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Introduction

Complete knowledge about everything in the universe is the dream of physicists and
evil masterminds trying to take over the world. The standard model (SM) of particle
physics embodies much of our current understanding of what matter consists of and how
it interacts. Yet, some puzzles remain. It is unclear how gravity can be incorporated
into the SM and none of the known particles can account for the dark matter that
is observed in the universe. Being the heaviest particle in the SM, the top quark is
expected to be most sensitive to beyond the SM effects, such as interactions with as yet
unknown particles. Besides direct searches for new physics, precise measurements of the
properties of SM particles and interactions can be compared to their predictions, thus
favouring or excluding certain beyond the SM theories. Further, precision measurements
allow to perform consistency checks of the SM itself. Using the measurements of certain
parameters as input, the values of other quantities can be predicted and compared
to their direct measurements. It is therefore important that the uncertainties on all
measurements are as small as possible, since this leads to more stringent tests of the SM.

This thesis investigates the decay properties of the top quark. In the SM the top
quark decays almost exclusively into a W boson and a b quark. The probability for this
process to happen is reflected in the top quark decay width, which is predicted to have
a value around 1.33 GeV. If the top quark is able to decay into other particles as well,
as is possible in several extensions of the SM, the top quark decay width will be larger
than the SM prediction. This is investigated by performing a direct measurement of the
top quark decay width using proton collisions produced by the Large Hadron Collider at
a centre-of-mass energy of 13 TeV. The data were recorded by the CMS experiment in
2016 and correspond to an integrated luminosity of 35.9fb™!.

At first, a concise overview of the standard model is presented in Chapter [1, The
production and decay of the top quark is described in more detail and the current status
of the top quark mass and decay width measurements is given. Top quarks are typically
studied by producing them in particle colliders. Chapter [2] describes the Large Hadron
Collider and the Compact Muon Solenoid experiment, which were used to produce and
record the top quark events analysed in this thesis.

In order to understand how the observations in a particle detector correspond to the
theoretical interactions between colliding particles, collision events are simulated. A
step-by-step overview is given in Chapter [3] In addition, the simulated samples used in
this thesis are summarised and a reweighting technique is presented to acquire simulated
top quark pair events with a distribution characterised by an arbitrary top quark mass
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and decay width.

Chapter [] expands on how electronic detector signals are processed and combined to
reconstruct particles. These are used in Chapter [5| to set up a basic event selection and
reconstruct higher-order objects, such as the top quark. Based on the reconstructed
event topology, additional requirements are posed on the selected events.

The measurement procedure itself is based on a maximum likelihood technique and
is described in Chapter [0} It is set up using simulated events only, so as not to let the
result of the measurement influence the procedure. Probability density functions are
constructed using the distributions of variables that are sensitive to changes in the
top quark decay width. These changes are simulated using the reweighting technique
introduced in Chapter [3] Further, the measurement procedure is calibrated and the
systematic uncertainties affecting the measurement are discussed. In addition, the
likelihood functions of several sensitive variables are combined to get a more precise
measurement.

The results of the two top quark decay width measurements presented in this thesis
are summarised in Chapter [7] and possible improvements to obtain an even more precise
measurement are discussed.

As is common in high-energy physics, particle masses and momenta will be expressed
in GeV/c* and GeV/c, resp., where 1eV ~ 1.6 x 10719 J is equal to the energy an
electron acquires when it is accelerated over a potential difference of 1 V. Further,
natural units are used, i.e. h = 1 = ¢, which allows to express both mass and momentum
in units of GeV.



The Particle Universe

All throughout history people have been intrigued by nature. Beholding its awe-inspiring
beauty spawned a great number of questions, such as how life originated and what
is the meaning of life. These questions are beyond the scope of this thesis. Other
questions enquired about the fundamental building blocks that everything that can be
seen consists of. Over the centuries, many theories have been put forward, evolving
from a simple classification such as the elements water, earth, wind, and fire to the
standard model of particle physics. Only the latter will be discussed in this chapter.

Deconstructing matter, the concept of molecules and atoms is well-known to most.
Delving deeper into the atomic structure, the nucleus, only a fraction of the size of the
atom itself, is surrounded by a cloud of electrons. The nucleus has further substructure
and the amount of nucleons (protons and neutrons) it contains determines the chemical
properties of the atom. Even smaller particles called quarks constitute the nucleons.
This is visualised in Figure (not to scale). Up till now there is no indication that
quarks and/or electrons have further substructure. They are therefore considered to be
elementary particles.

0 electron

<10"%cm
proton
(neutron)
ey, quark
<10"%cm

g ~10""2cm —
atom~10"cm ~10"3cm

Figure 1.1: Impression of the inner structure of an atom, including an indication of the
size of each component [I].
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Below, Section discusses the main aspects of the standard model of particle
physics, which describes the collection of elementary particles and their interactions.
One of these particles, the top quark, is emphasised in Section [1.2]

1.1 The Standard Model

Many of the ideas outlined below are described in [2-5].

1.1.1 Particles and forces

As in Mendeleev’s table for chemical elements, the elementary particles can be categorised
according to their properties. In addition to energy, momentum, mass, and electrical
charge, they also have a property called spin. For a macroscopic particle, such as the
earth, this can be seen as a rotation around an internal axis. An elementary particle,
however, is so small that it is perceived as a point particle. The term spin is therefore
used to describe its intrinsic angular momentum, as opposed to the angular momentum
that describes motion in space. Being an intrinsic property, the spin has a fixed value
for a certain particle type and does not change when the particle is perturbed by the
outside world. Due to the quantum mechanical rules that apply to small particles, only
integer and half-integer spin values are allowed [6]. Particles with integer spin are called
bosons and particles with half-integer spin fermions. The fermions of the standard model
(SM) are summarised in Table [1.1] They are subdivided into quarks and leptons. There
are six types or ‘flavours’ of quarks and six types of leptons. Each vertical group has the
same electrical charge, which is indicated at the bottom of the table as a function of the
elementary charge e ~ 1.6 x 10719 C [7]. Further, leptons and quarks are subdivided
into three generations, where each generation is heavier than the previous one.

Table 1.1: Overview of the three generations of fermions in the standard model and
their electrical charge.

Generation Quarks Leptons
1 u up d down e electron v, electron neutrino
¢ charm s strange [ muon v, muon neutrino
3 t  top b bottom 7 tau lepton v, tau neutrino
El charge (e) *2/q e -1 0

In addition to the particles in Table each particle also has an antiparticle.
Antiparticles have the same properties as their corresponding particle, except for their
electrical charge, which is opposite, and other quantum numbers. Antiparticles are
indicated with a bar above the particle symbol, e.g. the antiparticle of a quark q is the
antiquark q, except for a charged lepton 17, where the sign of the electrical charge is
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reversed for the antiparticle 1*. Throughout this text, the names in Table shall be
used to denote both particle and antiparticle. E.g. when speaking of electrons, both the
electron and the antielectron or positron are considered, unless specified otherwise.
Further, the term lepton will often be used to mean charged lepton, whereas neutral
leptons will be called neutrinos, irrespective of their type.

The SM only accommodates three out of four fundamental forces, i.e. the electro-
magnetic force and the strong and weak nuclear forces. Due to difficulties in combining
general relativity with quantum mechanics, gravity is not included. Since gravity is
about 10%*° times weaker than the electromagnetic force, its effect on the interactions
described by the SM is expected to be negligible [4]. The SM forces are mediated by the
exchange of spin-1 bosons. A summary of the SM bosons, including these force-carrying

particles, can be found in Table [I.2]

Table 1.2: Overview of the SM bosons, their mass, electrical charge and spin [g].

Boson Mass (GeV)  El charge (e) Spin
v (photon) 0 0 1
g (gluon) 0 0 1
W+, W= 80.385 £ 0.015 +1 1
Z 91.188 £ 0.002 0 1
H 125.09 £ 0.24 0 0

The electromagnetic force acts between electrically charged particles and is mediated
by the photon. It governs all electrical and magnetic interactions, including chemical
reactions. Whereas the electromagnetic force pervades all of space, scaling inversely
with the distance squared, the strong and weak nuclear forces have a limited range. The
strong force, mediated by the gluon, has a range of about ~ 107 m and the range
of the weak force is even shorter due to the large mass of its mediators, the W and
Z bosons [9]. The term W boson indicates both the W and the W~ boson.

The strong nuclear force only affects particles that are colour-charged, i.e. quarks.
Contrary to the photon, the gluon is also charged under the strong force, so it can
interact with itself. There are three colours—called red, green, and blue—and three
anticolours. Quarks (antiquarks) carry one colour (anticolour) and, because colour
charge is conserved, gluons carry both a colour and an anticolour. Due to colour
confinement, only colour-neutral particles are observed in nature. This implies that
quarks and gluons are never observed as bare particles. Colour-neutral particles are
formed in two ways. A colour can get cancelled by its anticolour or, analogous to red,
green, and blue light jointly appearing as white light, a combination of all colours makes
for a colour-neutral particle. In the latter case three quarks combine to form a baryon,
while in the former two quarks make a meson. Baryons and mesons are also called
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hadrons. An example of a hadron is the proton (neutron), which contains two (one) up
quark(s) and one (two) down quark(s). This is only a net effect, however, since a gluon
can form a quark-antiquark pair and a quark and its antiquark can recombine to form a
gluon. The inner structure of a proton thus looks a bit like in Figure [10]. Three
‘valence’ quarks determine the properties of the proton, while ‘sea’ quarks are created
through pair production before they recombine again.

Figure 1.2: Artist’s impression of the inner structure of a proton [10]. Quarks (green)
and antiquarks (orange) interact with each other by exchanging gluons (springs), which
also interact amongst themselves. There are three more quarks than antiquarks.

The weak nuclear force is responsible for the decay of particles, as is seen in e.g.
radioactive processes. Contrary to the other two forces, the weak force acts on all SM
fermions. Weak interactions are subdivided into neutral and charged current interactions,
depending on whether the neutral Z boson or one of the charged W bosons mediate the
process. Neutral current interactions are very similar to electromagnetic interactions
mediated by the photon. It is important to note, though, that neutral interactions
involving a neutrino can only be mediated by the Z boson. Due to the conservation of
charge during the interaction, a W boson will always link two particles that have an
electrical charge difference of 1e, such as a charged lepton and a neutrino or an up and
a down quark.

The last particle of the SM is the recently discovered H boson [ITHI3], which is
responsible for giving mass to the fermions, the W and Z bosons, and itself through the
Brout-Englert-Higgs mechanism [14-16].

An overview of the interactions that are possible in the SM and which particles
interact with each other is given in Figure [I.3]
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Leptons Quarks

e U T u, c t
1’:5‘!‘ 1{{:1 vx d, S, b

Higgs Boson

Figure 1.3: Overview of the particle interactions described by the SM [17].

1.1.2 Mathematical framework

The world of small, fast-moving particles is described by quantum field theory (QFT),
which combines quantum mechanics and special relativity. Therefore, spacetime
coordinates z = z = (t, Z), following the Minkowski metric g"*, will be used throughout
this section. Also the Einstein convention, where a summation over repeated indices is
implicit, is adopted.

In QFT, a fermion is described by a Dirac field ¢(x). The dynamics of the fermion
and its antifermion, whose field corresponds to the hermitian conjugate ¢'(x) of that of
the fermion, is described by the Lagrangian density

Ly = L(W(2),0,0(w)) = L(W(x), (), 9" (), 0,01 (), (1.1)

where 0, = 0/0z*. When a fermion does not interact with other particles, its Lagrangian
contains only a kinetic term and a mass term,

Ly = W b — mipp, (1.2)

where m is the mass of the fermion, 1) = 17" the adjoint fermion field and v* are the
Dirac matrices, defined by {v*, 7"} = yH4" + 4Vy# = 2gH*.

Interactions between particles arise as a consequence of the symmetries that are
imposed on the Lagrangian. If ¢)(z) undergoes a local phase transformation,

() = ¢/ (x) = 2@y (a), (1.3)

where a(x) is an arbitrary function of the local coordinates x, the Lagrangian acquires
an extra term due to the derivation in Eq. (1.2),

Ly = mﬁwapw — &7“(8#04)2/1 —mi) . (1.4)
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If the transformation described by «(z) can be written as a function of the generators of
a Lie group [B], a(z) = e(x) - T = €' T}, the Lagrangian can be made invariant under the
transformation in Eq. (1.3 by introducing a vector boson field AL for each generator
T; . Defining the covariant derivative as

D,=0,+ig=-A,, (1.5)

where ¢ is the coupling strength between ffﬂ and v, Eq. (1.4) can be rewritten as
Ly = 07" Dy — mibp. (L6)

The transformation in Eq. (1.3) combined with a simultaneous transformation of the
fields A?, according to

Ay = A=Al —d,a, (1.7)

leaves the Lagrangian invariant, i.e. £y = £,.

