 18.20 46.45

Table 7.1: A summary of the frequency of different number of solutions (raw number of events) for a system of two
invariant mass equations, for the tZq samples including all campaigns. This is done with the anti-top removal. The
uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.
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Figure 7.4: The dependency of the ratio of the number of real solutions over that of imaginary solutions (real/imag
(%)) with different α value for the tZq, tHq and tt̄ samples, with and without the anti-top removal. The uncertainties
are not shown.
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Chapter 7 tHq study part 2: reconstruction of tHq→ tτlτhq channel

on the event topology of a process, even if the difference is small (less than ∼ ∆α = 1.0). The tt̄ is
expected to have a larger contribution from the anti-top quark compared to the other two processes, but
the difference between with and without the anti-top removal is not very noticeable. Apart from that,
the small difference of ∼ ∆α = 0.25 between with and without the anti-top removal in all the processes
tell us that the contribution from the anti-top quark to the final state does change the dependency of the
number of solutions on the α value, but not very significantly. This also can mean that there could be
more other factors on which the optimum α value is dependent. For the rest of the studies, the α value is
chosen to be 0.5 (the hightest real/imag ratio with the anti-top removal), which is optimized for the tZq
samples that are used much more often than the tHq samples (low statistics).

Dependency of the kinematic distributions of the reconstructed particles on the number of
solutions
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Figure 7.5: The distributions of kinematic variables of the light lepton from the top quark for the 0-solution case.
The tZq samples at α = 0.5 are used including all campaigns without the anti-top removal.

Secondly, we check whether the kinematic distributions of the reconstructed neutrino present any
distinct features depending on the number of solutions. In order to see this dependence, a set of unbiased
quantities is needed. For this, the kinematic distributions of the light lepton from the top quark decay
are used, since the reconstruction of the leptons is independent of that of the neutrino, W boson, and
top quark. Furthermore, there can be more than one solution for the z-component of the reconstructed
neutrino momentum, thus the kinematic properties will be biased if only one solution is chosen to be
investigated. Fig 7.5 to 7.7 show the distributions of some important kinematic variables of the light
lepton from the top quark for the 0-, 2- and 2-(only real) solution cases for the tZq mc16a sample. The
behavior of the two solutions in the 2-solution case will be presented in Section 7.2.6 in a probe for a

80



7.2 Reconstruction of the top quark

0 20 40 60 80 100 120 140 160 180 200
 (lep) [GeV]TP

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

(a) pT

5− 4− 3− 2− 1− 0 1 2 3 4 5
 (lep)η

0

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s
(b) η

5− 4− 3− 2− 1− 0 1 2 3 4 5
 (lep)φ

0

500

1000

1500

2000

2500

3000

3500

4000

N
um

be
r 

of
 e

ve
nt

s

(c) φ

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]xP

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

(d) px

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]yP

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

(e) py

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]zP

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

(f) pz

Figure 7.6: The distributions of kinematic variables of the light lepton from the top quark for the 2-solution case,
including real and imaginary solutions (which means that the distributions include the events in which the solutions
for pz

ν are imaginary). The tZq samples at α = 0.5 are used including all campaigns without the anti-top removal.

possible standard for choosing one solution.

Possible remedy for multiple solutions

To explore suitable methods for choosing one unique solution, the kinematic properties of the individual
solutions in the multiple-solution cases have been examined and presented in Section 7.2.6 along with
truth studies. Apart from this, there is still one thing we need to notice. According to the strategy
described in Section 7.1, the reconstruction algorithm for the top quark affects the invariant mass of the
Higgs boson. Unlike the top quark and the W boson whose invariant masses are constrained to their
rest masses respectively, the Higgs boson (or ττ system) can have any value for its invariant mass since
we made no assumptions or constraints on it. Based on this, the px

ν and pyν solution set which gives the
invariant mass of the ττ system closest to its rest mass (mH = 125 GeV) might be potentially chosen as
the best solution. Therefore, all obtained (real) solutions are used in parallel for further reconstruction of
the W boson, top quark, and eventually the Higgs boson. The distributions of kinematic variables of the
reconstructed neutrino, W boson, and top quark will be shown in Section 7.2.6.

7.2.5 Remedy for imaginary solutions

The causes of imaginary solutions are the negative discriminants D1,2 and D3,4 as well as the negative
∆

2
1 − 4∆

3
0 and consequently imaginary under square root in S which cause imaginary D1,2 and D3,4, as

discussed in Section 7.2.3. Possible remedies are listed and explained in the following.

81



Chapter 7 tHq study part 2: reconstruction of tHq→ tτlτhq channel

0 20 40 60 80 100 120 140 160 180 200
 (lep) [GeV]TP

0

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

(a) pT

5− 4− 3− 2− 1− 0 1 2 3 4 5
 (lep)η

0

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

(b) η

5− 4− 3− 2− 1− 0 1 2 3 4 5
 (lep)φ

0

500

1000

1500

2000

2500

N
um

be
r 

of
 e

ve
nt

s

(c) φ

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]xP

0

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

(d) px

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]yP

0

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

(e) py

200− 150− 100− 50− 0 50 100 150 200
 (lep) [GeV]zP

0

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

(f) pz

Figure 7.7: The distributions of kinematic variables of the light lepton from the top quark for the 2-solution case
including only real solutions. The tZq samples at α = 0.5 are used including all campaigns without the anti-top
removal.

1. set D1,2 = 0 and D3,4 = 0

2. set ∆
2
1 − 4∆

3
0 = 0

1) if − 2
3 p + 1

3A (Q +
∆0
Q ) < 0 and − 2

3 p < 1
3A (Q +

∆0
Q ) in S , set − 2

3 p = 0

2) if − 2
3 p + 1

3A (Q +
∆0
Q ) < 0 and − 2

3 p > 1
3A (Q +

∆0
Q ) in S , set − 2

3 p + 1
3A (Q +

∆0
Q ) = 0

In order to resolve the first case, the negative discriminant case (D1,2 < 0 or D3,4 < 0), we check how D1,2
and D3,4 are distributed. Those are shown in Fig 7.8(a) and 7.8(b) respectively. Both of the distributions
have a peak almost near 0. Therefore, setting D1,2 and D3,4 equal to 0 could be a simple method to
address the imaginary solution issue. The second case is more tricky to solve. In principle, if the factor
∆

2
1 − 4∆

3
0 gives a negative value and thus result in an imaginary y, one simple remedy is to set it as 0.

However, a real Q does not solve the problem so easily. In the case where there is a negative under square
root in S which gives a non-real value, we can first check which one is the dominating factor under the

square root, −
2
3

p or 1
3A (Q +

∆0
Q ). These two factors possess distinct signs respectively, therefore it would

not be a big problem if the dominating one has the positive sign (+), since we can simply ignore the less
dominating one. However, if it is not the case, it will be quite problematic. In order to deal with the latter
case, the distribution of the under square root of S are plotted, as shown in Fig 7.8(c). Here, only real
under square root values are considered (∆2

1 − 4∆
3
0 > 0). Interestingly, as can be seen from the figure, the

under square root of S is always positive if it is real. This means that 1
3A (Q +

∆0
Q ) is way more dominating
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than −
2
3

p. Thus, there is no need to find a remedy to resolve the negative under square root of S , if the

imaginary issue of Q is solved by setting ∆
2
1 − 4∆

3
0 = 0.
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Figure 7.8: The distributions of factors contributing to imaginary solutions. Fig 7.8(a) and 7.8(b) show the
distributions of D1,2 and D3,4, and Fig 7.8(c) shows the distribution of under square root in S . Here, the units of
these factors are neglected. The mc16a tZq sample at α = 0.5 is used without the anti-top removal.

Nevertheless, setting the negative discriminant to zero constitutes a manipulation of solutions in a
nonphysical way. The simplest solution is to discard all events with imaginary solutions. However, as
can be seen from Table 7.1 to E.5, imaginary solution cases account for a large fraction (almost half
sometimes) of the total events. Thus, it follows that discarding all events with imaginary solutions means
loosing a lot of data. A better way of handling such events is strongly required. Unfortunately, all non-real
solutions were ignored in our analysis as it seems to be more urgent to focus on resolving the multiple-
solution issue to gain a better understanding in obtained solutions and thus choose a more probable
solution. As can be seen in the flowchart in Fig 7.9, all events without at least one real root are discarded
(note that these cuts are applied after the lep-had SR selection cuts described in Section 6.2.1). Additional
to the general event selection procedure presented in Section 6.2.1, for the final state reconstruction this
algorithm is used.

On the other hand, several different approaches have been developed by previous neutrino reconstruc-
tion researches. One of them is the modification of Emiss

T , which is exploited in a search for a light charged
Higgs boson [78]. It states that the deviation of measured transverse momentum from true transverse
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Chapter 7 tHq study part 2: reconstruction of tHq→ tτlτhq channel

Figure 7.9: A flowchart of the event selection algorithm for the final state reconstruction of the lep-had channel.
Additional to the general event selection procedure presented in Section 6.2.1, for the final state reconstruction this
algorithm is used.

momentum of neutrino pairs are expected to be the most likely cause of non-real solutions. Thus, the
negative discriminant (it is defined differently from this analysis) is set to 0 in the calculation of pz

ν, while
this nonphysical forcing is compensated by giving a new Emiss

T that is calculated from the requirement
that the discriminant is 0. This method has been tested and led to physically sensible invariant mass
distributions. However, this approach is not completely based on the application of fundamental physical
principles. It could be that the total transverse momentum is not measured perfectly, however how much
this revision is physically sensitive will depend on the amount of altered transverse momentum. After all,
in order to keep our calculations physically meaningful as much as possible, in this analysis we do not
alter the measured total missing energy.