Thus requiring the Lagrangian to be invariant under Lie group transformations,
which are also called gauge transformations, brings about an interaction between a
fermion and a vector field. This principle can be extended to the SM Lagrangian, which
is invariant under the symmetry group

Gen = SU(3) x SU(2) x U(1). (1.8)

This is a direct product of unitary groupdl} where SU(2) x U(1) describes the symmetry
of the electroweak theory, which combines the interactions of the electromagnetic and
the weak nuclear force, and SU(3) represents the symmetry of the theory describing the
strong nuclear force, quantum chromodynamics (QCD). The covariant derivative that
leaves the SM Lagrangian invariant under a Gg,; transformation is equal to

. )\a a . 0y 7 . Y
Du:au‘Fng?Gp"'ZgEWu"‘ZgI;Bu» (1.9)
where g, ¢’, and g, are the respective coupling strengths of the vector fields in each
term. The rest of the notation will be explained below.

Quantum chromodynamics

The second term in Eq. ensures that the SM Lagrangian is invariant under SU(3)
transformations. The generators of the SU(3) group that describes the symmetry
of QCD are the Gell-Man matrices \,, where ¢ = 1...8 [4]. Therefore, eight gluon
fields G, are introduced, whose excitations are the massless gluons. Since SU(3) is a
non-commutative group, gluons can interact amongst themselves.

!The unitary group U(n) contains all n x n matrices whose inverse is equal to their hermitian
conjugate, UTU = 1. In addition, all matrices in the special unitary group SU(n), which is a subgroup
of U(n), have a matrix determinant equal to one.
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Electroweak theory

The fields responsible for the electroweak interactions are introduced by a local phase
transformation under SU(2) x U(1). In order to account for the electroweak parity
violation that was observed in some experiments [I§], only left-handed particles, i.e.
particles with a spin opposite to their direction of motion, are allowed to couple to
SU(2) [5]. The generators of the electroweak symmetry group are the Pauli matrices
o; (1 =1...3) and the hypercharge Y [4], thus three WZL fields are introduced by the
transformation under SU(2) and one field B, for U(1). Contrary to the gluon fields,
these cannot be directly related to any of the bosons in Table [I.2] Using the coupling
strengths of the fields, the weak mixing angle is defined,

/

tan Oy = 2 | (1.10)
g

such that the photon and the Z and W* bosons can be retrieved as

A, = Wi sin Oy + By, cos Oy (1.11a)

Z, =W, cos Oy — By sin Oy | (1.11b)
1 :

W, = \E(Wj FiWy), (1.11c)

respectively.

Electroweak symmetry breaking: The Brout—Englert—Higgs mechanism

All the vector fields introduced above are massless. As this does not correspond with
observations, vector boson mass terms have to be added to the SM Lagrangian in order
for the W and Z bosons to acquire mass. However, this breaks the gauge invariance of
the Lagrangian. The Brout—-Englert—Higgs mechanism shows that this does not need to
be a problem, as the electroweak symmetry can be broken spontaneously under certain
conditions. The key concept is the introduction of a scalar field,

o = ( jﬁ%iﬁﬁg ) , (1.12)

which restores the invariance of the Lagrangian by breaking the symmetry of the vacuum
state. The potential of this scalar field is equal to

V(®) = 1 dTd + \(dTd)?, (1.13)

where p? is a mass parameter and A > 0 a measure for the field’s self-interaction.
If 42 < 0, the potential will be shaped as in Figure[1.4} Instead of having a single
minimum, as would be the case if u? was positive, an equidistant ring of minima with a
value of
_ 2 s cev (1.14)
YTV o T ! '

where v is called the vacuum expectation value, is distributed around a local maximum.
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9,

Figure 1.4: Distribution of the potential of a scalar field when p? < 0 [19].

The minimum of the scalar potential is thus not uniquely defined and the symmetry
is broken by choosing a particular minimum. The scalar field can be re-written as an
oscillation around this minimum,

b — \}5 ( v+(<)7(x) ) , (1.15)

where o(z) is the Brout-Englert—Higgs field, which has a spin-0 particle with a mass
of v2\v associated to it, the H boson. The degrees of freedom of the other fields in
Eq. (1.12)) have been used to give mass to the W and Z bosons,

1 1 mw
mw = = vg, my = =—v\/g®>+ ¢'?, and —— = cosfy . 1.16
W= 59 2= 509 +9g iy w (1.16)
Fermions, on the other hand, acquire mass by adding gauge invariant terms of the form
gy @1 to the SM Lagrangian, where g, is the coupling strength of the scalar field to
the fermion, which acquires a mass

my = g,u/V2. (1.17)

1.1.3 Open questions

Far from being ‘just another abstract theory’, the SM presents an extraordinarily precise
interpretation of experimental observations. One of its greatest successes was its ability
to predict the existence of the H boson about 50 years before its actual discovery in
2012. However, despite its predictive capacities, the SM cannot explain all current
observations. Some of the open questions that still need addressing are briefly discussed
below.

What about gravity?
Whereas the effect of gravity is negligible at the energy scales that are currently
under investigation, it is expected that gravity will play a more important role
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at higher energy scales, such as the Planck scale, A, ~ 10" GeV [4]. In order
to describe gravity, a consistent quantum theory of general relativity must be
constructed. Despite much effort, it is not yet clear how this will be realised. At
the moment of writing, one of the most promising paths is string theory [20].

What are dark matter and dark energy?

The SM provides an extremely good description of the visible universe. Unfortu-
nately, the visible part amounts to a mere ~ 5% of the mass-energy content of the
universe. Cosmological observations, such as the rotation curves of galaxies and
the structure of the cosmic microwave background, suggest that there is much
more matter than can be seen. The accelerated expansion of the universe, on the
other hand, can only be possible if there is “something” that pushes the galaxies
apart. It is estimated that the mass-energy content of the universe contains about
26% of dark matter and 69% of the elusive dark energy. None of the particles or
processes described by the SM can account for these observations.

How do neutrinos acquire mass?

Neutrinos are massless in the original formulation of the SM. However, when
measuring solar neutrinos, the SNO experiment [21] observed only a third of the
amount of neutrinos that was expected considering the nuclear activity of the sun.
As the detector is optimised to measure electron neutrinos that are produced in
nuclear fusion reactions, this deficit can be explained by the concept of neutrino
oscillations, where neutrinos of one kind, say electron neutrinos, transform into
neutrinos of another kind, muon or tau neutrinos. In order for this to happen, the
neutrinos must have a different mass. For this discovery, the SNO experiment
received the physics Nobel prize in 2015 together with the Super-Kamiokande [22]
experiment, which observed the same thing for atmospheric neutrinos. Several
models have been proposed to explain how neutrinos can obtain mass [23], but it
is unclear which of these, if any, provides the best description of nature.

Why are there three generations of matter?

All visible matter can be constructed using the fermions of the first generation.
Yet three generations of matter are observed. It is unclear what the purpose
of the other two generations is. Due to the apparent unpredictability of their
comparative masses, the question whether there are more than three generations
is raised. Despite indications that there are indeed only three generations of
matter [24], many searches for fourth generation particles are currently ongoing,
as these cannot be excluded by the theoretical framework of the SM.

What about the hierarchy problem?
The mass of a particle, e.g. the H boson, is influenced by its interactions with other
particles. The larger the mass of the interacting particle, the larger its influence on
the H boson mass. Separating the bare particle mass and its corrections, which are
proportional to the energy scale A at which the interaction process takes place, the
H boson mass can be expressed as m§ = (M pare)? + 0 (A?). At the electroweak
scale (~ 102 GeV) the corrections are of the same order of magnitude as the bare
mass. When moving to higher energy scales, however, an unnatural amount of
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fine-tuning is necessary to keep the H boson mass at its observed value of about
125 GeV. This is also called the naturalness problem. One possible solution is to
extend the SM with more particles that interact with the H boson in such a way
that the correction terms by SM particles get (partially) cancelled. One model
that provides this is supersymmetry [25] 26], where each fermion gets a bosonic
partner and each boson an associated fermion. Some of the additional particles
introduced by supersymmetry can also be considered as dark matter candidates.

1.2 The Top Quark Sector

Since its discovery by the CDF [27] and DO [28] experiments at the Tevatron collider [29]
in 1995, many studies have been performed to try and measure the top quark’s properties
with the utmost precision. Especially after the discovery of the H boson by the
ATLAS [30] and CMS [31] experiments at the Large Hadron Collider (LHC) [32],
which fixed the last unknown parameters of the SM, precision measurements provide
an excellent consistency check of the most tested theory in particle physics. One of
these tests is a simultaneous indirect measurement of the top quark and W boson
masses using measurements of electroweak variables, such as 6y, [33]. The results are
visualised in Figure [[.5] The contours of the direct mass measurements are indicated in
green and the result of the indirect measurement is indicated by a blue or grey ellipse,
depending on whether the measured H boson mass was used as a constraint or not.
Both ellipses overlap with the direct measurements. If the uncertainties on the masses
of the top quark, W and H bosons can be further reduced, this would provide an even
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Figure 1.5: Comparison of the measured W boson and top quark masses (green) with
the prediction of the SM for these masses using the measurements of other electroweak
observables [33]. The blue (grey) ellipse represents the measurement where the H boson
mass has (not) been used as a constraint in the fit.
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more stringent test of the SM. Amongst these three masses, the top quark mass is
known with the least precision.

Not only the mass of the top quark can be used to test the SM, also properties such
as its decay width or polarisation can give valuable information about physics beyond
the SM (BSM). If precision measurements of the top quark’s properties deviate from
the SM predictions, this might be an indication of interactions with particles that have
not been discovered yet. As there is no indication of new particles at current energies, it
is expected that BSM particles have large masses. The top quark being the heaviest of
the known particles is therefore an excellent candidate to interact with these particles.

Because of its large mass, the top quark has a lifetime of only 5 x 107%°s []. This
means that the top quark decays before it can hadronise (see more in Section [3.1.3)),
which enables it to transfer some of its properties, such as its direction of spin, to
its decay products. Investigating the angular distributions of the top quark decay
products can thus give an indication of, amongst others, the top quark polarisation
and possible anomalous couplings, which are suppressed in the SM, influencing the top
quark production and decay.

1.2.1 Production and decay

Top quarks can be produced singly or in quark-antiquark pairs. The latter process is
governed by the strong interaction, while the former is an electroweak process. As top
quark pair production is the dominant production mode, this will be the focal point of
this section.

In proton-proton colliders there are two mechanisms to produce a top quark pair,
i.e. gluon fusion and quark-antiquark annihilation. These processes are visualised in
Figure [1.6] At a centre-of-mass energy of 14 TeV, about 90% of top quark pairs will be
produced via gluon fusion [g].

MW
! AR A R A

Figure 1.6: Production of a top quark pair.

The top quark decays primarily into a bottom quark and a W boson. The final state
of the top quark decay thus depends on the decay of the W boson, which decays two
out of three times into a quark-antiquark pair and one out of three times into a charged
lepton and a neutrino [8]. As a top quark pair contains two decaying top quarks and
thus also two decaying W bosons, three different final states are observed. Firstly, the
all-hadronic final state, where both W bosons decay into a quark-antiquark pair, has a
probability of 4/ ~ 45%. A similar probability is observed for semileptonic decays, where
only one of the W bosons decays into a quark-antiquark pair. A dileptonic decay, where
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both W bosons decay into a lepton-neutrino pair, occurs in only /g ~ 11% of the cases.
In practice, the tau lepton also decays, either into hadrons or into a lepton-neutrino
pair. Therefore, the all-hadronic final state is the most commonly observed decay mode
for top quark pairs. Due to colour confinement, the quarks will hadronise and are
observed as a stream of particles moving in the same general direction. This is called a ‘jet’.

W

Figure 1.7: Production of a single top quark via the s channel (top left), t channel (top
right), and in association with a W boson (bottom).

Top quarks are produced singly via the charged current electroweak processes that
are visualised in Figure[1.7] The top left process, also called the s channel production
mode, is the least common, because the intermediate W boson has to produce the
heavier top quark. The t channel production in the top right corner, on the other hand,
occurs the most often. A top quark can also be produced in association with a W boson,
as is shown in the lower diagrams in Figure [1.7] For convenience, these processes are
denoted together as the tW channel. The b quarks and antiquarks appearing in the
initial states of the t and tW channels originate from a gluon splitting into a bb pair,
resulting in equal quantities of b quarks and antiquarks. Therefore, top quarks and
antiquarks are produced in equal amounts via the tW channel, while for the t channel
the ratio of produced top quarks to antitop quarks depends on the quark content of the
proton. Considering only valence quarks, one would expect to produce the positively
charged top quark twice as often as the negatively charged antitop quark. At higher
energies, however, there are more sea quarks available that can partake in the process
(see Section [3.1.1)), thus reducing the ratio of positively-to-negatively charged quarks in
the proton. As a consequence, only about 1.7 top quarks are produced for each antitop
quark via the t channel at 13 TeV, whereas this is about 1.85 at 8 TeV [34].



CHAPTER 1: THE PARTICLE UNIVERSE 15

1.2.2 Top quark mass

Precision measurements of the top quark mass have been performed by the CDF [35-38]
and DO [39, [40] experiments at the Tevatron collider and by the ATLAS [41-46] and
CMS [47-53] experiments at the LHC. Most of these results were obtained using
top quark pair events, treating each decay channel separately. The uncertainty on
the individual measurements can be reduced by combining the measurements from
several decay channels and different experiments. In the latter case, it is important to
deconvolve the systematic effects induced by the detector itself, e.g. limitations due to
granularity, from the measurements before the combination. The results obtained with
data recorded by the LHC experiments at 7 TeV are combined in [54] and, together
with the combination of the Tevatron results [55], a world average of (173.34 +0.76) GeV
is obtained for the top quark mass [56]. Since then, measurements using data collected
at 8 TeV have further improved the resolution of the measured top quark mass. If the
LHC measurements at 7 and 8 TeV are combined for each experiment separately, a
top quark mass of (172.51 + 0.50) GeV is obtained for the ATLAS combination and
(172.44 + 0.48) GeV for the CMS results, which is the most precise measurement to
date. A combination of the results from both experiments is expected to further
reduce the uncertainty on the measurement of the top quark mass. An overview of the
measurements that were taken into account in the calculation of the world average top
quark mass value can be found in Figure [I.8 Newer results are compared to the world
average value in Figure [1.9

The most precise individual top quark mass measurement to date is the one in the
semileptonic decay channel using data recorded by the CMS experiment in 2012 at a
centre-of-mass energy of 8 TeV [51]. The top quark mass is measured to be

me = 172.35 £ 0.16 (stat.) + 0.48 (syst.) GeV = 172.35 & 0.51 GeV (1.18)

using the ideogram method, which performs a two-dimensional measurement of the top
quark mass and an energy scale factor. This allows to partially absorb the non-negligible
uncertainty due to the limited energy resolution of the detector into the energy scale
dimension, which leads to a smaller uncertainty on the top quark mass. Using simulated
data, a likelihood is determined for several values of the top quark mass and the energy
scale factor. The measurement result then corresponds to the maximum of the 2D
likelihood function.

1.2.3 Top quark decay width

The decay width I" of a particle is a measure for the probability that a particle decays
into another (pair of) particle(s) in a certain time frame. It is inversely proportional to
the particle’s lifetime. If a particle has more than one way of decaying, the total decay
width is the sum of the partial widths for each final state, I'(X) = >, T'(X — f). As
heavy particles in general have more options to decay into lighter particles, their decay
width is larger than that of light particles.

The decay width of a particle can be visualised using its mass distribution. When
performing a mass measurement, the observed width of the mass distribution is
determined by the decay width of the particle and the statistical and systematic
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Figure 1.8: Overview of the top quark mass measurements that are included in the
world combination [57]. The analyses are performed by the CDF and DO experiments
using proton-antiproton collisions at a centre-of-mass energy of 1.8 TeV and 1.96 TeV,
and the ATLAS and CMS experiments using proton-proton collisions at 7 TeV.



CHAPTER 1: THE PARTICLE UNIVERSE

17

ATLAS+CMS Preliminary Mye SUMMary, (s =7-13 TeV September 2017
LHCtOpWG
------- World Comb. Mar 2014, [7]
stat total stat
total uncertainty Mygp * total (stat + syst) s Ref.
ATLAS, I+ets (¥) 172.31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 + 1.50) 7TeV [2]
CMS, I+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 £ 1.46) 7 TeV [4]
CMS, all jets 173.49 + 1.41 (0.69 £ 1.23) 7TeV [5]
LHC comb. (Sep 2013) LHctopwe 173.29 +0.95 (0.35 + 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, I+jets 172.33 +1.27 (0.75 + 1.02) 7 TeV [8]
ATLAS, dilepton 173.79 + 1.41 (0.54 £+ 1.30) 7TeV [8]
ATLAS, all jets 175.1+1.8(1.4+1.2) 7 TeV [9]
ATLAS, single top 172.2+2.1 (0.7 £ 2.0) 8 TeV [10]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 Tev [11]
ATLAS, all jets 173.72 +1.15 (0.55 + 1.01) 8 TeV [12]
ATLAS, I+jets 172.08 + 0.91 (0.38 + 0.82) 8 TeV [13]
ATLAS comb. (i‘fgé";ﬁ 172.51 + 0.50 (0.27 + 0.42) 748 Tev [13]
CMS, I+jets 172.35 + 0.51 (0.16 £+ 0.48) 8 TeV [14]
CMS, dilepton 172.82 +1.23 (0.19 £ 1.22) 8 TeV [14]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [14]
CMS, single top 172.95 + 1.22 (0.77 £ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 £ 0.47) 748 TeV [14]
CMS, Il+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [16]
B ATLAS CoNF 2015 077 (e Eur Phys ) Cr6 (2015 330 [14] Phy Rev.03s (2016) 072004
(*) Superseded by results {4 Eor Phye.s 72 (2012 2202 (10) ATLASCONE 2014085 {16] s PAS-TOR17-007
shown below the line oemloimam Gimieem e
| | | | | | | | | | | | | | | | | | | | |
165 170 175 180 185
M, [GeV]

Figure 1.9: Summary of the top quark mass measurements performed by the ATLAS
and CMS experiments, as well as combinations of the LHC results and the world
average, combining the LHC and Tevatron results that are presented in Figure [57].
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uncertainties affecting the measurement. Whereas the latter can theoretically be reduced
to zero, the decay width is ‘irreducible’. If the uncertainties are considered to be zero,
the mass m of a particle is distributed according to a Breit-Wigner (BW) function,

(m—M)%+ (g)w

r
2

BW(m) = (1.19)

3 | =

where M and I' are resp. the ‘true’ mass and decay width of a particle. The decay
width I' represents the full width at half-maximum (FWHM) of the distribution, which
is related to the standard deviation o as [' ~ 2.35 0. Compared to a Gaussian function,
a BW distribution has more pronounced tails, as can be seen in Figure [I.10} Further, it
is better suited to describe particles with very small decay widths, even when I' — 0, as
is the case for stable particles.
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Figure 1.10: Comparison of a Breit-Wigner (blue) to a Gaussian distribution (red).
Both functions are centred around M = 172.5 GeV and have a FWHM of 1.33 GeV,
which is indicated in light blue (red).

In the SM, the top quark decays almost exclusively into a W boson and a b quark.
Its total decay width is thus equal to the partial width of this process,
Iy =T(t)~T(t— Wb). (1.20)

Assuming my, < myw < my, the SM prediction for the top quark width is equal to

G 3 2\ 2 2 20, (2 2 5
I R I B A (1.21)

8TV2 m m 3r \ 3 2
where the last terms are next-to-leading-order (NLO) corrections [8, 68| 59], G is the
Fermi constant [7] and a, = g?/4n the coupling constant of the strong force. From this
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expression it is clear that the top quark decay width is strongly dependent on the top
quark mass. Therefore, any quoted value for the top quark decay width needs to be
accompanied by the top quark mass used in the measurement. In this thesis, a top
quark mass of 172.5 GeV is assumed, unless specified otherwise. The value of the top
quark decay width evaluated for several top quark masses can be found in Table [1.3] It
can be seen that the width value changes by roughly 2% for a change of 1 GeV in the
mass value. Considering a top quark mass of 172.5 GeV, the top quark decay width is
equal to 1.33 GeV at NLO.

Table 1.3: The top quark decay width as a function of the top quark mass according to
Eq. (1.21)).

Mass (GeV) Width (GeV)

171.5 1.303
172 1.316
172.5 1.329
173 1.343
173.5 1.357
174 1.370

It is expected that second order QCD corrections have an effect of about 2% on
the value of the top quark decay width [60H62]. As these are only determined nu-
merically and no precise analytical expressions are publicly available, the precision
of this correction depends strongly on the values of e.g. m; and a, that were used
for the calculation. Most of these calculations were performed in the late nineties
and are thus not up to date [60, 61]. In addition, the last term in Eq. is only
an approximate correction, ignoring terms of the order ay (mw/m:)? [59]. As a result
the influence of first-order QCD corrections is overestimated by about 1.5%. This
effect falls within the uncertainties of the second-order QCD corrections, but the full
expression in o needs to be considered when these are added. The most recent top quark
width calculation, which was published in 2013, predicts a value of 1.35 GeV for a top
quark mass of 173.5 GeV [62]. Extrapolation to my = 172.5 GeV gives I'y = 1.32 GeV [62].

Contrary to the top quark mass, only few measurements of the top quark decay
width have been performed. There are two approaches. Direct measurements [63H67]
use observables for which the distributions are influenced by the top quark decay width.
When the observable is the reconstructed top quark mass, the width of the distribution
is directly influenced by varying I'y. In general, these changes are rather small, so
most direct measurements up till now have determined a confidence interval without
quoting a central value. Indirect measurements [68-70], on the other hand, aim to
measure quantities that are related to the top quark production and decay, such as
the production cross section of the top quark in the t channel or the branching ratio
of the top quark to a particular other quark, B(t — Wq), where q = d,s,b. These
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measurements can be combined in such a way that the top quark decay width can be
determined, which results in much more precise measurements than the direct ones. A
disadvantage of this approach is that it implicitly assumes that all top quark decays
follow a t — Wq pattern, thus excluding more exotic decays that can appear in BSM
models. A precise direct measurement of the top quark decay width, as is presented in
this thesis, is in that respect an important tool to investigate the decay of the top quark
in search for new physics phenomena. Examples of these are flavour-changing neutral
currents [71], such as t — Zq and t — Hq, which are heavily suppressed in the SM, but
whose cross section is enhanced by new physics.

Current measurements of the top quark decay width, in the remainder of this text
also referred to as the top quark width, are summarised in Figure [I.11} The direct
measurements can be found above and the indirect measurements below the dashed line.

m, = 172.5 GeV February 2018
CDF 2010, lepton+jets
Phys. Rev. Lett. 105 (2010) 232003, 43 b™ 1 <7.60 Gev @95% CL

CDF 2013, lepton+jets

Phys. Rev. Lett. 111 (2013), 8.7 fb™ M, < 6.38 GeV @95% CL

CMS 2016, dilepton
PAS TOP-16-019, 12.9 fo!

0.60 <T,<2.50 GeV @95% CL

+0.79
1.76 £ 0.33 00 Gev

ATLAS 2017, lepton+jets
T S—E—
arxiv:1709.04207, 20.2 fo*

DO 2012 .
020 P 2.00 0% Gev
Phys. Rev. D85 (2012) 091104, 5.4 fo™*
CMS 2014 +0.14
Py 1.36 +0.02 7] GeV

Phys. Lett. B736 (2014) 33-57, 19.7 fb*
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Figure 1.11: Summary of the top quark decay width measurements performed by the
ATLAS, CDF, CMS, and DO experiments, all considering a top quark mass of 172.5 GeV.
Direct measurements are grouped above the dashed line and indirect measurements
below. The reference interval (red) indicates the theoretical prediction for the top quark
decay width at NLO when considering my = 172 — 173 GeV.
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Whereas the statistical uncertainty was still a limiting factor for the Tevatron measure-
ments, more recent measurements are dominated by systematic uncertainties.

The indirect measurements of the DO [69] and CMS collaborations [70] are based on
the same principle. Both determine the cross section for top quark production in the
t channel and the branching fraction for a top quark decaying into a W boson and a
b quark, i.e.

B(t = Wh) = L= Wb) (1.22)
Iy
If 3>, % (t — Wq), where q is a down-type quark, is assumed to be equal to one, the top
quark decay width can be determined as

r (t — Wb) SM  Ot-chan

I, =
’ %(t — Wb) Ot-chan,SM ’

(1.23)

where I'(t — Wb)sy and o chansm are the partial width and cross section predicted by
the SM. The precision of these kinds of measurements is most affected by the efficiency
to identify a jet as originating from a b quark.

Direct top quark width measurements, on the other hand, use a likelihood-based
method to compare the shape of variable distributions in data to those that are sim-
ulated under certain top quark width hypotheses. The CDF experiment performs
a two-dimensional top quark width measurement using top quark pair events in the
semileptonic decay channel [64, 65]. In addition to the variable used to measure the top
quark decay width, a second variable, i.e. the reconstructed mass of the hadronically
decaying W boson, is employed to simultaneously constrain the jet energy scale. An
unbinned likelihood fit is performed and the systematic uncertainties are folded into
the likelihood to obtain confidence intervals. Other than using more data, which
improves the still significant statistical uncertainty, the main difference between the
CDF measurements in Figure is that the later one actively tries to constrain the jet
energy scale and resolution, the latter being a dominant systematic uncertainty for both
measurements, before constructing the likelihood function. The ATLAS collaboration,
on the other hand, uses a one-dimensional approach, but performs a simultaneous fit of
two variables [67]. Whereas the CDF measurements only used variables connected to
the hadronically decaying top quark, the ATLAS experiment employs information from
both top quarks. Using templates for different top quark widths, a binned likelihood is
performed for each set of templates. Systematic uncertainties are taken into account
by producing extra templates including the systematic variations. These are then
compared to the nominal template using pseudo experiments. The dominant systematic
uncertainties are the jet energy scale and resolution, and modelling uncertainties. A
different analysis strategy is used by the CMS collaboration, where a likelihood ratio scan
is performed in the dileptonic decay channel. The distribution of a variable assuming
the SM top quark decay width is directly compared the same distribution subject to an
alternative width [66]. The systematic uncertainties are treated as nuisance parameters
and the CLs criterion is used to determine confidence intervals [72]. Also here, the
theoretical modelling of the signal is a dominant uncertainty and presents one of the
greatest challenges for a precise measurement.
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Using semileptonically decaying top quark pair events that were collected by the
CMS experiment, this thesis presents a direct top quark decay width measurement in one
dimension. As different decay channels are used, this measurement is complementary to
the CMS measurement described above. A maximum likelihood method is employed,
where probability density templates are constructed using the distributions of variables
that are sensitive to the top quark decay width. Further, the likelihood functions of
different variables are combined in order to reduce the systematic uncertainties that
affect the measurement.