7.2.6 Validity of basic assumptions

As discussed previously in Section 7.2.1, the factor which contributes most to the mis-estimation of
px
ν and pyν is expected to be the assumption that the pz

ν is linearly dependent on pz
l , i.e. pz

ν = α · pz
l . In

principle, any assumption that gives one missing restriction to the remaining unknown in the neutrino
4-momentum vector can be taken. In other words, the missing assumption does not need to be made
on the z-component, but can be made on one of the 3 unknowns: the x-, y- and z-components. This is
because unlike the total Emiss

T , the z-component of the Emiss
T from the top quark can differ from zero4.

4 This statement is not valid for the tZq ML channel which involves only one neutrino in the final state, since the total Emiss
T is

exactly the transverse momentum of the neutrino, assuming that the only source of missing transverse momentum is the
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7.2 Reconstruction of the top quark

However, the pz
ν is chosen in this analysis for the initial assumption in order to make sure that we

do not alter the quantities measured independent of this reconstruction algorithm (Emiss
x and Emiss

y are
reconstructed prior to this reconstruction algorithm). To check whether the validity of the assumption
pz
ν = α · pz

l , a truth-level study has been carried out in the following sections. Here, truth-level stands for
the measurements of MC simulated stable particles before entering the detector, i.e. no detector smearing
effects and deficiencies, trigger selection cuts, etc. The reconstruction level (reco-level) quantities are
referred to as the kinematic variables of the particles after all detector simulations mentioned above. By
comparing truth- and reco-level variables 1:1 (truth-matching), we can see how precisely the neutrino has
been reconstructed.

Truth-level study on pz
ν

In this section, we perform the truth-level study on the pz
ν and pz

l on the truth- and reco-levels in order to
check how accurately the reconstruction has been carried out. Here, note that we use the truth information
of the top quark not of the anti-top quark. First of all, the correlation between pz

ν and pz
l on both the

truth- and reco-levels is investigated. Fig 7.10(a) and 7.10(b) illustrate the correlation between pz
ν and

pz
l on the truth- and reco-levels respectively with α = 0.5 (which gives the highest ratio of the number

of real solutions with respect to the number of imaginary solutions). As can be seen from Fig 7.10(a),
there is an overall linear but more specifically a positively increasing hyperbolic correlation between pz

ν

and pz
l , whereas rather a negative linear correlation can be seen in the central (yellow) region which is

enriched with most of the events. In the contrary, an obvious linear correlation with a slope with the
assumed α value can be seen in Fig 7.10(b). It is hard to determine if the correlations on the truth- and
reco-levels are similar to each other or not, but it seems to be more likely that these two correlations
tend to be opposite to each other since most of the events are exhibiting a negative correlation on the
truth-level unlike on the reco-level. Therefore, a truth-matching study on α = −1 as well as other values
has been done and is presented in Appendix E.

To see if there is anything biasing us, we can have a further look into the properties of the light lepton
since the light lepton is not involved in the reconstruction procedure of the neutrino. A comparison
between the reco-level pz

l and the truth-level pz
l has been examined. Fig 7.10(c) shows the relation

between the truth-level pz
l and the reco-level pz

l . The relation between the truth-level pz
ν and the reco-level

pz
ν is illustrated in Fig 7.10(d) for the comparison. As you can see, there is a prominent 1:1 dependency

of the truth-level to the reco-level for the pz
l . Off-diagonal events are distributed in an independent way,

which exhibit a similar behavior of most of the events in the truth-matching plot for the pz
ν. The origin of

these off-diagonal events needs to be found out and removed away, as this could be one of the factors
which contribute to the non-linearity of the pz

ν reco-truth correlation. We presume that there must be
an additional (or double) counting that is going on, and expect that there could be a linear (or similar)
tendency in the pz

ν plot (Fig 7.10(d)) after the removal of those off-diagonal elements as a large fraction
of events is concentrated in the horizontal direction (we assumed α = 0.5 as well). Apart from this, to see
further how the truth-level neutrino and lepton are correlated in a topological way, the pseudo-rapidity
(η) distributions of the light lepton and the neutrino, as well as the difference between them are plotted in
Fig 7.10(e). The distributions on the reco-level are shown in Fig 7.10(f). As we assumed that pz

ν = 0.5 · pz
l ,

the η distribution of the neutrino is much narrower than that of the light lepton on the reco-level.
Additionally, in order to examine where the off-diagonal events are coming from, the pT of the electron,

muon that originate from the top quark, as well as that of the combination of these two light leptons
are investigated. Before this, to ensure that we are reconstructing the lepton from the top quark (we

neutrino.
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Figure 7.10: The distributions showing the correlations of important truth-matching quantities between the truth-
level and the reco-level, as well as both of the levels themselves. The mc16a tZq sample at α = 0.5 with the
anti-top removal is used. The removal of the anti-top can be proven by Fig 7.11(a) which shows only the values
corresponding to the charge of the light lepton from the top quark.
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are not reconstructing the anti-top quark in this study), we checked if the charge of the reconstructed
lepton matches that of the truth lepton. As shown in Fig 7.11(a), there is only one value (+1 charge
for the lepton from the top quark) on each of the two levels, indicating that there is no any anti-top
quark reconstructed. Fig 7.11(b) and 7.11(c) show the distribution of pT of the electron and the muon
respectively. As you can see, the pT distribution of both of these light leptons draw an almost perfect line,
and the combined pT distribution of these light leptons is also showing the same behavior. This clearly
indicates that there must be some unnecessary objects or not perfectly assigned leptons are biasing the
reconstruction of the light lepton. However, this could not be the hadronically decaying τ lepton as it is
identified and reconstructed in a separated way. Therefore, a further and closer look into the origin of
this bias is required in the future. Apart from this truth-matching study on the α = 0.5, the studies on
different α values are performed and are presented in Appendix E.
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Figure 7.11: The distributions showing the correlations of important truth-matching quantities between the truth-
level and the reco-level, as well as both of the levels themselves. The mc16a tZq sample at α = 0.5 with the
anti-top removal is used. The removal of the anti-top can be proven by Fig 7.11(a) which shows only the values
corresponding to the charge of the light lepton from the top quark.

Possible alternative approaches for probing pz
ν

In order to find a more probable and reasonable value for the pz
ν, more physically meaningful assumptions

or innovative techniques are required. There are several diverse methods that have been used in previous
neutrino reconstruction searches. In a search for a light charged Higgs boson (H± → τ±ντ), several
selection methods for choosing a better pz

ν of the neutrino from the top quark decay are made based on
the maximum and minimum of pz

ν, the 3-dimensional angle between the reconstructed τ lepton and the
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neutrino pair, pseudo-rapidity difference between the reconstructed τ lepton and the neutrino pair. For
the reconstruction of the neutrino momentum in the production of a pair of top quarks associated with
Higgs boson production (tt̄H) [79], instead of using traditional analytic method to calculate the missing
neutrino momentum, a novel strategy which exploits a two-stage neural network is used, of which the
first stage consists of the Lorentz Boost Network (LBN) and the second stage of a regression network. It
states that the Neural Network based results are superior than the analytically obtained solutions, which
is shown by the distribution of the neutrino momentum components, the correlation between calculated
and simulation truth, as well as the correlation between predicted momentum and simulation truth. These
above methods have not tried out in this thesis due to lack of time, however these could be tried out in
the future.

Truth-matching study

Along with the truth studies on the pz
ν, a truth-matching study has been carried out on the kinematic

variables of the reconstructed particles, the neutrino, W boson and top quark. From Fig 7.12 to 7.15
show the distributions of pT, η, φ, px, py and pz of each reconstructed particle in the 2-solution case,
since the 2-solution case accounts for the largest portion of the total number of events as mentioned in
Section 7.2.4 (the light lepton distributions have no second solution as the light lepton is not reconstructed
from the neutrino reconstruction algorithm).

As can be seen from Fig 7.12, the distributions of the truth and reconstructed leptons are overall
in a good agreement, except the pT and pz distributions. In the pT distribution, the truth-level peak
is more shifted to the right compared to the reco-level peak. Unlike the reconstructed pT distribution,
the truth distribution is not cut at pT > 20 GeV, since the truth leptons are not sorted by pT and are
not expected to pass lepton trigger selection criteria. Therefore, the events in the lower pT region are
expected to contribute to the shift of the truth distribution. This might explain why the peak of the pz of
truth distribution at zero is more smeared out than the reconstructed one, since high pT collisions tend to
have lower pz according to the momentum conservation law. The small discrepancies are believed to
originate from technical issues as well as detector effects.

Additionally, as illustrated in Fig 7.13 to 7.15, two real solutions exhibit some interesting behaviors.
First, one of the two solutions in the φ distributions of the reconstructed particles prefers a positive φ
value while the other one prefers a negative φ in a shape of sine waves with oppositely signed amplitude.
However, the sum of these two solutions is almost equally distributed similar to the truth distribution.
This can be thought to originate from the formula of pyν itself, as shown in equation 7.13 and 7.14:

y1,2 = −
B

4A
− S ±

1
2

√
−4S 2

− 2p +
q
S

y3,4 = −
B

4A
+ S ±

1
2

√
−4S 2

− 2p −
q
S

In each of both formulas, there is a square root term which can be either added (+) or subtracted (−),
whereas the first two terms stay unaffected. Therefore, the two y values from each equation are expected
to be subjected in a certain relation, instead of being totally irrelevant to each other. The distributions of
px and py also exhibit similar behaviors since they are dependent on the φ and pT. In the η distributions,
the two reconstructed solutions are not showing a noticeable difference between each other, but they are
quite far from the truth values and this might be due to the assumed pz. Interestingly, all these effect
are smeared out as the reconstruction procedure is proceeded, i.e. as the W boson and top quark are
reconstructed.
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Figure 7.12: The distributions of kinematic variables of the reconstructed light lepton from the top quark. The red
line represents the truth-level distributions, and the green line shows the reco-level distributions.
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Figure 7.13: The distributions of kinematic variables of the reconstructed neutrino from the top quark with two real
solutions. The red line represents the truth-level distribution. Each of the blue and green lines represents each of
the two solutions on the reco-level. The black line is the addition of these two solutions.
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Figure 7.14: The distributions of kinematic variables of the reconstructed W boson from the top quark with two
real solutions. The red line represents the truth-level distribution. Each of the blue and green lines represents each
of the two solutions on the reco-level. The black line is the addition of these two solutions.
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Figure 7.15: The distributions of kinematic variables of the reconstructed top quark with two real solutions. The
red line represents the truth-level distribution. Each of the blue and green lines represents each of the two solutions
on the reco-level. The black line is the addition of these two solutions.
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7.3 Reconstruction of the ττ system

In this section, the ττ system is reconstructed with the remaining Emiss
T that is left after the subtraction of

the Emiss
T of the top quark from the total Emiss

T . Three different techniques that are used for reconstructing
the ττ system are presented.

7.3.1 Missing transverse momentum uncertainties in the ττ system

An accurate measurement (or estimation) of the missing energy in the ττ system plays a key role in terms
of reconstruction. As mentioned in Section 7.1, the missing energy in the ττ system is calculated as
below:

−−−−→
Emiss

T (Higgs) =
−−−−→
Emiss

T (total) −
−−−−→
Emiss

T (top) .

From the equation above, we can see that obviously there are two main contributing factors: the total
measured missing transverse momentum Emiss

T , as well as reconstructed px,y
ν . The most dominating factor

is surely the latter one, inaccurate assignment of the missing energy to the ττ system. This uncertainty is
very tricky to be reduced due to limitations in the analytical method. However, it is also important to
evaluate all possible uncertainties that contribute to the former one, since the reconstruction of the top
quark system is also based on the measurement of the total Emiss

T . The missing energy measurements
come with a considerable amount of experimental uncertainties as listed below [78] [80]:

• Non-linear response of the calorimeters

• Different response to electromagnetic and non-electromagnetic components of the hadron shower
in the calorimeters

• Minimum energy, momentum thresholds of the calorimeters

• Inefficiencies in the tracker

• Difference between the measured direction of a calorimeter deposit from the original direction of
the particle due to the bending of track in the magnetic field

• Underlying event activity

• Pile-up

• Detector noises

• Limited detector acceptance

In our analysis, we assumed that the effects of detector resolution and other experimental limitations
are under good control.

7.3.2 The partial invariant mass method

One of the simplest and frequently used methods for reconstructing the ττ system is to reconstruct partial
(or reduced) invariant mass. There are two different defined partial invariant masses: 1) the visible mass,
which is the invariant mass of visible τ decay products, and 2) the transverse mass, which is the invariant
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mass of the visible τ decay products and the missing transverse momentum Emiss
T of the ττ system. The

transverse mass, usually denoted as mT, can be expressed as below [80]:

m2
T = m2(τvis1

, τvis2
, Emiss

T ) = PµPµ , (7.21)

where Pµ is defined as:
Pµ = Pµ(τvis1

) + Pµ(τvis2
) + pµ(Emiss

T ) , (7.22)

which is the sum of 4-momentum vector of the visible decay products of τ lepton i = 1, 2 and 4-
momentum vector of the missing transverse momentum. The transverse mass provides a better separation
of the signal from the QCD multi-jet backgrounds with fake τ signatures. Fore example, as stated in the
research [81], the W+jets process can be reduced by constraining the transverse mass to satisfy certain
requirements such as to be less than 50 GeV. In particular, it is beneficial to reconstruct the transverse
mass for the cases with leptonically decaying τ leptons, since the transverse mass can be expressed as:

mT =

√
2pl

T pmiss
T (1 − cos(∆φ(l, ν))) (7.23)

where pl
T and pmiss

T are the transverse momentum of the lepton and the invisible decay product from the τ
lepton, respectively. The ∆φ(l, ν) is the azimuthal angle between the direction of momentum vector ~pl

T
and ~pmiss

T .
The visible mass can be obtained by the same method but without taking the missing mass energy into

account [80]:
m2

vis = m2(τvis1
, τvis2

) = Pµ′P′µ, , (7.24)

where Pµ′ is defined as:
Pµ′ = Pµ(τvis1

) + Pµ(τvis2
) . (7.25)

The main advantage of reconstructing the visible mass is that it can be applied to all signal event
topologies for the H → ττ channel, i.e. the τhτh, τlτh and τlτl channels. Moreover, the visible decay
products have better measured parameters, providing the mass resonance with a high accuracy. However,
since it does not fully account for the momentum bias of the invisible decay products, the partially
reconstructed invariant mass distribution is significantly broadened, resulting in a severely decreased
sensitivity. This issue can be easily seen in the low mass region of the invariant mass of ττ, where the
Z → ττ background is predominant with its larger and broader mass distribution (see [80]).

7.3.3 Collinear apporoximation method

The collinear approximation is also known as one of the most commonly used technique for the recon-
struction of the invariant mass of the ττ system with the presence of invisible decay products. It is mainly
based on two assumptions:

1. The τ lepton and all its decay products are collinear, i.e. φν = φvis and θν = θvis.

2. The source of missing transverse momenta is due to the neutrinos only.

The visible decay products in each τ decay carry some fraction of the τ lepton momenta, which is denoted
in xi in formula 1 [82], and fi in formula 2 [80], with τ lepton i = 1, 2. These unknown fractions can be
determined using missing transverse momenta as well as measured transverse momenta constraints, and
as a consequence, full reconstruction of the di-tau system is possible.
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However, the collinear approximation has some significant shortcomings. This approximation is
only valid for events where the ττ system is boosted, i.e. produced in association with hard jet(s) with
large Emiss

T , such that the visible τ decay products are not back-to-back in the plane transverse to the
beam line. This is because when two τ leptons are produced back-to-back, the missing momentum
associated with their neutrinos partially cancels out, making the invariant mass of a resonance cannot
be directly reconstructed from the Emiss

T . The majority of Higgs boson production in LHC is done via
gg→ HH → ττ channel, in which τ leptons are nearly produced in the back-to-back topology, thus only
a relatively small fraction of events are available for this technique. Fortunately, the signal event in this
analysis, tHq, has additional jets which are produced along with the Higgs boson, i.e. the b-jet(s) as
well as forward jet(s), allowing this technique to be applicable for this analysis. However, the collinear
approximation method is very sensitive to the resolution of Emiss

T and is likely to over-estimate the mass
resonance of the ττ system, leaving a long tail in the reconstructed mass distribution. This long-tail effect
will considerably affect accurate measurements in low-mass Higgs boson searches, where the tails of a
much larger Z → ττ background is completely dominant in the expected Higgs mass peak region [80,
82].

In the following, two different formulas are exploited for the comparison of reconstruction accuracy of
two collinear approximation methods. Nevertheless, the main idea of the two formulas is the same, as
both of them start from the same assumptions stated before.

Formula 1

The first formula starts from two equations as below:

Emiss
Tx

= pmis1 sin θvis1 cos φvis1 + pmis2 sin θvis2 cos φvis2 , (7.26)

Emiss
Ty

= pmis1 sin θvis1 sin φvis1 + pmis2 sin θvis2 sin φvis2 , (7.27)

where Emiss
Tx

and Emiss
Ty

are the x- and y-components of a 2-dimension vector
−−−−→
Emiss

T = (
−−−−→
Emiss

Tx
,
−−−−→
Emiss

Ty
)

(vectorial expressions for some variables will be neglected for convenience); pmis1 and pmis2 are the
inclusive missing momenta (there can be two neutrinos in one τ decay) from each τ decay; θvis1,2 and
φvis1,2 are the polar and azimuthal angles of the visible products from each τ decay. Then the invariant
mass of the ττ system, denoted as Mττ, can be calculated as follows:

Mττ =
mvis
√

x1x2
, (7.28)

where mvis is referred to the invariant mass of visible decay products in the ττ system. The x1,2 here is
defined as:

x1,2 = pvis1,2/(pvis1,2 + pmis1,2) , (7.29)

which is the momentum fraction that is carried away by visible products in each τ decay.
The pmis1,2 can be extracted, as we know the total missing transverse momenta assigned to the ττ system

after full reconstruction of the top quark, by the assumption
−−−−→
Emiss

T (Higgs) =
−−−−→
Emiss

T (total) −
−−−−→
Emiss

T (top). We
can rewrite the equation 7.26 and equation 7.27 in terms of pmis1 and pmis1:

pmis1 =
Emiss

Ty
cos φvis2 − Emiss

Tx
sin φvis2

sin θvis1(sin φvis2 cos φvis1 − cos φvis1 sin φvis2)
, (7.30)
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pmis2 =
Emiss

Tx
sin φvis1 − Emiss

Ty
cos φvis1

sin θvis2(sin φvis2 cos φvis1 − cos φvis1 sin φvis2)
. (7.31)

As we can see from these equations, the variables which directly affect the pmis1,2 and thus the momentum
fraction x1/2, are the missing transverse momentum components, Emiss

Tx
and Emiss

Ty
. Thus, how close

the missing transverse momentum ττ system is assigned to its true value will directly determine the
resolution of its mass resonance. The reconstruction efficiency of the visible decay products from each τ
decay contributes relatively less to the resolution of the mass peak [80].