The CMS Experiment and the LHC

To investigate elementary particles one must think big. Present-day research makes use
of colliders and large multi-layered particle detectors to examine the open questions of
nature. Two beams of particles are accelerated to high energies and made to collide
in the centre of a particle detector, which records the debris of the collision. The
effectiveness of this technique is based on Einstein’s well-known principle £ = mc?,
which states that energy can be transformed into matter (mass) and vice versa. The
centre-of-mass energy in the so-called interaction point of the detector is equal to the
sum of the energies of the beams.

In order to accelerate particles, they must be charged and stable. In practice,
electrons and charged hadrons are most commonly used. Which type of particle is most
beneficial depends on the type and purpose of the accelerator. Hadrons are composite
particles, so it is unclear which part of the hadron is involved in the actual collision and
how much energy that composite carries. Collisions with electrons thus have a much
cleaner signature. On the other hand, electrons are much more prone to energy loss
when they follow a curved trajectory due to synchrotron radiation. As the amount of
energy lost is inversely proportional to m*, it is much easier to accelerate hadrons, the
lightest of which are about 2000 times heavier than the electron, to high energies in
circular colliders.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is located at the European Organisation for Nuclear
Research (CERN) at the Franco-Swiss border near Geneva. Being 27 km in circumference,
it is the largest hadron collider in the world. Protons and lead ions are accelerated to
energies of 6.5 TeV and 2.56 TeV per nucleon, respectively [73]. To reach these energies,
the entire accelerator complex, outlined in Figure [73], is used. Protons are created
by ionising hydrogen. They are first accelerated in a linear accelerator to get the protons
up to an energy of 50 MeV. Then the circular booster accelerates them to an energy
of 1.4 GeV before injecting them into the Proton Synchrotron (PS), which in its turn
takes the protons to an energy of 25 GeV. Next, the protons are injected into the Super
Proton Synchrotron (SPS), where they acquire an energy of 450 GeV before reaching the
final stage of their journey, the LHC. Two beam pipes running in opposite directions

23
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are filled such that the protons can collide head-on at well-defined points. In order to
avoid collisions with air particles, the beam pipes are kept at an ultrahigh vacuum [32].
The acceleration of lead ions starts from vaporised lead. The ions are first accelerated
by a linear collider and then injected into the Low Energy Ion Ring (LEIR), before
continuing their journey in the PS, SPS and LHC.
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Figure 2.1: A schematic representation of the accelerator complex at CERN [73].

In fact, the LHC is not completely circular, but rather a sequence of eight straight
and eight curved sections. The sectors from the middle of a curved section to the middle
of the following curved section are called octants. In the straight sections, experiments
can be built to record and investigate particle collisions. At the moment, four such
experiments have been installed. Two general-purpose detectors, ATLAS [30] and
CMS [31], look for any sign of new physics and aim to make precise measurements
of the particles they observe. LHCD [74] is specifically designed to observe hadrons
that contain a b quark and measure their properties, while ALICE [75] is optimised for
heavy-ion collisions and tries to understand the properties of the quark-gluon plasma
that is created when heavy ions collide. Apart from these, there are a couple of smaller
LHC experiments. LHCf [76] and ToTEM [77] are located close to the beam line
near to the ATLAS and CMS detectors, respectively, in order to measure particles
originating from these experiments that are moving close to the beam line in what
is called the very forward region of the detectors. TOTEM, for example, is located
about 200 m from the interaction point on both sides of the CMS detector and can
therefore measure particles that escape undetected from CMS, e.g. particles that
traverse the CMS detector through the non-sensitive region occupied by the beam
pipe. In 2013, the ToTEM and CMS collaborations decided to join efforts to pursue
common goals and under the name of CT-PPS [78], TOTEM is at the moment being
incorporated into the CMS experiment. It is expected that CT-PPS will improve
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electroweak and QCD measurements in the very forward region when it starts tak-
ing data in 2017 [78]. The CMS experiment will be explained in more detail in Section[2.2}

In the curved sections of the LHC, superconducting magnets are installed to bend
the particles when they travel through the accelerator. The magnets are made of niobium
titanium (NbTi) cables and are cooled to 1.9 K with superfluid helium [32]. The majority
of the bending is done by dipole magnets, which can obtain a maximum magnetic
field of 8.3T. They are supplemented by multi-pole magnets that correct for small
instabilities at the edges of the dipoles, such that a stable trajectory is attained [79].

Specialised magnets are used for the injection and the dump of the proton beam. As
can be seen in Figure [80], the clockwise beam is injected into the LHC in octant 2
and the anticlockwise beam in octant 8. In octants 3 and 7 the beams are cleaned by
absorbing stray particles that might damage the machine and, whenever needed, they
are dumped in octant 6, where large blocks of carbon are placed to absorb the energy of
the beams. Each block is cylindrical in shape, with a length of 7.7m and a diameter of
70 cm, and is surrounded by about 900 tons of radiation shielding material [32]. In the
octants where the experiments are positioned, the beam pipes cross over and the beams
are focused such that high-intensity collisions are possible.
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Figure 2.2: Schematic overview of the LHC ring [80]. Beam 1 (red) travels in the
clockwise direction and beam 2 (blue) in the anticlockwise direction.

As the individual particles are incredibly small, it is near impossible to aim two
protons directly at each other. In order to increase the probability that two protons
collide, the particles are organised in bunches with a large amount of protons. Using
radiofrequency (RF) cavities to accelerate the particles, bunches of about 10! protons
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are created [73, 8I]. RF cavities consist of an oscillating electric field that exchanges
energy with the particles that pass through the cavity [81]. The amount of energy the
particles receive depends on the time of their arrival in the cavities. Particles that
are slightly faster than average will be accelerated less than particles that are slightly
slower, thus bringing the energies of the particles in the bunch closer together. The
frequency of the RF cavities is tuned to 400 MHz, such that protons with an energy of
6.5 TeV are not accelerated any further.

During the 2016 run of the LHC, the bunches were spaced about 7.5m [73] or 25ns
apart. In order to allow for a safe beam evacuation, a gap of 3 us is kept free, ensuring
that the dedicated beam dump magnets have enough time to reach their full magnetic
field, which is needed to deflect the beams towards the beam dump absorbers [32]. In
general, the bunches have a width of about 0.2 mm, but close to the interaction points
of the experiments they are squeezed further together by quadrupole magnets until their
diameter is about 16 um [79]. After the collisions, the beams are separated again and
refocused to minimise the spread of the bunches.

When the beams cross in the interaction point, it is possible that multiple protons
from one bunch collide with protons from the other bunch. This will result in several
interactions or primary vertices (PVs) from whence particles measured in the detector
can be traced back. This is referred to as (in-time) pileup. As there are only 25ns
between each bunch crossing, it is possible that the next collision occurs when parti-
cles of the previous bunch crossing are still travelling through the detector. This is
called out-of-time pileup. An average pileup of 27 is observed for the 2016 run period [82].

The amount of collisions that occur in a certain time frame is quantified by the
luminosity. It depends on the beam parameters of the LHC and is defined as
. N 27Lbf

= F’ 2.1
==l 2.1)

where N is the number of particles per bunch, n, the number of bunches, f the revolution
frequency of the bunches and F” is a geometric factor that takes account of the size of
the bunches and their crossing angle in the interaction point [32]. During the 2016 run
a maximum instantaneous luminosity of 1.4 10** cm~2s~! was reached and the total

integrated luminosity delivered by the LHC during that time period is 40.8 fb™.

2.2 The CMS Experiment

With its 12500 tonnes, the Compact Muon Solenoid (CMS) is by far the heaviest
of the LHC experiments. It has a cylindrical shape with a length of 21.6m and a
diameter of 14.6 m and is composed of several subdetectors in an onion-like structure,
as is visualised in Figure [31]. Each subdetector is optimised to recognise certain
particle interactions.

The CMS detector consists of a central section, called the barrel, and two ‘endcaps’
that are shaped such that a maximal hermeticity for particles coming from the interaction
region is attained. Its central feature is a 12.5 m long superconducting solenoid magnet
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with an inner diameter of 6.3m. When cooled to 4.7 K using liquid helium, it can
support a magnetic field of 3.8 T [3I]. Inside the solenoid, a silicon tracker and an
electromagnetic and hadronic calorimeter are installed. The iron return yoke that closes
the magnetic field lines is interleaved with different types of gaseous muon detectors. A
more detailed description for each of these subdetectors can be found below.
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Pixel Detector
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Calorimeter
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W
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Figure 2.3: A schematic overview of the CMS experiment [31].

In order to describe the detector and the events that are recorded by it, a coordinate
system is defined as follows. The x axis is directed towards the centre of the LHC, the
y axis points upwards and the z axis lays along the beam line such that a right-handed
coordinate system is formed. This corresponds to the direction of the beam that travels
in the anticlockwise direction. The zy plane is also called the transverse plane and
the position of a vector in this plane is described by the angle ¢. The angle between a
vector and the positive z axis is called 6. It is often replaced by the pseudorapidity,
which is defined as n = —Intan (6/2). This means that a pseudorapidity equal to zero
corresponds to a vector lying in the transverse plane, while  — oo corresponds to a
vector pointing in the direction of the beam line. The angular distance between two

vectors is then defined as AR = \/(A¢)2 + (An)2.

As protons are composite particles, the exact energies of the components that are
involved in the collision are not known. Therefore, energy conservation laws can only be
applied in the transverse plane.
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2.2.1 The silicon tracker

At the heart of the CMS experiment a silicon tracking detector can be found. It is 5.8 m
long, has a diameter of 2.5m and surrounds the interaction point and the beam pipe.
Up to a radius r of about 10 cm the active volume of the tracker consists of 320 ym
thick silicon pixel modules with a size of 100 x 250 um?. At larger radii silicon strip
modules are used. These are 10 cm x 80 pum large for radii between 20 cm < r < 55 cm
and 25cm x 180 um between 55cm < r < 110cm. As the noise increases linearly
with the strip length, the latter modules have a thickness of 500 ym to ensure a good
signal-to-noise ratio [31].

The silicon pixels are arranged in three barrel layers and two endcap discs. The
strip tracker barrel region consists of ten layers, four in the tracker inner barrel (TIB)
and six in the outer barrel (TOB), and three discs (TID), which are complemented
by nine endcap discs (TEC). This is visualised in Figure [83]. Together, the 66
million silicon pixels and 9.3 million strips make up an active area of about 200 m? that
covers a pseudorapidity region up to |n| < 2.5. The average hit resolution is 10 gm in
the transverse and about 25 um in the longitudinal direction.
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Figure 2.4: Schematic diagram of a quarter of the silicon tracking detectors [83]. The
interaction point can be found in the lower left corner. It is enveloped by the pixel
detector (PD), the tracker inner barrel (TIB), outer barrel (TOB), the tracker inner

discs (TID), and endcap discs (TEC). On the upper and right edges the pseudorapidity
7 is indicated.

The detection principle of silicon sensors relies on the creation of electron-hole pairs
when a charged particle interacts with the material. This creates a small electrical
signal that is collected by applying a potential difference to the sensor. CMS uses
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p-on-n type sensors for the strips and more radiation hard n-on-n type sensors for the
pixel modules [31], which see a larger flux of particles because they are closer to the
interaction point.

All sensors are mounted onto a carbon fibre and graphite support structure, together
with the on-detector electronics that are required to enable a fast response time. So
despite the lightness of the silicon sensors themselves, particles crossing the tracker
volume have to traverse a significant amount of material, as can be seen in Figure [2.5([31],
and many are thus subject to multiple scattering, Bremsstrahlung or nuclear interactions
in the tracker material. To counter the heat dissipation caused by the many read-out
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Figure 2.5: Tracker material budget as a function of the pseudorapidity [3I]. The
material thickness is indicated in units of radiation length.

channels during operation, the pixel detector is cooled to —10°C and the strip tracker to
—15°C using fluorocarbon (CgFy4) gas. As the surface of the nearby electromagnetic
calorimeter needs to be kept at around 18°C to ensure good performance, a thermal
screen is installed around the tracker to prevent condensation of water vapour. In order
to avoid humidity inside the tracker, the tracker volume is flushed with cooled nitrogen
gas at a rate of about 400m?/h [84].