Formula 2

Starting from the same idea that was used for the first formula, the neutrino momentum can be also
written in terms of the visible particle momentum as below:

−→qi = −→pτi
−
−→pi = Fi

−→pi , Fi =
1
fi
− 1 , (7.32)

which can be generally written as:
−−−−→
Emiss

T =
∑

i

Fi
−−→piT , (7.33)

where ~qi and ~pi are the momenta of invisible and visible decay products from each τi decay respectively;
~pτi

is the total momenta of τi; and Fi is the momentum fraction carried by the visible product in the τi
decay. The unknown fractions denoted as fi is defined as:

f1 =
1

1 + r2
, f2 =

1
1 + r1

, (7.34)

where

ri =

∣∣∣∣∣∣∣∣
Emiss

Ty
px

i − Emiss
Tx

pyi
py1 px

2 − px
1 py2

∣∣∣∣∣∣∣∣ . (7.35)

The invariant mass of the ττ system is then calculated with the momentum fraction f1 and f2 as follow:

Mττ =
mvis√

f1 f2
. (7.36)

7.3.4 The Missing Mass Calculator technique

A new reconstruction technique named Missing Mass Calculator (MMC) has been recently proposed
in a search for resonance decaying to ττ [80]. As mentioned in the previous section, the partial mass
reconstruction method and collinear approximation method have significant drawbacks. The transverse
mass reconstruction gives a very broad mass spectrum that decreases sensitivity in the low mass region,
and the collinear approximation is limited only to events in which the ττ system is boosted. As compared
to the two methods above, the MMC technique does not suffer from any of these limitations, and can be
applied to any ττ event topologies and allows for a complete reconstruction of the event kinematics of
the ττ final states with significantly improved resolution of the invariant mass and missing transverse
momentum [80].
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The theoretical concept of MMC

Like other reconstruction methods, MMC begins with assuming that there are no other sources for
missing transverse momentum apart from the neutrinos from τ lepton decays. Under such an assumption
of a perfect detector resolution, the event topology can be fully reconstructed by solving from 6 to 8
unknown variables depending on the number of leptonically decaying τ leptons: x-, y- and z-components
of the invisible momentum carried away by neutrino(s) in each τ decay. Applying the mass constraints
of τ leptons with the previously mentioned assumption that Emiss

T originates only from neutrinos (the
equation 7.26 and 7.27), there are four equations that can be used for restricting unknowns:

Emiss
Tx

= pmis1 sin θvis1 cos φvis1 + pmis2 sin θvis2 cos φvis2 ,

Emiss
Ty

= pmis1 sin θvis1 sin φvis1 + pmis2 sin θvis2 sin φvis2 ,

M2
τ1

= m2
mis1 + m2

mis1 + 2
√

p2
vis1 + m2

vis1

√
p2

mis1 + m2
mis1 − 2pvis1 pmis1 cos θνm1

, (7.37)

M2
τ2

= m2
mis2 + m2

mis2 + 2
√

p2
vis2 + m2

vis2

√
p2

mis2 + m2
mis2 − 2pvis2 pmis2 cos θνm2

, (7.38)

where Emiss
Tx

and Emiss
Ty

are the x- and y-components of the
−−−−→
Emiss

T vector. Here, pmis1,2, mmis1,2, θmis1,2 and
φmis1,2 are the momenta (vector), invariant masses, polar and azimuthal angles of the invisible τ decay
products in τ lepton i = 1, 2. Similarly, pvis1,2, mvis1,2, θvis1,2 and φvis1,2 are those of the visible τ decay
products in each τ decay. The τi lepton invariant mass is set to Mτ1,2

= 1.77 GeV/c2. ∆θνm1,2
is the angle

between the vectors ~pmis and ~pvis (it can be expressed in terms of other variables) for each τ decay. For
the hadronically decaying τ leptons, the number of unknowns can be reduced by one for each of these
decays, as only one neutrino is involved in the hadronic τ decay, and thus the variable mmis can be set to
be 0.

The number of unknowns need to be solved is from 6 to 8 depending on the number of leptonic τ decays,
whereas the maximum number of available constraints is only 4. This means the existing information is
not sufficient to obtain the exact solution. However, not all solutions in this under-constrained system
seem to be equally probable in a certain event topology. Some additional information such as decay
kinematics can provide extra constraints and allows better estimation of the mass resonance by choosing
more likely solutions over less likely ones. In the H → ττ event topology, the τ decay kinematics
can provide additional information about Mττ to extract more probable solutions. In order to evaluate
the probability of such a decay topology, the decay kinematics need to be incorporated as probability
functions in a so-called global event probability, denoted as Pevent. The main idea of the MMC technique
is to find the most probable Mττ solution by producing the Mττ distribution for all scanned points in a
particular parameter phase (grid) that is weighed by its corresponding global event probability Pevent.
The maximum point of the Mττ distribution is taken as the final estimator for a given event. One example
of such additional constraint, ∆R1,2, the expected angular distance between the invisible and visible τ
decay products is described in [80], and will be shortly explained in the next section.

The description of the MMC method

A parameter ∆R =

√
(ηvis − ηmis)

2
+ (θvis − θmis)

2 is chosen for the validation procedure of MMC in [80].
Although choosing a 3-dimensional angle between the neutrino(s) and visible decay products might
make more sense, a 2-dimensional angle is chosen for simplicity. For hadronically decaying τ lepton
cases, the system of equations 7.26, 7.27, 7.37 and 7.38 can be solved exactly for any point in, for
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example, a 2-dimensional parameter space of a pair of parameters (θmis1
,θmis2

). In other words, all
possible solutions of the missing transverse momentum ~pmis1,2

from these four equations, can be broken
down into a uniquely and fully defined point on the grid. Therefore, for each point on the grid of (θmis1

,
θmis2

), the parameter ∆R1,2, the distance between ~pvis1,2
and ~pmis1,2

, is calculable. The next step is to
evaluate the probability of such a decay topology using this parameter ∆R1,2. To achieve it, a probability
density function based on the dependency of this chosen kinematic variable needs to be defined first.
Ignoring the polarization of the τ lepton, the ∆R distribution depends only on the initial momentum pτ
and the decay type of τ lepton, but not on its source. Therefore, the ∆R distribution is scanned in the
initial τ momentum in the range of 10 GeV < pτ < 100 GeV with a bin size of 5 GeV, in simulated
Z/γ∗ → ττ events. It is further parameterized by being fitted with a linear combination of Gaussian and
Landau functions, yielding a fully parameterized pτ-dependent probability distribution P(∆R, pτ). To
integrate this information as an additional constraint, the global event probability is defined as follows:

Pevent = P(∆R1, pτ1
) × P(∆R2, pτ1

) (7.39)

where the functions P are chosen according to one of the decay types, and uniquely defined for each
point on the parameter space of (θmis1

, θmis2
). In order to find the best estimator of the invariant mass of

ττ, an Mττ value is produced for each of all points on the grid, and then the obtained Mττ distribution is
weighed by a corresponding probability Pevent. The maximum point of the Mττ distribution is the final
estimator of the ττ invariant mass. Apart from the initial τ lepton momentum, other kinematic variables
can also be used depending on one’s desire.

In the case of the event topology involving at least one leptonically deaying τ lepton (lep-had or
lep-lep channel), the previous procedure needs to be adjusted to take the invariant mass mmis into account,
as mmis is unknown if there are more than one neutrino produced in one τ decay. A phase space with
higher dimensionality needs to be scanned, for example, (θmis1

, θmis2
, mmis1

) when one τ lepton decays
leptonically, and (θmis1

, θmis2
, mmis1

, mmis2
) if both of the τ leptons decay leptonically. One can assume an

uniform probability for parameter mmis for convenience, but scanning according to the mmis probability
function will improve the estimation performance.

7.3.5 Comparison of three reconstruction techniques

In the following, the results of the invariant mass of the ττ system reconstructed with the previously
mentioned three different reconstruction techniques will be shown.

Reconstructed partial mass

The transverse mass of the ττ system is not reconstructed in this analysis due to the limitations on the
decay channel of the ττ system. This is because, in order to reconstruct the transverse mass, leptonically
decaying τ leptons are required as can be seen from equation 7.23 (this case is limited to the tHq process).
The invariant mass of the visible decay products in the ττ system as well as the top quark system are
shown in Fig 7.16. As can be seen from Fig 7.16(a), a little bump around 90 GeV can be found, which
is expected to be a statistical fluctuation. The visible mass distribution is roughly peaked at 60 GeV.
Fig 7.16(b) shows the reconstructed visible top quark mass. Compared to the visible ττ mass distribution,
that of the top quark has a more stable shape without noticeable fluctuations. Unfortunately, the tHq
samples suffer from significant low statistics.
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Figure 7.16: The reconstructed invariant mass of visible decay products of the ττ system as well as of the top
quark system for one (solution 1 here) of the two solutions in the 2-real-solution case. The green line shows the
distribution of the tZq sample and the blue line shows the tHq sample.

Reconstructed invariant mass with the collinear approximation method

The reconstructed invariant mass distributions of the ττ system with the collinear method are shown
in this section. Fig 7.17 shows the invariant mass of the ττ system reconstructed with two different
formulas used in the collinear method for the tZq and tHq samples. As you can see from both plots, the
reconstructed invariant mass in the tZq sample has a long tail with a peak at around 120 GeV for the
formula 1 and 150 GeV for the formula 2. The invariant mass peak is expected to be located near the
actual Z boson mass which is around ∼ 91 GeV (for the tHq sample it is ∼ 125 GeV), but the obtained
peaks seem to be off from this value. As mentioned in Section 7.3.3, the collinear method is very sensitive
to the resolution of the Emiss

T and tends to over-estimate the mass resonance. Therefore, we can conclude
that the assigned Emiss

T to the Higgs system is not perfect, and again a new method of feeding an accurate
Emiss

T is strongly needed. The tHq samples suffer from the low statistics and the mass resonance is barely
recognizable in these samples. The difference between these two formulas is also about ∼ 30 GeV which
is quite huge, and we can interpret this that a different way of calculating the momentum fraction carried
by the visible products in the τ leptons can lead to a different invariant mass result. The big difference
might originate from the imperfect assignment of the Emiss

T to the Higgs system.