2.2.2 The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is designed to estimate the energy of particles
such as electrons and photons. It consists of a barrel section (EB), an endcap section
(EE) and the so-called preshower (ES), as is shown in Figure [17]. The barrel
and endcap subdetectors consist of homogeneous scintillating lead tungstate (PbWO,)
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Figure 2.6: Schematic representation of a quarter of the CMS detector showing the
position of electromagnetic calorimeters [I7]. The interaction point can be found in the
lower left corner.

crystals, which have a radiation length X, of 0.85 cm and a Moliere radius Ry = 2.19 c¢m,
thus resulting in a relatively compact subsystem with good granularity [31]. The size
of the crystals depends on their position with respect to the interaction point. In the
barrel, covering a region up to |n| < 1.479, the crystals are 230 mm long (~ 25.8 Xj),
measuring on average 2.2 x 2.2 cm? at the front face and 2.6 x 2.6 cm? at the rear face.
The truncated pyramidal crystals are arranged in a cylindrical pattern with an inner
radius of 1.29m. They are slightly tilted in the 7 direction, emulating the direction of
flight of particles originating from the interaction point. The endcap crystals, in the
range 1.479 < |n| < 3.0, are arranged in an x-y grid. They are 220 mm long (~ 24.7 Xj)
and have a front face of 2.86 x 2.86 cm? and a rear face of 3.0 x 3.0 cm? large.

When particles traverse the crystals, they induce electromagnetic showers and the
emitted photons are collected using dedicated low-light detectors that are able to operate
in strong magnetic fields. In the barrel, avalanche photodiodes are used, while the
collaboration opted for vacuum phototriodes in the endcaps [31]. On average about 4.5
photons are collected per MeV at a temperature of 18°C and the light output diminishes
with about 2.1%/°C. Therefore, the temperature of the EB and EE is closely moni-
tored. A layer of insulating foam is installed between the detectors and the electronics
and the temperature is stabilised with a precision of about 0.05°C using water at 18°C [31].

In the region 1.653 < || < 2.6 the endcap calorimeter is complemented with the
preshower detector. This sampling calorimeter consists of two layers, each containing a
lead radiator to initiate electromagnetic showers followed by silicon strip sensors of
61 x 1.9mm? and 320 um thick [3I]. The preshower detector has a thickness of 20 cm
and adds around 3 X to the radiation length. The ES helps with the identification of
neutral pions and improves the position measurement of particles in the endcap regions
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due to its high granularity.

The energy resolution in the electromagnetic calorimeter is parameterised in Equa-
tion (2.2) as the quadratic sum of a stochastic term S, a noise term N and a constant

term C,
(2) — (\/SE) + (Z) +C2. (2.2)

The latter takes account of non-uniformities of the light collection in the crystals, energy
leakage from the back of the crystals, and calibration errors, while N combines the
influences of noise created by electronics, digitisation, and pileup [31]. The stochastic
term is determined by event-to-event fluctuations. This includes variations in the
number of photoelectrons released in the crystals per unit of energy, fluctuation of the
energy deposited in the ES absorbers compared to what is measured in the silicon
sensors, and variations in the lateral containment of showers in the crystals. For energies
below 500 GeV, the terms are typically of the order of [31]

o\2  [2.8%\° | (0.12)? )

(%) _<\/E> +(55) +030%)° (2.3)
where F is expressed in GeV. For higher energies the energy leakage from the back
of the crystals becomes significant and the constant term will therefore become the
dominant factor in the resolution.

During operation, the transparency of the calorimeter crystals degrades due to
ionisations caused when particles traverse the crystals. This induces a wavelength-

dependent decrease in the light transmission, but the radiation damage can be estimated
by doing regular calibrations [31].

2.2.3 The hadron calorimeter

A different approach is used to measure the energy of hadrons. The hadron calorimeter
(HCAL) is a sampling calorimeter, consisting of non-magnetic absorber plates interleaved
with plastic scintillators. As for the ECAL, there is a barrel (HB) and an endcap (HE)
region, stretching from |n| < 1.3 and 1.3 < |n| < 3.0, respectively, complemented with
detector units outside the solenoid (HO) and in the forward (3.0 < |n| < 5.2) region
(HF). The exact positions of the subdetectors are indicated on Figure [31].

Being non-magnetic and sufficiently dense, 14 out of 16 absorber layers in the HB
and the 18 absorber layers in the HE are made of brass. The HB is complemented with
a stainless steel front and back plate. In between the absorbers 15 (17) layers of plastic
scintillator tiles are installed for the HB (HE) with a granularity An x A¢ equal to
0.087 x 0.087 for |n| < 1.6 and An x A¢ ~ 0.17 x 0.17 for |n| > 1.6 [31].

The combined thickness of the HE and the EE is equivalent to about 10 interaction
lengths A;. For the HB (including the EB) this is 7 to 11 \;, depending on the traversed
distance in the calorimeter, which increases with pseudorapidity. Since the thickness
of the HB, which is severely restricted by the size of the solenoid, is not sufficient to
contain all hadron showers, the HO is crucial to detect hadrons that did not deposit all
of their energy before they reach the muon system described in Section [2.2.4 The HO
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Figure 2.7: Schematic representation of a quarter of the CMS detector showing the
position of the hadronic calorimeters [31], i.e. the barrel HCAL (HB), the endcap HCAL
(HE), the outer HCAL (HO) and the forward HCAL (HF'). The interaction point can be
found in the lower left corner and the n range is indicated on the upper and right edges.

consists of two layers of scintillator tiles. The first one is positioned directly outside the
solenoid and only covers a region up to |n| < 0.35. The second layer can be found on
the outside of the first layer of the iron return yoke for |n| < 1.3. The position and size
of the scintillator tiles is such that they roughly map onto the tiles in the HB. In this
way, the amount of interaction lengths is increased to between 10 and 15 A;.

The scintillation light produced in the HB and the HE is collected by hybrid
photodiodes, which have a large gain, do not require precise temperature stabilisation
and are ideal to use in strong magnetic fields [31, R5]. Silicon photomultipliers are used
to read out the HO [85-RT].

The HF is subject to very large particle fluxes, so radiation-hardness is a key factor
in its design. It consists of quartz-fibres embedded into a steel absorber. The fibres are
organised in a square grid, about 5mm apart, parallel to the beam pipe [8§]. When
particles cross the fibres, Cherenkov light is created, which is read out by photomultiplier
tubes [88]. These can be used because the HF is positioned outside the magnetic field of
the CMS solenoid and they are shielded from the high particle fluxes by 40 cm of steel.

The hadron energy resolution is parametrised as
o\? S\’
—) =|—=] +C?, 2.4
(3= () @

where E is measured in GeV. For the barrel and endcap regions S = (0.847 +
0.016) GeV'/2 and C' = 0.074 £ 0.008, while S = 1.98 GeV/? and C' = 0.09 for the
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HF [89]. As the HF primarily measures particles with high energies, its energy resolution
is comparable to that of the rest of the hadron calorimeter.

2.2.4 The muon detectors

The muon spectrometer is located outside the CMS solenoid, interleaved in the magnet’s
return yoke. In order to take account of the varying magnetic and particle fluxes in
different parts of the detector, multiple techniques are used to optimise the detection
of muons. In the barrel, up to || < 1.2, drift tubes (DTs) are used, while cathode
strip chambers (CSCs) cover the region 0.9 < |n| < 2.4. They are complemented with
resistive plate chambers (RPCs) up to |n| < 1.8. The position of these gaseous detectors

is visualised in Figure [2.8] [90].
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Figure 2.8: Schematic representation of a quarter of the CMS detector showing the
position of the different types of muon detector [90], i.e. drift tubes (yellow), cathode
strip chambers (green) and resistive plate chambers (blue). The interaction point can be
found in the lower left corner and the n range is indicated on the upper and right edges.

As the magnetic field is uniform and the particle rate relatively low, drift tubes
can be used in the barrel to observe muons [3I]. A DT cell measures 4.2 x 1.3 cm?
and is filled with an 85/15% Ar/COs mixture. Its working principle is explained in
[31]. The cells are organised such that they form layers, each shifted by half a cell
width with respect to the previous one in order to avoid uninstrumented regions as
much as possible. Four layers of cells together are called a superlayer (SL). As can be
seen in Figure 2.8 the drift tubes are organised in four concentric stations. The first
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three stations consist of three SLs, two that measure the coordinate in the r-¢ plane
and one that measures the z coordinate. The outermost DT station only has two SLs
oriented in r-¢. One SL has a time resolution of a couple of nanoseconds [31]. The
spatial resolution for a single hit is about 250 ym and improves to about 100 ym in the
r-¢ plane [91] for reconstructed muon segments (see Section [4.3.1]).

Cathode strip chambers are used in the endcaps, because they are more radiation hard
and cope better with non-uniform magnetic fields. The CSC chambers are trapezoidal in
shape and they are installed in two or three concentric rings in each of the four endcap
disc stations. The last station was completed during the long shutdown between LHC
Run 1 and Run 2 (LS1) [87]. The size of the CSC chambers depends on their position
in the CMS detector, the largest being 3.4 x 1.5m?. CSCs are multiwire proportional
chambers [31] containing seven panels with cathode strips that are interleaved with six
layers of anode wires. The gaps between the panels are 9.5 mm wide and filled with
a 40/50/10% Ar/CO,/CF, gas mixture. A two-dimensional position measurement is
made by letting the cathode strips run radially outwards and the anode wires along
concentric circles perpendicular to the strips, thus getting a measurement in the r-¢
plane and in 7, respectively. The width of the strips varies from 8.4 mm at the narrow
end of the chamber to 16 mm at the wide end. The cathode strips are interspaced by
0.5mm and the wires are spaced 3.2 mm apart. The spatial resolution for a single hit is
estimated to be 75 — 150 um. Because of the fast charge collection on the anode wires, a
temporal resolution of about 5 ns is achieved [31].

Resistive plate chambers act as a redundancy in most of the muon spectrometer
range. Their fast timing properties, with a resolution of 2ns, allows to unequivocally
assign a hit to a certain bunch crossing. Their spatial resolution is of the order of
a centimetre [91]. The CMS detector uses double-gap bakelite RPCs in avalanche
mode [3I]. The 2mm gaps between the high-resistivity plates are filled with a mixture
of 96.2/3.5/0.3 CoHgF,/iso-C4Hyo/SF¢ gas. Both gaps have a common read-out system
consisting of copper charge-collection strips [31]. In the barrel (endcaps) the arrangement
of the RPC chambers is similar to that of the DTs (CSCs). Also the fourth endcap RPC
station was installed during LS1 [87].

2.2.5 Trigger and data acquisition

During normal operation, the CMS experiment sees about 4 million bunch crossings per
second, which leads to at least an equal amount of collisions. As the recorded data
size of an average collision event is of the order of 2 MB [92], it is clear that not all of
these events can be stored for further analysis. A selection is made in two stages, based
on the properties of the event. The Level-1 (L1) trigger makes a first selection using
hard-coded algorithms in the firmware, thus reducing the rate to 100 kHz. The events
that pass the L1 trigger are reconstructed and sent to the High-Level trigger (HLT),
which further reduces the rate to about 1kHz.

The Level-1 trigger needs to decide if an event is interesting to keep in less than
3.8 us [93]. Therefore, it can only use event information that is easily retrievable.
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In practice, the L1 trigger will use information from the calorimeters and the muon
chambers. The L1 algorithms will perform a simplified reconstruction of muons, electrons,
photons, and jets. The calorimeter information is processed in so-called trigger towers,
having a granularity of about 0.087 x 0.087 in the barrel region. The reconstruction
algorithms start as soon as a minimal amount of data is received [93]. The information
from the muon subsystems is combined at an early stage and muon track finding
is separated in a barrel, overlap and endcap region, in order to take account of the
differences in background and magnetic field [94]. Duplicates of muons reconstructed
in several regions are removed [93]. Once a provisional reconstruction is in place, a
simple set of selection requirements, such as a minimum amount of transverse energy, is
applied to determine if the event will be removed or kept for further analysis.

In the meantime, the complete event information is stored in a buffer. If the trigger
decision does not return on time, the event is deleted. To minimise the time the
electronic signals need to travel, the L1 trigger is located in the underground service
cavern, close to the CMS detector itself.

When an event passes the first trigger stage, it is sent to a computer farm at the
surface. There, a full event reconstruction will be made. First, the event information from
all detector read-out channels, including those from the silicon tracker, will be collected
and combined [92]. Then, the event is reconstructed using algorithms [95, [96] that are
similar to those described in Chapter [4] Having access to the full event information, the
HLT can perform complicated calculations and track down the signatures of specific
event topologies. As it is software-based, the HLT algorithms and selection requirements
are updated when necessary.