Fig 7.18 shows both the unweighted and weighted ττ invariant mass distributions with the tZq, tHq,
Z+jets as well as tt̄ samples. As you can see in all the plots in Fig 7.18, apart from the tHq sample, the
Z+jets and tt̄ samples also have a peak at around the same value that is mentioned previously (around 120
GeV for the formula 1 and 150 GeV for the formula 2), which indicates that the reconstruction algorithm
is somehow forcing the ττ invariant mass to have a similar value for all these samples. Here, note that we
are not picking up one solution of which the invariant mass is close to the top quark mass out of two
solutions in the 2-solution cases (most of the multiple solution cases are the 2-solution cases), but we are
reconstructing both of them in parallel and thus there is no biases in terms of the forced invariant mass
(actually no big difference can be found between the solution 1 and 2 as shown in Fig 7.19). Therefore, a
further investigation on how the reconstruction algorithm should be improved to discriminate different
event topology is required.
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Figure 7.17: The reconstructed invariant mass of the ττ system using two different collinear formulas for the tZq
and tHq samples including all campaigns. Fig 7.17(a) shows the invariant mass obtained with formula 1, and
Fig 7.17(b) shows the one with formula 2.
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Figure 7.18: The reconstructed invariant mass of the ττ system using two different collinear formulas for the
tZq, tHq, Z+jets as well as tt̄ samples including all campaigns. The plots on the left side show the unweighted
distributions and those on the right side show the weighted distributions. The tHq samples have too low statistics
too be recognizable, and the tZq samples can be barely seen in the weighted plots.
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Reconstructed invariant mass with the MMC

The reconstructed invariant mass distributions of the ττ system with the MMC technique as well as a
comparison with the colinear method are shown in this section. Fig 7.19 shows the reconstructed ττ
mass of both solutions (solution 1 and 2) in the 2-real-solution case using the MMC and two different
collinear formulas for the tZq sample. Interestingly, as you can see, there is no noticeable but only small
difference between the two solutions, and the peak in both of the plots is located around ∼ 100 GeV.
This indicates that each of the two solutions in the 2-real-solution case can have a different value of

Emiss
T =

√
(px

ν)
2

+ (pyν)
2 and

−−−−→
Emiss

T , but this difference is not big enough to see the different contributions
of the two distinct solutions to the ττ invariant mass. Apart from this, as can be seen from the figures,
obviously the MMC technique provides a much better and accurate mass resonance than the other
collinear methods (formula 1 and 2). The peak of the MMC distribution is closer to the real Z mass (∼ 91
GeV), whereas the other two distributions are rather broader than the MMC one and are shifted to a
higher mass region. This might be related to the techniques themselves, as the collinear approximation is
not a robust method for estimating an accurate invariant mass when the Emiss

T is not very reliable.
Other than the peak location, the resolution of the mass resonance is much more improved in the MMC

distribution, which has a higher and narrower peak than the two collinear approximation distributions.
Furthermore, as you can see from Fig 7.20, the MMC distribution has a way shorter tail throughout the
shown mass ranges. The figure shows the weighted and unweighted reconstructed ττ invariant mass for
the tZq and tHq samples, and some fluctuations or an underflow (∼ 30 GeV) of the tHq samples due to
its low statistics can be noticed. In summary, we can conclude that the MMC method is a much more
efficient and remarkable way for the reconstruction of the invariant mass of the Higgs boson than the
other two methods, partial reconstruction method and the collinear approximation method. However, a
more accurate calculation and estimation of the Emiss

T of the Higgs system is strongly required in order to
make a good use of this excellent MMC technique.
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Figure 7.19: The reconstructed ττ invariant mass of both solutions (solution 1 and 2) in the 2-real-solution case for
the tZq sample. Fig 7.19(a) shows the distribution for the solution 1, and Fig 7.19(b) shows the solution 2. The
mc16a tZq sample is used.
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(c) Unweighted Mττ for tZq, tHq
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Figure 7.20: The weighted and unweighted reconstructed ττ invariant mass for one of two solutions (solution 1) in
the 2-real-solution case for the tZq and tHq samples.
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CHAPTER 8

Conclusion

In this thesis, a study on the production of a single top quark in association with a Higgs boson (tHq)
focusing on the Higgs decay channel H → τlτh (lep-had channel) is presented. The study is based on
the data of pp collisions at

√
s = 13 GeV recorded by the ATLAS detector during Run 2 (2015 - 2018),

which corresponds to an integrated luminosity of 139 fb−1.
Unlike other top quark productions associated with a Higgs boson such as tt̄H, whose sensitivity is

only limited to the magnitude of the Higgs coupling constants yt (with the top quark) and gHVV (with the
W bosons), tHq is also sensitive to the sign of the coupling constants. In the lep-had channel, the Higgs
boson decays into two τ leptons, of which one decays hadronically and the other one decays leptonically,
while the top quark decays leptonically. There can be different origin of the light leptons in the lep-had
final state, triggering ambiguities in terms of accurate final state reconstruction. Four neutrinos in the
final state also throws a great challenge to full reconstruction of the top quark and the Higgs boson,
which can be used as discriminating variables for signal-background separation. Therefore, this thesis
has searched for some possible solutions to resolve these problems.

Prior to the tHq study, the multilepton (ML) channel of the production of a single top quark associated
with a Z boson (tZq) has been investigated. This study is generally useful for the tHq study, since it
not only constitutes one of the backgrounds to the tHq process and thus allows for direct background
estimation, but also can be used for the validation of the framework (tHqLoop) which is used for the tHq
study. For this, the event yields as well as the distributions of kinematic variables obtained in two signal
regions, 2j1bSR and 3j1bSR, are compared to those from the previous tZq study. The obtained results
show a great agreement with those from the previous study, confirming the robustness of the framework.

The first part of the tHq study is mainly about the origin of the light leptons. In order to assign the
light leptons to their correct origin, a categorization by their sign (opposite sign or same sign) as well as
their flavor (different flavor or same flavor) resulting in four different combinations: OSSF, OSDF, SSSF,
SSDF, has been carried out. For each category, the theoretical expected number of events is calculated in
all tHq ML channels H → ττ/WW/ZZ. The calculation indicates that there are approximately 1.37 more
OS lepton pairs than SS lepton pairs are in the signal region, but since the major background tt̄ possesses
a large number of OS lepton pairs, the signal sensitivity (S/

√
B) in the OS (OSSF and OSDF) regions is

lower than that in the SS (SSSF and SSDF) regions by a factor of 4. Therefore, it would be a better idea
to seek for the signal in the SS regions, but an efficient suppression method for the Z+jets and tt̄ still
needs to be discussed. Then the theoretical expectation has been compared to the observed number of
events. However, we clearly confirmed that there is sever low statistic issue for the tHq samples from the
discrepancies between them.

The second part of the tHq study is the final state reconstruction. We first reconstructed the top quark
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with the analytical method and then the Higgs boson with commonly used ττ-system reconstruction tools,
since the total transverse momentum is known and fixed. The exact solutions are obtained by applying
3 constrains to the neutrino four-momentum vector based on the assumptions that the top quark and
the W boson are on-shell and the z-component of the neutrino momentum (pz

ν) is dependent on that of
the light lepton from the same origin (pz

ν = α · pz
l where α is an arbitrary constant). However, there are

multiple-solution and non-real solution issues, which are contradictory to the natural observation where
there is only one real solution. To resolve these issues, some remedies which convert the imaginary
solutions to real ones have been proposed, and an investigation on individual solutions in the case of
more-than-one solution have been carried out. Since the number of solutions depends on the initial
assumption on α, optimization as well as validation using a truth-matching method have been performed.
The α value is optimized to the value (0.5) which gives the highest ratio of the number of real solutions
over that of imaginary solutions. The truth study indicates that there is a mismatching between the reco-
and truth-level pz

ν, throwing an unsolved task for finding a better assumption on the pz
ν. For this, NN

might be helpful apart from the analytical approach. Nevertheless, the reconstructed invariant mass of the
di-tau system shows that this method worked out, and presents that the Missing Mass Calculator (MMC)
is a better tool than relatively older methods, collinear approximation and partial mass reconstruction.
Furthermore, some new techniques are being developed currently for the improvement of the MMC
performance, and one can try out these techniques to have a better reconstructed Higgs system. In one
word, this analysis shows that a full reconstruction of the lep-had final state has been quite successful by
using the analytic method as well as the advanced technique MMC even the reconstruction is not perfect.
We expect a much better outcome if the assumption issues can be solved, and then this reconstruction
algorithm can be used by other tHq→ tττq channels in the future.
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APPENDIX A

List of Monte Carlo samples

An overview of the MC simulated samples that were used for this analysis is given. The systematic
uncertainties were not covered, thus only nominal samples are contained in this list.

Table A.1: An overview of MC samples for signal and background processes (full simulation). The samples
correspond to version 29 ntuples (with τ). The table is taken from [59].

Process Sample ID Generator σ [pb] k-factor N-generated

tHq 346229 MadGraphPy8Ev–A14–tHjb–125-4fl-bb-NLO 0.0400 1.00 mc16a: 0.30 M
mc16d: 0.38 M
mc16e: 0.50 M

346230 MadGraphPy8Ev–A14–tHjb–125-4fl-lep-NLO 0.0200 1.00 mc16a: 0.30 M
mc16d: 0.38 M
mc16e: 0.50 M

tZq 412063 MadGraphPy8Ev–A14–tllq–NLO 0.0300 1.00 mc16a: 4.99 M
mc16d: 6.23 M
mc16e: 8.26 M

tt̄ 410472 PowPy8Ev–A14–ttbar–hdamp258p75–dil 77.0 1.14 mc16a: 79.83 M
mc16d: 44.88 M *
mc16e: 99.25 M

tW 410648 PowPy8Ev–A14–Wt–t–dil 4.00 0.94 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.66 M

410649 PowPy8Ev–A14–Wt–tbar–dil 3.99 0.94 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.65 M

ttH 346343 PowPy8Ev–A14–ttH125–allhad 0.0534 1.00 mc16a: 4.98 M
mc16d: 6.49 M
mc16e: 8.25 M

346344 PowPy8Ev–A14–ttH125–sl 0.223 1.00 mc16a: 4.99 M
mc16d: 6.50 M
mc16e: 8.26 M

346345 PowPy8Ev–A14–ttH125–dilep 0.231 1.00 mc16a: 4.99 M
mc16d: 6.49 M
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Appendix A List of Monte Carlo samples

Process Sample ID Generator σ [pb] k-factor N-generated

mc16e: 8.28 M

ttV 410155 aMcAtNloPy8Ev–A14–ttW 0.548 1.10 mc16a: 7.50 M
mc16d: 7.50 M
mc16e: 12.04 M

410156 aMcAtNloPy8Ev–A14–ttZnunu 0.155 1.11 mc16a: 1.50 M
mc16d: 1.50 M
mc16e: 2.00 M

410157 aMcAtNloPy8Ev–A14–ttZqq 0.528 1.11 mc16a: 3.00 M
mc16d: 3.00 M
mc16e: 3.59 M

410218 aMcAtNloPy8Ev–A14–ttee 0.0369 1.12 mc16a: 1.41 M
mc16d: 1.34 M
mc16e: 2.17 M

410219 aMcAtNloPy8Ev–A14–ttmumu 0.0369 1.12 mc16a: 1.41 M
mc16d: 1.34 M
mc16e: 2.17 M

410220 aMcAtNloPy8Ev–A14–tttautau 0.0365 1.12 mc16a: 0.94 M
mc16d: 0.90 M
mc16e: 0.96 M

tWZ 410408 aMcAtNloPy8Ev–A14–tWZ–Ztoll–DR1 0.0200 1.00 mc16a: 0.10 M
mc16d: 0.12 M
mc16e: 0.16 M

Diboson 363356 Sherpa221–ZqqZll 15.6 0.14 mc16a: 5.40 M
mc16d: 5.40 M
mc16e: 8.95 M

363358 Sherpa221–WqqZll 3.44 1.00 mc16a: 5.40 M
mc16d: 26.91 M
mc16e: 8.96 M

364250 Sherpa222–llll 1.25 1.00 mc16a: 17.84 M
mc16d: 36.00 M
mc16e: 25.68 M

364253 Sherpa222–lllv 4.58 1.00 mc16a: 15.54 M
mc16d: 32.11 M
mc16e: 26.79 M

364254 Sherpa222–llvv 12.5 1.00 mc16a: 15.00 M
mc16d: 29.98 M
mc16e: 24.89 M

Z+jets 364114 Sherpa221–Zee–maxHtPtV0_70–L 1 630 0.98 mc16a: 8.00 M
mc16d: 10.00 M
mc16e: 13.27 M

364115 Sherpa221–Zee–maxHtPtV0_70–C 224 0.98 mc16a: 5.00 M
mc16d: 6.24 M
mc16e: 8.31 M

364116 Sherpa221–Zee–maxHtPtV0_70–B 126 0.98 mc16a: 8.00 M
mc16d: 9.99 M
mc16e: 13.28 M

364117 Sherpa221–Zee–maxHtPtV70_140–L 76.3 0.98 mc16a: 5.96 M
mc16d: 7.38 M
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Process Sample ID Generator σ [pb] k-factor N-generated

mc16e: 9.95 M
364118 Sherpa221–Zee–maxHtPtV70_140–C 20.3 0.98 mc16a: 2.00 M

mc16d: 2.50 M
mc16e: 3.33 M

364119 Sherpa221–Zee–maxHtPtV70_140–B 12.6 0.98 mc16a: 5.97 M
mc16d: 7.49 M
mc16e: 9.91 M

364120 Sherpa221–Zee–maxHtPtV140_280–L 25.0 0.98 mc16a: 5.00 M
mc16d: 6.25 M
mc16e: 8.36 M

364121 Sherpa221–Zee–maxHtPtV140_280–C 9.37 0.98 mc16a: 3.00 M
mc16d: 3.75 M
mc16e: 4.99 M

364122 Sherpa221–Zee–maxHtPtV140_280–B 6.08 0.98 mc16a: 12.44 M
mc16d: 15.66 M
mc16e: 20.74 M

364123 Sherpa221–Zee–maxHtPtV280_500–L 4.87 0.98 mc16a: 2.00 M
mc16d: 2.50 M
mc16e: 2.78 M

364124 Sherpa221–Zee–maxHtPtV280_500–C 2.28 0.98 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.74 M

364125 Sherpa221–Zee–maxHtPtV280_500–B 1.49 0.98 mc16a: 2.00 M
mc16d: 2.50 M
mc16e: 3.33 M

364126 Sherpa221–Zee–maxHtPtV500_1000 1.81 0.98 mc16a: 3.00 M
mc16d: 3.71 M
mc16e: 4.98 M

364127 Sherpa221–Zee–maxHtPtV1000_Ecms 0.150 0.98 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.67 M

364100 Sherpa221–Zmumu–maxHtPtV0_70–L 1 630 0.98 mc16a: 7.97 M
mc16d: 9.91 M
mc16e: 13.26 M

364101 Sherpa221–Zmumu–maxHtPtV0_70–C 224 0.98 mc16a: 4.98 M
mc16d: 6.20 M
mc16e: 8.28 M

364102 Sherpa221–Zmumu–maxHtPtV0_70–B 127 0.98 mc16a: 7.98 M
mc16d: 9.26 M
mc16e: 13.24 M

364103 Sherpa221–Zmumu–maxHtPtV70_140–L 75.0 0.98 mc16a: 5.98 M
mc16d: 7.48 M
mc16e: 9.94 M

364104 Sherpa221–Zmumu–maxHtPtV70_140–C 20.4 0.98 mc16a: 2.00 M
mc16d: 2.49 M
mc16e: 3.31 M

364105 Sherpa221–Zmumu–maxHtPtV70_140–B 12.4 0.98 mc16a: 5.98 M
mc16d: 7.47 M
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Appendix A List of Monte Carlo samples

Process Sample ID Generator σ [pb] k-factor N-generated

mc16e: 9.94 M
364106 Sherpa221–Zmumu–maxHtPtV140_280–L 24.3 0.98 mc16a: 5.00 M

mc16d: 6.24 M
mc16e: 8.29 M

364107 Sherpa221–Zmumu–maxHtPtV140_280–C 9.28 0.98 mc16a: 3.00 M
mc16d: 3.75 M
mc16e: 4.99 M

364108 Sherpa221–Zmumu–maxHtPtV140_280–B 6.01 0.98 mc16a: 12.46 M
mc16d: 15.63 M
mc16e: 20.74 M

364109 Sherpa221–Zmumu–maxHtPtV280_500–L 4.77 0.98 mc16a: 2.00 M
mc16d: 2.46 M
mc16e: 3.32 M

364110 Sherpa221–Zmumu–maxHtPtV280_500–C 2.27 0.98 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.67 M

364111 Sherpa221–Zmumu–maxHtPtV280_500–B 1.49 0.98 mc16a: 2.00 M
mc16d: 2.50 M
mc16e: 3.33 M

364112 Sherpa221–Zmumu–maxHtPtV500_1000 1.79 0.98 mc16a: 3.00 M
mc16d: 3.75 M
mc16e: 5.09 M

364113 Sherpa221–Zmumu–maxHtPtV1000_Ecms 0.150 0.98 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.67 M

364128 Sherpa221–Ztautau–maxHtPtV0_70–L 1 630 0.98 mc16a: 7.99 M
mc16d: 10.00 M
mc16e: 13.27 M

364129 Sherpa221–Ztautau–maxHtPtV0_70–C 224 0.98 mc16a: 4.98 M
mc16d: 6.14 M
mc16e: 8.27 M

364130 Sherpa221–Ztautau–maxHtPtV0_70–B 128 0.98 mc16a: 8.00 M
mc16d: 9.99 M
mc16e: 13.28 M

364131 Sherpa221–Ztautau–maxHtPtV70_140–L 76.0 0.98 mc16a: 6.00 M
mc16d: 7.50 M
mc16e: 9.97 M

364132 Sherpa221–Ztautau–maxHtPtV70_140–C 20.2 0.98 mc16a: 2.00 M
mc16d: 2.50 M
mc16e: 3.33 M

364133 Sherpa221–Ztautau–maxHtPtV70_140–B 12.3 0.98 mc16a: 5.97 M
mc16d: 7.50 M
mc16e: 9.96 M

364134 Sherpa221–Ztautau–maxHtPtV140_280–L 24.8 0.98 mc16a: 4.94 M
mc16d: 6.23 M
mc16e: 8.30 M

364135 Sherpa221–Ztautau–maxHtPtV140_280–C 9.33 0.98 mc16a: 3.00 M
mc16d: 3.75 M
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Process Sample ID Generator σ [pb] k-factor N-generated

mc16e: 4.99 M
364136 Sherpa221–Ztautau–maxHtPtV140_280–B 5.48 0.98 mc16a: 4.99 M

mc16d: 6.21 M
mc16e: 8.29 M

364137 Sherpa221–Ztautau–maxHtPtV280_500–L 4.79 0.98 mc16a: 2.00 M
mc16d: 2.50 M
mc16e: 3.32 M

364138 Sherpa221–Ztautau–maxHtPtV280_500–C 2.28 0.98 mc16a: 1.00 M
mc16d: 1.23 M
mc16e: 1.67 M

364139 Sherpa221–Ztautau–maxHtPtV280_500–B 1.50 0.98 mc16a: 1.98 M
mc16d: 2.50 M
mc16e: 3.32 M

364140 Sherpa221–Ztautau–maxHtPtV500_1000 1.81 0.98 mc16a: 3.00 M
mc16d: 3.75 M
mc16e: 4.96 M

364141 Sherpa221–Ztautau–maxHtPtV1000_Ecms 0.150 0.98 mc16a: 1.00 M
mc16d: 1.25 M
mc16e: 1.67 M
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APPENDIX B

Additional SR plots

In this appendix, additional plots for the 2j1b and 3j1b SRs (the tZq ML channel selection) that are
produced with tHqLoop are shown.