Towards a Level-1 track trigger

As mentioned above, the L1 trigger does not use information from the tracker in order
to decide which events to keep for further analysis. This is planned to change during
the high luminosity phase of the LHC programme (HL-LHC), which is expected to
start in 2026 [97), 98]. In order to be able to cope with the high radiation fluxes and the
increased amount of pileup, the tracker will be replaced and a completely new design is
envisaged. The general structure of the so-called phase-2 tracker, which is visualised in
Figure 2.9 remains similar to the current one, consisting of an inner tracker, comparable
to the current silicon pixel detector, and an outer tracker. Only the latter will contribute
to the revised L1 trigger. The pseudorapidity range of the phase-2 tracker is extended
to |n| = 4 and its granularity is increased.

The outer tracker consists of double-layered silicon modules with a gap of 1.6 to
4.0 mm between the sensors, depending on their position. Some modules contain two
layers of silicon strip sensors of about 5cm x 90 um and others contain one layer of
strips measuring around 2.4 cm x 100 pm and one layer of (macro-)pixel sensors with a
size of 1.5mm x 100 gm. These modules are indicated in red and blue, respectively,
in Figure 2.9) Part of the modules in the inner barrel layers are tilted such that they
are oriented perpendicular to the particles coming from the interaction point. This
geometry increases the reconstruction efficiency at high ||, while also reducing the
amount of modules, and thus the amount of material, necessary to cover the sensitive
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Figure 2.9: Schematic diagram of a quarter of the phase-2 tracker [99]. The inner
tracker is indicated in green and orange and the outer tracker in blue and red. The
interaction point can be found in the lower left corner. On the upper and right edges
the pseudorapidity 7 is indicated.

volume [99HTOT].

The double-layered structure of the modules in the outer tracker allows to differentiate
charged particles with a low and a high pr. When a particle interacts with a module,
the hits are clustered in each layer separately. Charged particles bend in a magnetic
field, so the position of the outer cluster will be displaced compared to the position of
the inner cluster. This displacement will be larger for low-pr than for high-pt particles,
so in order to select particles with a pr above a certain threshold, an upper limit on
the displacement is installed. Since the relation between the displacement and the
particle pr depends on the distance between the two layers and the position of the
module in the outer tracker, the value of this limit depends on the outer tracker region.
When two clusters can be associated to each other within this ‘acceptance window’,
they are collectively referred to as a stub. Figure [2.10] shows a particle whose clusters
form a stub and one where the outer cluster falls outside the acceptance window. The

“Stlll)‘q\} pass fail

EERRRRRI
y 1+4 mml OB
Tli EERERERI
¥ SFEM Jm

Figure 2.10: Schematic drawing of a high-pr (left) and low-pr particle (right) crossing
the outer tracker [99]. The acceptance window for the displacement of the outer (upper)
cluster compared to the inner (lower) cluster is indicated in green. The particle on the
left is accepted as a stub, in contrast to the one on the right.
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simulated distribution of the displacement per barrel layer is indicated in Figure 2.11]
The boundary between the purple and the white region reflects the maximum acceptance
window of each layer when the particle pr is required to be larger than 2 GeV. Most
particles in this simulation have a small displacement.
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Figure 2.11: Displacement of a stub as a function of the barrel layer for simulated
particles. The white regions fall outside the acceptance windows and the spacing between
the sensors is indicated for each layer.

The phase-2 L1 trigger is planned to only reduce the event rate to 750 kHz during
the HL-LHC programme [102]. This allows to increase the decision time to about
12.5 us [102]. Tt is expected that the reconstruction of tracks to be used by the L1 trigger
takes about 4 us [99], so enough time remains to match these tracks to the calorimeter
and muon system information. This fast reconstruction is a consequence of the stub
procedure outlined above, i.e. only the tracker hits that can be related to stubs will be
used for the L1 track trigger reconstruction. If the particle pr is required to be at least
2 GeV, the number of hits is reduced by a factor 10 [99], which greatly simplifies the
tracking procedure.

One of the main advantages that is expected from including the track trigger
information is that it provides an increased sensitivity to the identification of isolated
leptons, which is at the same time more robust for the effects of pileup [102]. The
tracking information allows to better estimate the pr of a changed particle and determine
its isolation compared to the tracks of neighbouring particles. Further, due to the small
sizes of the macro-pixels in the pixel-strip modules, two hits in these sensors provide
enough information to estimate from which vertex the track originates [99]. This enables
to only consider particles originating from a limited amount of vertices and thus reduce
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the influence of the about 140-200 pileup interactions that are expected under these
running conditions.

2.2.6 The CMS experiment during the 2016 proton run

As mentioned in Section 2.1 the LHC delivered a total integrated luminosity of
40.8 fb~! during the 2016 proton run. Due to technical malfunctions, such as power
supply failures and problems with the trigger system, only 37.8 fb™! was recorded by the
CMS detector. This still amounts to a recording efficiency of 92.5% for the 2016 proton
run. Additionally, the recorded events are scrutinised by detector experts to see if they
comply with basic quality standards. This further reduces the integrated luminosity
that is certified to be good for analysis to 35.9fb™!, as is indicated in Figure .

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
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Figure 2.12: Overview of the integrated luminosity that was delivered to (blue) and
recorded by (yellow) the CMS detector throughout 2016 [103]. The validated integrated
luminosity that was recorded with the CMS magnet at full strength is indicated in pink.

Throughout the data-taking period, several improvements have been made to
hardware and software whenever possible. These range from small changes, such as
the replacement of power supplies, to major changes in the running conditions, such
as the strength of the magnetic field. In order to keep track of when changes were
applied, the recorded data is subdivided into so-called eras. E.g. era A contains data
recorded when the CMS magnet was switched off. As this has a major influence on
the reconstruction of particles, only the data recorded during eras B to H are used
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in the analysis described by this thesis. Concerning the other era changes, only the
change from era F to era G concerns a major update. During the previous eras, a
measurement inefficiency was observed in the silicon strip tracker at high instantaneous
luminosities. Fewer signal hits than expected were observed due to lingering charge
depositions from previous hits causing a saturation in the read-out of the silicon sensors.
From era G onwards, a reduced signal integration time increased the sensitivity of the
detector immediately after recording a hit and thus recovered the otherwise missing
hits. Figure [104] shows the efficiency difference to record hits before and after
the problem was resolved. The largest differences are observed in the barrel region,
where some layers suffered an efficiency reduction of about 5%. The efficiency was most
affected when the CMS detector was taking data at high instantaneous luminosities,
which is visualised in Figure for the layer that was worst affected.
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Figure 2.13: (a) Comparison of the hit efficiency during the strip tracker dynamic
inefficiency problem (open circles) and after it was resolved (full circles) per layer/disc;
(b) Influence of the instantaneous luminosity on the hit efficiency for TOB layer 1,
which is the worst affected layer [104].

As missing hits impact the track reconstruction (see Section , the CMS collabo-
ration developed mitigation strategies to reduce the impact of the so-called strip tracker
dynamic inefficiency on the early 2016 data. As a result, the effect is expected to be
negligible for this analysis.
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Event Generation and Simulation

When protons collide in the centre of a particle detector, only the final state of the
interaction is measured. In order to make comparisons with theoretical models and SM
predictions, it is necessary to understand which processes can give rise to the final state
that is observed. Therefore, simulations are made of how particles are produced and
how they evolve to the final state observed in the detector. Section gives a general
overview of how interactions at colliders are simulated, while Section summarises
the simulated samples relevant when studying top quarks. An alternative method for
simulating samples with different top quark decay widths and masses is described in

Section 3.3l

3.1 Simulation of Events at Proton Colliders

In order to describe particle interactions due to proton collisions, the simulation of an
event is subdivided into several steps. These are outlined in Figure [3.1] and summarised
below.

Hard-scattering process
As protons are composite particles, only one of their partons (quarks and gluons)
will be involved in the main interaction or hard-scattering process. The two
partons then interact to produce the process of interest. The differential cross
section of the interaction is related to the theoretical matrix element (ME) of
that process. The aspects of the hard scattering are described in more detail in

Section B.1.1

Parton shower
The particles involved in the hard-scattering process radiate energy in the form of
quarks and gluons. Additional partons from initial (ISR) and final state radiation
(FSR) are included in the simulation either as part of the hard-scattering process
or during the parton shower (PS). This is described in Section [3.1.2]

Hadronisation and decay
Quarks and gluons are colour charged and will hadronise to form colour-neutral
particles. The models describing this so-called hadronisation are discussed in
Section [3.1.3] During this step, the decay of unstable hadrons is simulated as well.

41
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Underlying event
The partons that are not involved in the hard-scattering process contribute to the
so-called underlying event (UE), which is described in Section [3.1.4]

Detector simulation
To simulate the interaction of particles in the detector material, the simulated
events are convolved with a model of the detector. More details are given in

Section 3.1.9

— Parton shower
Nonperturbative gluon splitting

Hard-scattering process

Underlying event

Figure 3.1: Schematic representation of a proton collision where the hard-scattering
process (black) gives rise to a parton shower, which hadronises (grey) and decays
(yellow). The partons that are not involved in the hard-scattering process contribute to
the underlying event. Image adapted from [105].

3.1.1 The hard-scattering process

The partons that produce the hard interaction carry only a fraction of the momenta of
the protons involved in the collision. This momentum fraction depends on the type of
parton and the energy of the interaction. The way the momentum of the proton is
distributed over its partons is described by the parton distribution functions (PDFs).
If two partons ¢ and j, carrying a momentum fraction x; and z;, respectively,
interact, the effective centre-of-mass energy of the hard-scattering process is equal to
V2 =5 = /ZiZ;s . The differential cross section of a proton interaction can then
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be written as a combination of the differential cross section of the parton interaction,
d&ij_»( s and the PDFs f(l‘l, Q2) and f(.Tj, Q2),

do-ppg)X = Z // d.l?z d.ﬁlﬁj f(:ic,, QQ) f(.’Ej, Q2) da'ijﬁx . (31)

1,J=4,4,9

The scale Q? at which Equation is valid is called the factorisation scale, also
denoted as .

The PDFs are determined by fitting experimental data obtained from deep inelastic
scattering and electroweak vector boson production at fixed target experiments. For
Run 2 of the LHC the NNPDF3.0 PDF set [106] is used in the simulation. The PDFs
corresponding to this set, multiplied by the momentum fraction, are visualised in
Figure for gluons, u, d and s quarks as a function of the momentum fraction. While
s quarks are always virtual or sea quarks, u and d quarks can be either valence or
sea quarks. As can be expected, valence quarks have a higher probability to have a
fraction = of the proton momentum close to one. At an energy scale Q = 350 GeV,
which corresponds to about the energy needed to produce a top quark pair, it is most
likely to probe a gluon from the proton, which can be seen in Figure |3.2|
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Figure 3.2: Visualisation of the parton distribution functions for the proton according to
the PDF set NNPDF3.0 at an energy scale Q% = (350 GeV)?. Image produced with [107].

The differential cross section of the interaction is related to the amplitude squared
of the ME, d6 o | |2, which can be expressed as a sum of Feynman diagrams [108§],
and parameterises the hard-scattering process. Specialised event generators, such as
MapGrapH [109) 110] and POWHEG [ITTHIT6] calculate MEs at leading order (LO) and
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next-to-leading order (NLO), respectively. When events are generated at NLO level, the
hard-scattering process contains an additional real or virtual particle. The latter is
visualised by a loop in the Feynman diagram, while the former can manifest itself as an
additional parton.

MadGraph/MadEvent

MADGRAPH5, now incorporated in MG5_aMC@NLO, generates and calculates the
Feynman diagrams and MEs for processes such as decays and 2 — n scatterings
at LO. As the number of Feynman diagrams increases with the amount of final
state particles, the number of additional partons that is supported depends on the
complexity of the considered process. E.g. for top quark pair production three
additional partons are supported, while this is up to five for W boson production.
Using the ME and the aforementioned PDFs at LO, events are generated with
MadEvent. It is worth noting that the differences between LO and NLO PDFs are
small and diminish at increasing values of Q* [L17].

POWHEG
The POsitive Weight Hardest Emission Generator (POWHEG) uses NLO MEs to
generate the hard-scattering process. This means that, contrary to MADGRAPH, also
virtual emissions are taken into account. POWHEG generates up to one additional
parton with NLO accuracy.

3.1.2 Parton shower

Both the initial and the final state partons of the hard-scattering process can radiate
additional partons at an energy scale Q2. A parton branches according to the mechanisms

= =) _
qg —> 498, ¢9g—4qq, g8,

and divides its energy over the two newly created partons. The probability that a parton
will branch is described by the DGLAP equations [II8-120]. The daughter partons
can branch in their turn, thus creating a parton shower (PS). As the energy of the
partons decreases with each branching, the Q? scale at which the branching happens will
also become smaller. At a scale of about 1 GeV [I08] hadronisation effects will become
non-negligible and a different way to model the process is needed (see Section .

For ISR one should also take account of the probability that the parton involved in
the hard interaction originates from a parton with higher proton momentum fraction.
In regions of = where the PDF falls off quickly, ISR is strongly suppressed.

Sometimes a radiated gluon reconnects with the parton it branched from, thus
forming a loop. These virtual branchings are taken into account by considering the
strong coupling to be a running coupling constant a,(Q?). The scale at which « is
evaluated is also called the renormalisation scale pg.