B.1 Basic kinematic variables in the tZq 2j1b SR
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Figure B.1: Comparison of data and MC predictions for reconstructed jet-related quantities for events in the 2j1b
SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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Appendix B Additional SR plots
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Figure B.2: Comparison of data and MC predictions for reconstructed event-related quantities for events in the
2j1b SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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B.2 Basic kinematic variables in the tZq 3j1b SR

B.2 Basic kinematic variables in the tZq 3j1b SR
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Figure B.3: Comparison of data and MC predictions for reconstructed jet-related quantities for events in the 3j1b
SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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Appendix B Additional SR plots
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Figure B.4: Comparison of data and MC predictions for reconstructed event-related quantities for events in the
3j1b SR. The uncertainty band includes only statistical uncertainties for the signal and backgrounds.
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APPENDIX C

Calculation of the number of events in
tHq → tτlτhq channel
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Appendix C Calculation of the number of events in tHq→ tτlτhq channel
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APPENDIX D

Analytical solutions for the neutrino
4-momentum vector in the decay of a top quark

In this section, detailed steps of analytically solving the 4-momentum vector of the neutrino from the top
quark is given.

D.1 Invariant mass equation of the W boson

The invariant mass constraint on the W boson, equation 7.4 assuming mν = ml = 0, can be written as
below:

m2
W = (Pl + Pν)

2

= m2
l + m2

ν + 2Pl · Pν
� 2(El · Eν − ~pl · ~pl) .

(D.1)

If we expand the equation D.1, and make the left-hand side equal to 0, then it can simplified into an
equation that can be expressed in terms of x and y:
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· ~px

ν −

~pyl
El
· ~pyν −

~pz
l

El
· ~pz

ν

= −
1
2

m2
W

El
−

~pz
l

El
· ~pz

ν +

√
x2

+ y2
+ (pz

ν)
2
−

~px
l

El
· x −

~pyl
El
· y (x ≡ ~px

l , y ≡ ~pyl )

= R +

√
x2

+ y2
+ P − a · x − b · y .

(D.2)
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with following coefficients that are defined as:

R ≡ −
1
2

m2
W

El
−

~pz
l

El
· ~pz

ν ,

a ≡
~px

l

El
,

b ≡
~pyl
El
,

P ≡ (pz
ν)

2 .

(D.3)

Then we rewrite equation D.2 and take the square of it:

(ax + by − R)2
= x2

+ y2
+ P

0 = a2x2
+ b2y2

+ R2
+ (2ab)xy − (2aR)x − (2bR)y − x2

− y2
− P

= (a2
− 1)x2

− (2aR)x + (2ab)xy + (b2
− 1)y2

− (2bR)y + R2
− P

= a1x2
+ b1x + c1xy + d1y

2
+ e1y + f1 ,

(D.4)

where the coefficients are:

a1 ≡ a2
− 1 ,

b1 ≡ −2aR ,

c1 ≡ 2ab ,

d1 ≡ b2
− 1 ,

e1 ≡ −2bR ,

f1 ≡ R2
− P .

(D.5)

If we solve the quadratic equation D.4 with respect to x, then there are two possible solutions:

x =
−(b1 + c1y) ±

√
A1y

2
+ B1y + C1

2a1
(D.6)

with coefficients:

A1 = c2
1 − 4a1d1 ,

B1 = 2b1c1 − 4a1e1 ,

C1 = b2
1 − 4a1 f1 .

(D.7)
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D.2 Invariant mass equation of the top-quark

We solve the second constraint, the invariant mass equation of the top-quark, equation 7.3:

m2
t = (Pb + Pl + Pν)

2

= m2
b + m2

l + m2
ν + 2(Pb · Pl + Pb · Pν + Pl · Pν)

� 2(Pb · Pl + Pb · Pν + Pl · Pν) .

(D.8)

We expand the equation D.8 as we did for W boson:

0 = −
1
2

m2
t + (Eb · El − ~pb · ~pl) + (Eb + El)Eν − ( ~pb + ~pl) · ~pν

= R2 + (Eb + El)Eν − ( ~pb + ~pl) · ~pν

=
R2

Eb + El
+ Eν −

~px
b + ~px

l

Eb + El
· ~px

ν −

~pyb + ~pyl
Eb + El

· ~pyν −
~pz

b + ~pz
l

Eb + El
· ~pz

ν

=
R2 − ( ~pz

b + ~pz
l ) ·

~pz
ν

Eb + El
+

√
x2

+ y2
+ (pz

ν)
2
− a′x − b′y

= R′2 +

√
x2

+ y2
+ P − a′x − b′y ,

(D.9)

where coefficients are defined as below:

R2 ≡ −
1
2

m2
t + (Eb · El − ~pb · ~pl) ,

R′2 ≡
R2 − ( ~pz

b + ~pz
l ) ·

~pz
ν

Eb + El
,

a′ ≡
~px

b + ~px
l

Eb + El
,

b′ ≡
~pyb + ~pyl
Eb + El

.

(D.10)

If we take the square of the equation D.9 and simplify, then we get:

0 = a2x2
+ b2x + c2xy + d2y

2
+ e2y + f2 , (D.11)

where

a2 ≡ a′2 − 1 ,

b2 ≡ −2a′R′2 ,

c2 ≡ 2a′b′ ,

d2 ≡ b′2 − 1 ,

e2 ≡ −2b′R′2 ,

f2 ≡ R′22 − P .

(D.12)
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Similar to equation D.6, there are two solutions for x in equation D.11,

x =
−(b2 + c2y) ±

√
A2y

2
+ B2y + C2

2a2
(D.13)

with coefficients:

A2 = c2
2 − 4a2d2 ,

B2 = 2b2c2 − 4a2e2 ,

C2 = b2
2 − 4a2 f2 .

(D.14)

D.3 Solving the y-component of the neutrino 4-momentum vector

Since we need to find solutions which satisfy both invariant mass equations, we set the equation D.6 and
equation D.13 as equal:(
− b1 − c1y ±

√
A1y

2
+ B1y + C1

)
a2 =

(
− b2 − c2y ±

√
A2y

2
+ B2y + C2

)
a1

(c2a1 − c1a2)y + (b2a1 − b1a2) = ±

(
a1

√
A2y

2
+ B2y + C2 − a2

√
A1y

2
+ B1y + C1

)
βy + α = ±(a1

√
λ2 − a2

√
λ1) ,

(D.15)

which is expressed with coefficients of

α = b1a2 − b2a1

β = c1a2 − c2a1

λ1 = A1y
2

+ B1y + C1

λ2 = A2y
2

+ B2y + C2 ,

(D.16)

We square the both sides of equation D.15 and rearrange:

(β2
−A2a2

1 −A1a2
2)·y2

(2αβ − B2a2
1 − B1a2

2)·y

(α2
− C2a2

1 − C1a2
2) = −2a1a2

√
λ1 · λ2

ψ1y
2

+ ψ2y + ψ3 = −2a1a2
√
λ1 · λ2

(D.17)

with coefficients:

ψ1 = β2
−A2a2

1 −A1a2
2

ψ2 = 2αβ − B2a2
1 − B1a2

2

ψ3 = α2
− C2a2

1 − C1a2
2 .

(D.18)
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D.3 Solving the y-component of the neutrino 4-momentum vector

We take the square of both sides again to remove the square root, and after the simplification we get:

ψ1y
4

+ 2ψ1ψ2y
3

+ (2ψ1ψ3 + ψ2
2)y2

+ 2ψ2ψ3y + ψ2
3

= 4a2
1a2

2λ1λ2

= 4a2
1a2

2(A1y
2

+ B1y + C1)(A2y
2

+ B2y + C2)

= γ[A1A2y
4

+ (A1B2 + B1A2)y3

+ (A1C2 + B1B2 + C1A2)y2
+ (B1C2 + C1B2)y + C1C2] ,

(D.19)

and finally we get a quartic equation in terms of y:

0 = (ψ1 − γA1A2) · y4

+ [2ψ1ψ2 − γ(A1B2 + B1A2)] · y3

+ [(2ψ1ψ3 + ψ2
2) − γ(A1C2 + B1B2 + C1A2)] · y2

+ [2ψ2ψ3 − γ(B1C2 + C1B2)] · y

+ (ψ2
3 − γC1C2) .

(D.20)

Basically, for a quartic equation which is expressed as:

A · y4
+ B · y3

+ C · y2
+ D · y + E = 0 . (D.21)

there are 4 roots:

y1,2 = −
B

4A
− S ±

1
2

√
−4S 2

− 2p +
q
S

(D.22)

y3,4 = −
B

4A
+ S ±

1
2

√
−4S 2

− 2p −
q
S

(D.23)

with coefficients:

p =
8AC − 3B2

8A2

q =
B3
− 4ABC + 8A2D

8A3

S =
1
2

√
−

2
3

P +
1

3A
(Q +

∆0

Q
)

Q =

3

√√
∆1 +

√
∆

2
1 − 4∆

3
0

2
∆0 = C2

− 3BD + 12AE

∆1 = 2C3
− 9BCD + 27B2E + 27B2E + 27AD2

− 72ACE

(D.24)
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Thus, we can solve the y in equation D.20 as equation D.21 with coefficient replaced as:

A = ψ1 − γA1A2

B = 2ψ1ψ2 − γ(A1B2 + B1A2)

C = (2ψ1ψ3 + ψ2
2) − γ(A1C2 + B1B2 + C1A2)

D = 2ψ2ψ3 − γ(B1C2 + C1B2)

E = ψ2
3 − γC1C2

(D.25)

D.4 Solving the x-component of the neutrino 4-momentum vector

With the y value known, we can obtain x values by recalling the equation for x values from each invariant
mass equation:

x±1 =
−(b1 + c1y) ±

√
A1y

2
+ B1y + C1

2a1
,

for the equation D.6 and

x±2 =
−(b2 + c2y) ±

√
A2y

2
+ B2y + C2

2a2
.

for equation D.13. So there are 4 x solutions, x+
1 , x−1 , x+

2 , x−2 for each y value. However, not all of these
x values are the solution for corresponding y value, as we are solving a system of two simultaneous
equations. One of the x values from the invariant mass equation of the W boson, x+

1 or x−1 , must be equal
to one of the x values from the invariant mass equation of the top quark, x+

2 or x−2 . So only the solution
which satisfies the condition:

x±1 = x±2 , (D.26)

is selected to be the solution set, i.e. {xi, yi} with i = 1, 2, 3, 4 for the x - and y-components of the neutrino
four-momentum vector.
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APPENDIX E

Additional tables and plots for the
reconstruction of tHq → tτlτh channel

In this appendix, additional tables and plots for the reconstruction of the tHq → tτlτh channel are
presented.

E.1 Additional tables for the dependency of the number of solutions
on α

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 212 132 0 80 0 0 30 50 62.26 37.50
−0.50 212 89 0 123 0 0 71 52 41.98 57.72

0.00 212 37 0 175 0 0 100 75 17.45 57.14
0.25 212 27 0 185 0 0 122 63 12.74 65.95
0.50 212 25 0 187 0 0 129 58 11.79 68.98
0.75 212 21 0 191 0 0 131 60 9.91 68.59
1.00 212 22 0 190 0 0 140 50 10.38 73.68
2.00 212 25 0 187 0 0 129 58 11.79 68.98
3.00 212 30 0 182 0 0 105 77 14.15 59.38

Table E.1: A summary of the frequency of different number of solutions (raw number of events) for a system of two
invariant mass equations, for the tHq samples including all campaigns. This is done with the anti-top removal. The
uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.
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Appendix E Additional tables and plots for the reconstruction of tHq→ tτlτh channel

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 44 483 21 837 0 22 646 0 0 12 702 9 944 49.09 56.09
−0.50 44 483 17 756 0 26 727 0 0 15 929 10 798 39.92 59.60

0.00 44 483 7 313 0 37 170 0 0 23 881 13 289 16.44 64.25
0.25 44 483 6 572 0 37 911 0 0 25 076 12 835 14.77 66.14
0.50 44 483 5 551 0 38 932 0 0 26 728 12 204 12.48 68.65
0.75 44 483 3 975 0 40 508 0 0 29 110 11 398 8.94 71.86
1.00 44 483 3 769 2 40 712 0 0 29 047 11 667 8.47 71.34
2.00 44 483 5 551 0 38 932 0 0 26 728 12 204 12.48 68.98
3.00 44 483 4 358 1 40 124 0 0 23 827 16 298 9.80 59.38

Table E.2: A summary of the frequency of different number of solutions (raw number of events) for a system of two
invariant mass equations, for the tt̄ samples including all campaigns. This is done with the anti-top removal. The
uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 156 275 73 210 1 83 063 0 1 44 976 38 089 49.85 54.15
−0.50 156 275 77 158 0 79 116 0 1 43 606 35 511 49.37 55.12

0.00 156 275 48 095 1 108 178 0 1 62 715 45 465 30.78 57.97
0.25 156 275 37 852 1 118 423 0 1 69 684 48 739 24.22 58.84
0.50 156 275 33 626 0 122 649 0 0 71 822 50 827 21.52 58.56
0.75 156 275 31 255 1 125 019 0 0 72 127 52 893 20.00 57.69
1.00 156 275 29 777 2 126 496 0 0 71 563 54 935 19.05 56.57
2.00 156 275 27 561 1 128 713 0 0 65 923 62 791 17.64 51.22
3.00 156 275 28 715 1 127 559 0 0 59 628 67 932 18.37 46.75

Table E.3: A summary of the frequency of different number of solutions (raw number of events) for a system of two
invariant mass equations, for the tZq samples including all campaigns. This is done without the anti-top removal.
The uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 366 180 0 186 0 0 95 91 46.85 54.15
−0.50 366 148 0 218 0 0 126 92 40.44 57.80

0.00 154 25 0 175 0 0 100 75 17.45 57.14
0.25 366 46 0 320 0 0 215 105 12.57 67.19
0.50 366 39 0 327 0 0 219 108 10.66 66.97
0.75 366 38 0 328 0 0 223 105 10.38 67.99
1.00 366 39 0 327 0 0 230 97 10.66 70.34
2.00 366 37 0 329 0 0 200 129 10.11 60.79
3.00 366 49 0 317 0 0 186 131 13.39 58.68

Table E.4: A summary of the frequency of different number of solutions (raw number of events) for a system of two
invariant mass equations, for the tHq samples including all campaigns. This is done without the anti-top removal.
The uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.
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E.2 Additional plots for the truth-matching studies

α total no sol 1 sol 2 sol 3 sol 4 sol real sol imag sol no/total (%) real/imag (%)

−1.00 86 047 17 881 0 68 166 0 0 46 920 21 246 20.78 68.83
−0.50 86 047 37 142 0 48 905 0 0 28 214 20 691 43.16 57.69

0.00 86 047 14 009 1 72 037 0 0 46 209 25 829 16.28 64.15
0.25 86 047 26 833 1 59 214 0 0 38 247 20 967 31.18 64.59
0.50 86 047 8 331 1 77 715 0 0 55 612 22 104 9.68 66.97
0.75 86 047 7 610 0 78 437 0 0 56 444 21 993 8.84 67.99
1.00 86 047 7 533 3 78 511 0 0 56 068 22 446 8.75 71.41
2.00 86 047 6 929 0 79 118 0 0 51 879 27 239 8.05 65.57
3.00 86 047 8 349 4 77 694 0 0 46 316 31 382 9.70 59.61

Table E.5: A summary of the frequency of different number of solutions (raw number of events) for a system of
two invariant mass equations, for the tt̄ samples including all campaigns. This is done without the anti-top removal.
The uncertainties are not shown, which are the square root of the number of events assuming a Poisson distribution.

E.2 Additional plots for the truth-matching studies

In this section, additional plots for the truth-matching studies that have been performed with different
α values are presented. The α values with 0,−0.5,−1.0 are shown. As you can see from the plots, the
number of events decreases with a decreasing α value (see Section 7.2.4), and there are some cutoffs in
the plots which involve the reconstructed quantities. The reason why the distributions of the reco-level
variables are cut away in this way, unlike the distributions of the truth-level variables which are faded
away (no cutoff but become less dense) with the decreasing α is still unsolved. One possible explanation
could be that the mass constraint on the W boson from which the light lepton and the neutrino decay
is constraining its decay products into a specific topology. Additionally, it can be seen that the overall
tendency of some quantities shown in the plots does not vary much depending on the α value, such as the
η-related distributions.
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Figure E.1: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = 0. The mc16a tZq sample at α = 0 with the
anti-top removal is used. The removal of the anti-top can be proven by Fig E.2(a) which shows only the values
corresponding to the charge of the light lepton from the top quark.
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E.2 Additional plots for the truth-matching studies
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Figure E.2: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = 0. The mc16a tZq sample at α = 0 with the
anti-top removal is used. The removal of the anti-top can be proven by Fig E.2(a) which shows only the values
corresponding to the charge of the light lepton from the top quark.
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Figure E.3: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = −0.5. The mc16a tZq sample at α = −0.5
with the anti-top removal is used. The removal of the anti-top can be proven by Fig E.4(a) which shows only the
values corresponding to the charge of the light lepton from the top quark.
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Figure E.4: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = −0.5. The mc16a tZq sample at α = −0.5
with the anti-top removal is used. The removal of the anti-top can be proven by Fig E.4(a) which shows only the
values corresponding to the charge of the light lepton from the top quark.
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Appendix E Additional tables and plots for the reconstruction of tHq→ tτlτh channel
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Figure E.5: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = −1.0. The mc16a tZq sample at α = −1.0
with the anti-top removal is used. The removal of the anti-top can be proven by Fig E.6(a) which shows only the
values corresponding to the charge of the light lepton from the top quark.
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E.2 Additional plots for the truth-matching studies
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Figure E.6: The distributions showing the correlations of important truth-matching quantities between the truth-level
and the reco-level, as well as both of the levels themselves, with α = −1.0. The mc16a tZq sample at α = −1.0
with the anti-top removal is used. The removal of the anti-top can be proven by Fig E.6(a) which shows only the
values corresponding to the charge of the light lepton from the top quark.
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