The PS is simulated using PYTHIA [121] or HERWIG++ [122] 123]. Instead of using
the Q? scale as the shower evolution parameter, PYTHIA simulates the PS such that the
pr of the subsequent branchings decreases, while HERWIG++ organises the branchings
according to their angle with respect to the original parton.
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Since the ME and PS are simulated using different generators, a matching between
the ME and the PS should be performed. When partons in the PS have a small
angular separation, they will be clustered together into one object, called a jet (see
also Section [1.3.3)). Events will be rejected when not all partons from the ME can
be matched to PS jets. If the angular separation between two partons is larger than
a pre-defined threshold, they will both give rise to a jet. In this way additional jets
are created compared to the final state of the ME. Another important task of the
matching algorithm is to avoid double counting of processes with additional partons,
since additional partons can also be produced by the ME generator. As the jets from the
ME generator are better modelled, these are preferred in case there are duplicates [124].

The matching between the MADGRAPH ME generator and PYTHIA on the one hand
and between POWHEG and PYTHIA or HERWIG++ on the other hand is discussed in the
following paragraphs.

MadGraph/MadEvent
The partons from the ME are matched to jets from the PS using the MLM
matching scheme [124) [125]. The partons are ordered in pr and, starting from the
parton with the highest pr, the angular distance with respect to each of the jets is
calculated. If the minimal distance is smaller than a certain threshold, the jet
is matched to the parton and, in order to avoid matching the same jet multiple
times, it is removed from the jet collection.

If the ME is generated with up to N additional partons, the matching procedure
is performed separately for each process with n = 0... N additional partons. This
ensures that all possible configurations are studied. Double counting is avoided by
requiring that the number of jets is equal to the amount of partons when n < N.

POWHEG

As mentioned before, POWHEG generates up to one additional parton with NLO
accuracy. Subsequent emissions are generated during the PS stage. By definition,
the additional ME parton is the hardest emission and its pr is considered to be an
upper limit for the shower evolution scale. This means that events generated by
POWHEG can be directly interfaced to pr-ordered PS generators, such as PYTHIA 8.
Extra care is needed to interface POWHEG to e.g. HERWIG++, which produces
angular-ordered showers. These types of PS generators often produce large-
angle soft emissions before the hardest emission in the PS, so extra steps are
needed to avoid PS emissions with a higher pr than that of the additional ME
parton [111, 112}, 126].

When the Q? scale of the hard-scattering process is large, also the soft radiation
can have a relatively high pr (it is soft compared to the hard scattering). In order
to compensate for an overestimation of high-pr contributions from radiation, a
damping factor is introduced which takes values between 0 and 1. In POWHEG this
takes the form,
h2
pr+h?

where h, also called hdamp, is usually set equal to the scale of the hard-scattering
process [127, [128].
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3.1.3 Hadronisation and decay

Phenomenological models are used to describe how the colour-charged particles originating
from the PS will form the colour-neutral hadrons that are observed. This is also called
fragmentation. In PYTHIA 8, which is used to perform the hadronisation, the Lund
string model is considered [108] [129].

Two partons with opposite colour charges are connected by a string, which is
visualised as a colour flux tube in Figure [130]. The potential energy stored in the
string is linearly proportional to the distance r between the partons and is defined as
V(r) = —kr, with k & 1 GeV/ fm [121]. When the quark and the antiquark move apart,
the potential energy increases. At a certain point sufficient energy is available to create
another quark-antiquark pair, q'q’. The newly created quarks are re-arranged into two
colour singlets, qq’ and q'q, which can each move apart and create more quark-antiquark
pairs. Hence n hadrons are formed from the re-arranged quark-antiquark pairs qqj,

Figure 3.3: Visualisation of a Lund string between two oppositely (colour) charged
partons being stretched and breaking into two quark-antiquark pairs. In this particular
case the quark-antiquark pair qq is connected through a string with a red colour charge.
Image adapted from [130].

4192, 9293, ---» 9n_1q. The order in which the string breaks occur is irrelevant as they are
causally independent [I12I]. The probability to end up with a certain n hadron state is
thus equal to the product of the probabilities for the n — 1 string breaks and the functions
that fix the n hadron masses [I08]. As the probability to create a quark-antiquark pair
is proportional to 1/ exp(mg), the production of heavy quarks is strongly suppressed.

Baryons are produced when a string break results in a diquark-antidiquark pair.
The probability for this to happen is about a tenth of the probability for creating a
quark-antiquark pair [108].

An alternative approach is the cluster model, as implemented in HERWIG++. At the
end of the PS, all remaining gluons are split into quark-antiquark pairs, which favours
the production of light quarks. The quarks are then clustered according to their colour
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connections with other quarks. An example of the colour flow in a PS can be found
in Figure [TO8]. If a parton has few emissions during the PS stage, the cluster
containing it can have a very large momentum. Similar to the Lund string model, it
will split into two smaller clusters through an intermediate quark-antiquark pair. The
clusters then decay isotropically into hadrons [122].

Figure 3.4: Schematic drawing of the colour flow in a parton shower [108]. If the cluster
hadronisation model is applied to this example, gluons are first split into quark-antiquark
pairs. Then, the colour-connected quarks form, in this case, four colourless clusters.

Many of the hadrons are unstable and decay to the final state that is observed in the
detector. It is important to note that very heavy quarks, such as the top quark, have
such a short lifetime that they will decay before they can hadronise. In this case, their
decay products are often considered as a part of the hard-scattering process.

3.1.4 Underlying event

All activity that is not connected to the hard-scattering process is amalgamated in the
so-called underlying event (UE). Many parameters control the modelling of the UE and
these are tuned by comparisons to data. A specified set of parameters that describe
the data well is called a ‘tune’. In this thesis the CUETP8M1 and CUETP8M2T4 tunes are
used [I31], 132]. The latter is used for the simulation of top quark pair events, as for high
jet multiplicities differences between data and simulation were observed with the former
tune. Both tunes are very similar and only have slight variations in a couple of parameters.

A number of the aspects impacting the UE description are discussed below.

Proton remnants

Up till now only the partons involved in the hard interaction have been considered. In
order to simulate a complete proton collision, the activity of the proton remnants needs
to be described as well. As the partons in the proton remnants carry a non-negligible
amount of momentum and are colour charged, they will also undergo parton showering
and hadronisation. This process is not completely independent from the hard-scattering
process since all partons are colour connected.
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Multiparton interactions

Remnant partons can also interact amongst themselves before showering and hadronising.
These multiparton interactions (MPIs) are mostly soft interactions, though multiple
hard-scattering processes are also possible [12I]. MPIs are very common in proton
collisions and are enhanced by requesting a hard-scattering process, which gives a bias
towards head-on proton collisions [108]. Since the proton can be seen as a collection
of partons moving in the same direction, the probability for MPIs increases when the
overlap area of the collision is large. In fact, PYTHIA 8 considers all proton collisions to
be MPIs, parameterised by the number of parton interactions [121]. When modelling
the MPIs, momentum and colour conservation is taken into account.

Colour reconnection

In the Lund model all colour-charged particles are connected by strings. When there
are many partons, e.g. by the presence of many MPIs, the colour flows can be mixed.
When a string connecting two quarks is stretched, it can be represented by an infinite
amount of colour-charged soft gluons. When two strings overlap, they can interact and
the colour encompassed in the strings is redistributed over the system. This can be
modelled in different ways. Below, some of the models implemented in PYTHIA 8 are
described [133, [134]. So as to be able to describe the variations depending on resonance
decays, it is assumed that at least one top quark is produced in the hard-scattering
process.

MPI-based model

In order to minimise the total string length A, partons from lower-pr MPIs are
added to the strings from higher-pr MPIs. Starting from the lowest-pt system, the
reconnection probability with higher-pr systems is calculated and this is repeated
for all systems in order of increasing pr until the optimal A is achieved. Then, the
merging is performed starting from the highest-pt system. As low-pt systems
have a larger spatial area, the probability that it overlaps with another system
is much higher than for high-pr systems. Therefore, low-p systems are easily
merged with others, while it is much harder to merge two high-pt systems.

In the default version of this model it is assumed that colour reconnection occurs
before the top quark decays. The decay products are thus not involved in the
reconnection. Another option is to assume early resonance decays (ERD), such
that also the top quark decay products are included in the colour reconnection.

QCD-based model
Whereas the MPI-based model only considers a colour structure where the number
of colours N, = 3, the QCD-based model allows extensions using the SU(3) colour
algebra [I35]. A set of nine additional colour indices are defined that are not
related to the nominal indices, often referred to as ‘red’, ‘blue’ and ‘green’. A
quark gets a colour index, an antiquark an anticolour index and a gluon gets one
of each, where the latter index has a different value than the former index [136].
Two partons can be connected by a string when their colour indices match. In
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this way, more reconnections are possible compared to the MPI-based model.
Similarly, a reconnection is performed when this reduces the total string length.

Gluon-move model
A gluon on the string connecting a quark-antiquark pair can be moved to another
quark-antiquark pair when the move decreases the total string length. This is
repeated as long as A can be minimised and may involve moving the same gluon
multiple times. It is also possible to introduce a ‘flip’ such that a quark can be
reconnected to the antiquark of a different quark-antiquark system and the other
way around.

3.1.5 Simulation of the CMS detector

In order to give a more realistic description of the simulated events, such that they
have a closer resemblance to the recorded data, they are passed through a simulation of
the CMS detector, which is made using the GEANT4 toolkit [137, [I38]. First, all of the
detector elements are simulated in great detail. For e.g. each tracker pixel or calorimeter
cell logical blocks describing their size and material are built and these are assigned a
physical position with respect to the interaction point. This is also done for the support
structures, cooling pipes, etc. that are present in the detector volume. In this way a
model of the detector is created that shows both the regions that are sensitive to detect
particles and those that are not (due to the presence of non-sensitive material or gaps
between modules). A detailed description of the magnetic field is added as well, since
this will have a large influence on how the particles move through the detector.

Then, the particles created during the various simulation steps described in the
previous sections are transported through the detector. For each detection layer, the
interaction of particles with the material is simulated, taking account of the detection
efficiency of each sensor and possible unwanted interactions, such as multiple scattering
and Bremsstrahlung. This information is passed on to the next layer until the entire
detector volume has been covered. The result is a collection of simulated detector
hits and their electronic response, much like the data would produce, which has the
advantage that both data and simulation can be reconstructed using the same algorithms
(see Chapter (4)).

Also pileup is added to the event description at this point. The hits produced by the
additional proton interactions mix with those of the main collision and complicate the
event reconstruction.

The detector convolution is by far the most time-intensive step of the simulation.

3.2 Simulated Events for Top Quark Studies

The simulation sequence described above can be applied to any hard-scattering process.
This thesis will focus on top quark pair production, or tt, in the semileptonic decay
channel. Events are generated with POWHEG at NLO using the UE tune CUETP8M2T4
and the PS is performed with PYTHIA 8. The top quark pair production cross section,
which is calculated at NNLO, is equal to 832712 pb at 13 TeV [139)].
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Apart from tt events, also other hard-scattering processes that produce the same
final state have to be taken into account. In this case, background events consist
of singly produced top quarks, also referred to as ‘single top’ (ST), and leptonically
decaying vector bosons produced with additional jets. Table gives an overview of
the simulated samples, the generators used for their production, the amount of events
generated for each sample, and their production cross sections at 13 TeV. The UE
tune used in the generation of the background events is CUETP8M1 and also for these
processes showering and hadronisation is performed with PYTHIA 8. Single top events
are generated with POWHEG and the cross section is 21773 pb for t channel production
and 72 £+ 4 pb for single top quark production in association with a W boson, both
calculated at NLO [I40HI42]. In practice, samples are generated separately for singly
produced top and antitop quarks and the respective cross sections for these processes
are mentioned in Table . W + jets and Drell-Yan (DY) + jets events are generated
with MapGrapub5 at LLO with up to four additional partons in the ME calculation. As
can be seen in Table [3.1] the cross sections become smaller when the processes are
generated with more additional partons.

The number of events for a certain production process is determined as the product of
the production cross section and the collected integrated luminosity, N = o - L. In order
to minimise statistical fluctuations in the simulation, the number of simulated events
should be larger than the amount that is measured. Hence, the equivalent luminosity,
defined as L., = N'/o, where N’ is the number of events in the simulated sample,
should be larger or equal to the integrated luminosity of the data sample. The higher
Ly, i.e. N, the smaller the statistical fluctuations in the simulation when comparing to
data. Table shows that the top quark samples have an equivalent luminosity that is
at least five times higher than the integrated luminosity of the data. By contrast, the
integrated luminosities of the W + 1jet and the W + 2jets samples are smaller than
the integrated luminosity of the data. However, these samples will not be used in the
analysis, since the number of selected events becomes negligible after applying the
selection requirements proposed in Chapter

Systematic uncertainties arise due to uncertainties in the modelling of the simulation,
e.g. variations in the amount of ISR/FSR that is expected or in how the ME is matched
to the PS. In order to take account of these uncertainties, additional samples have been
produced where several parameters related to certain modelling aspects are varied with
respect to those in the nominal tt sample. The size of each variation is chosen such that
it describes the modelling uncertainty when the simulation is compared to data. These
supplementary samples are summarised in Table [3.2] In addition, other systematic
effects are implemented on an event-weight basis. This is e.g. the case for systematic
effects related to experimental uncertainties such as the uncertainty on the integrated
luminosity of the data sample. A full treatment of the systematic uncertainties, applied
to the analysis described in this thesis, can be found in Section
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Table 3.1: Overview of the simulated samples at /s = 13TeV. Showering and
hadronisation is performed with PYTHIA 8.

Dataset Generator o (pb) # events L, (fb™1)
tt + jets POWHEG 831.76  154.7TM  185.9
my = 172.5 GeV tune CUETP8M2T4
Single top POWHEG
tune CUETP8M1
t channel t 136.02 65.6 M 193.9
t channel t 80.95 20.0 M 193.4
tW channel t 35.85 7.0M 481.9
tW channel t 35.85 6.9M 468.3
DY + jets MADGRAPH
tune CUETP8M1
DY + 1 jet 1016.0 61.4M 60.4
DY + 2 jets 331.4 20.0M 60.3
DY + 3 jets 96.4 5.9M 60.7
DY + 4 jets 51.4 4.2M 81.7
W + jets MADGRAPH
tune CUETP8M1
W +1 jet 9493.0 454 M 4.8
W + 2 jets 3120.0 60.2M 19.3
W + 3 jets 942.3 55.2M 58.5

W + 4 jets 524.2 27T9M 53.3
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Table 3.2: Overview of the simulated samples that are used to estimate some of the
systematic uncertainties due to modelling.

Dataset Generator o (pb) # events L., (fb™1)

tt + jets POWHEG + PYTHIA 8 831.76
tune CUETP8M2T4

Shower scales

ISR up 59.0M 71.0
ISR down 58.8 M 70.7
FSR up 59.1M 71.1
FSR down 59.2M 71.2

ME-PS matching
hdamp up 58.7M 70.6
hdamp down 58.1M 69.9

Underlying event
tune up 58.8 M 70.7
tune down 58.3M 70.1

Colour reconnection

MPI (ERD) 59.9M 72.0
QCD-based (ERD) 59.6 M 71.7
Gluon move 59.0 M 71.0

Gluon move (ERD) 56.2M 67.5
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3.3 Reweighting Procedure for Simulated Samples

The tt events used in this thesis are generated with POWHEG using M gen = 172.5 GeV
and Iy gen, = 1.31 GeV as the top quark mass and decay width, respectively, but it is
possible to generate samples with different combinations of M, gen and I'y gen . The CMS
collaboration produced a number of simulated samples with non-nominal masses and/or
widths, which are summarised in Table The samples that were generated with a
different decay width all have M; gon = 172.5GeV. When an alternative value was used
for the top quark mass, the decay width was adapted accordingly (see Section .

Table 3.3: Overview of the simulated samples that are used to validate the reweighting
procedure.

Dataset Generator o (pb) # events L, (fb™1)

tt + jets POWHEG + PYTHIA 8 831.76
tune CUETP8M2T4

Top quark width

i gen = 0.2 x 1.31 GeV 199M  23.9
Tigen = 0.5 x 1.31 GeV 199M 239
T gen = 0.8 x 1.31 GeV 185M  22.3
Tigen = 2x 1.31GeV 135M  16.2
Tigen = 4x1.31GeV 19.6M  23.6
Tigen = 8x 1.31GeV 195M 235

Top quark mass
M gen = 169.5GeV (T gen = 1.23 GeV) 58.5 M 70.4
M gen = 171.5GeV (T gen = 1.28 GeV) 19.6 M 23.5
M gen = 173.5GeV (I’ gen = 1.34 GeV) 19.3M 23.2
M gen = 175.5GeV (T gen = 1.39 GeV) 59.3M 71.2

3.3.1 Reweighting of the simulated top quark width

Table contains a couple of tt samples that have been generated with a different
value for the top quark decay width. The equivalent integrated luminosity of these
samples, however, is about half the size of the integrated luminosity of the data sample.
Therefore, the top quark decay width of the nominal tt sample will be reweighted and
the generated samples are used to validate the procedure. Reweighting the nominal
sample has the additional advantage that it is possible to ‘create’ a sample with nearly
any desired value of the top quark decay width.
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In order to reweight the events to obtain a sample with a different value of the top
quark decay width, the distribution of the top quark mass is studied in more detail.
The mass of the generated top quark my follows a Breit-Wigner distribution,

1 ST gen/2

m (g — Migen)? + (8T gen/2)?
where M gen and I'y gen represent the top quark mass and decay width used in the
generation and s is a scale factor introduced for the reweighting. Events are generated
with s = 1 and the top quark decay width can be reweighted by varying the parameter
s. An event weight is constructed by dividing the result of Eq. (3.2)) evaluated for a

certain value of s by the nominal value for s = 1. This is done for both the top quark
and the antitop quark present in the tt event,

_ BW(my,s) BW(mg,s)
- BW(m,1) BW(mg, 1)’

BW(my, s) = (3.2)

weight(my , mg , $) (3.3)

Figure shows the top quark mass distribution for the nominal tt sample, where
the event weights have been calculated for several values of s. The expected behaviour
is observed. When the event weights are constructed with s < 1, the top quark mass
distribution is narrower and has shorter tails, which corresponds to a smaller top quark
width. The opposite occurs when s > 1.

L1 1 I L L L 1 I L L L 1 I L L L 1 I L L1
{68 169 170 171 172 173 174 175 176 177
m; (GeV)

Figure 3.5: Distribution of the top quark mass for top quark decay widths reweighted
with s = 0.5 (red), s = 1 (blue), and s = 2 (green).

In Figure the reweighted distributions are compared to the top quark mass
distributions obtained using the samples that were generated with top quark widths
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Figure 3.6: Comparison of the normalised distributions of the top quark mass for samples
generated with a different top quark decay width (blue) and the reweighted samples
(red) with a top quark width of (a) 0.2 X I't gen , (b) 0.5 X I gen , (¢) 0.8 X It gen , (d)
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different from the SM one. For top quark decay widths up to 4 X I'y g (s = 4) the
two distributions agree within the statistical uncertainty of the simulated samples.
For 8 X I't gen (s = 8) some deviations can be seen in the peak of the distribution, as
well as instabilities in the tails. When the width of the distribution increases, the
limited amount of events in the tails of the nominal distribution get larger event weights,
resulting in statistical fluctuations. Therefore, the top quark decay width will only be
reweighted up to s = 6.

3.3.2 Reweighting of the simulated top quark mass

Events can also be reweighted to change the value of the top quark mass. This is done
by replacing M, gen in Eq. by the desired M; value. Contrary to reweighting the
top quark width, where s can take nearly any value, the top quark mass reweighting
only gives sensible results when the difference between M; and M; g, is limited. As
the position of the top quark mass distribution changes during the reweighting, the
events in the peak of the distribution are scaled down, while the restricted amount of
events in one of the tails get an event weight that is larger than one. If [M; — M gen|
is large, statistical fluctuations become significant and the new distribution will be
distorted. This is visualised in Figure where the nominal tt sample, in the centre, is
reweighted with a mass difference of £1 GeV and +3 GeV, respectively. Whereas the
uncertainties on the reweighted distributions obtained by shifting M; gen = 172.5 GeV by
1 GeV are moderate, they are non-negligible when the shift is 3 GeV. Furthermore, it
can be seen that the statistical fluctuations of the reweighted distributions are larger in
the tails that are farthest away from the nominal distribution.

The reweighted top quark mass distributions cannot be directly compared to the
generated samples in Table|3.3] as these also have a different generated width. Therefore,
the widths of the generated samples are first reweighted such that they match the
decay width of the nominal distribution, i.e. I'y = 1.31 GeV. Figure (3.8 shows the
normalised top quark mass distributions of the samples generated with a different M,
before and after reweighting the top quark decay width. The distributions where the
mass is reweighted are compared to those of the generated samples in Figure [3.9) This
comparison confirms the ideas expressed before, i.e. it is safe to reweight the top quark
mass of the nominal sample as long as M; and M, g, differ by a small amount.
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Figure 3.7: Comparison of the normalised distributions of the top quark mass when the
nominal tt sample, generated with M, 4o, = 172.5GeV (yellow), is reweighted to a top
quark mass M; = 169.5 GeV (red), M; = 171.5 GeV (orange), M, = 173.5GeV (green),
and M; = 175.5GeV (blue).
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Figure 3.8: Normalised distributions of the top quark mass for samples generated with
a top quark mass M;gen = 169.5GeV (red), M gen = 171.5GeV (orange), M;gen =
172.5GeV (yellow), M gen = 173.5 GeV (green), and M; gen = 175.5GeV (blue). The
widths of the distributions are (a) equal to those indicated in Table 3.3[or (b) reweighted
to I't = 1.31 GeV.
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Reconstruction of Proton Collisions

Each part of the CMS detector is specifically designed to identify and reconstruct
certain types of particles. Because of its layered structure and high granularity, the
tracker can efficiently record the trajectories of charged particles that cross the detector
volume (see Section [£.1)). Its design also allows to reconstruct the vertices where the
particles originated from. Displaced vertices enable to identify particles with a longer
time-of-flight, such as b quarks (see Section and tau leptons. The electromagnetic
calorimeter detects electromagnetic showers initiated by electrons and photons. By
clustering close-by cells with an energy deposit above a certain threshold, the direction
and energy of these particles can be calculated (see Section . Likewise, energy
deposits of closely interspaced hadrons in the hadronic calorimeter are clustered into
jets. As all energy from electrons, photons, and hadrons should be absorbed in the
calorimeters, only muons and neutrinos will progress into the muon chambers. Since
neutrinos interact only very rarely, any trajectory observed in the outer parts of the
CMS detector is attributed to muons.

On itself, this procedure allows for decent particle identification and reconstruction,
but a reduction of the misidentification of particles and an improved reconstruction
efficiency can be acquired by connecting the observed signals in the different subdetectors.
This is achieved by a Particle Flow (PF) algorithm [143]. This algorithm exploits
maximally the spatial resolution of the subdetectors to reconstruct individual particles
and provide a full event description.

Figure presents a visualisation of the interactions that occur when different kinds
of particles flow through the CMS detector from the interaction point on the left to the
outer layers on the right. Charged particles, indicated by full lines, will leave a track in
the silicon tracker. Due to the magnetic field of the solenoid, they will follow a helical
trajectory. The momentum of a charged particle is determined by the curvature of the
track and its charge by the direction of the bend. Muons will travel almost unimpaired
through the calorimeters and the magnet material and will also leave a track in the
muon chambers. Note that the direction of the bend reverses outside the solenoid due
to the closing of the magnetic field lines. Electrons will lose all their energy in the
electromagnetic calorimeter, while charged hadrons will deposit the majority of their
energy in the hadronic calorimeter, although small energy losses in the ECAL can be
expected. Neutral particles will not interact with the tracker material and will dump
their energy in the calorimeters; photons in the electromagnetic calorimeter and neutral
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Figure 4.1: A slice of the CMS detector with a visualisation of the interactions of
different types of particles when they move through the detector [144].

hadrons mainly in the hadronic calorimeter.
Due to the hermeticity of the CMS detector and the conservation of energy in the
transverse plane, the presence of a neutrino can be inferred from missing transverse

energy (see Section {4.3.5)).

4.1 Track Reconstruction

In order to reconstruct a track, the hits in the different layers of the silicon tracker need
to be combined. As mentioned in Section the tracker consists of three pixel and ten
strip layers in the barrel and two pixel and twelve strip layers in the endcap. Due to
this complicated geometry, a clever way of predicting in which layers the next hit can
be found is needed. Therefore a simplified model is made both of the tracker and of
the trajectory of the particles navigating through it [I45]. Since the magnet is a large
solenoid that extends beyond the span of the tracker, the magnetic field in the tracker
can be considered to be uniform [31] and the reconstruction comes down to determining
the parameters of a helical trajectory. Because the tracker is very dense and the particles
bend a non-negligible amount during their course, multiple scattering, pair-production,
and the emission of Bremsstrahlung photons happen frequently. In order to reduce the
complexity of the track reconstruction, the material making up the support structure,
cooling, and read-out cables is attributed to the sensitive area on the layers. This allows
to treat deviations from a simple helical trajectory due to interactions with the tracker
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material or photon emissions as uncertainties on the track parameters [146].

The full procedure for the reconstruction of tracks is presented in [I147]. A brief
summary is given below.

The first step to reconstruct a track is the formation of a seed consisting of a couple
of hits. This seed track is then propagated through the tracker using pattern recognition,
based on a combinatorial Kalman filter method [147, [148]. Using a first estimate of the
track parameters from the seed, the rough position of the hit in the next tracker layer is
inferred. When a compatible hit is found, the track parameters are recalculated and the
next hit is sought. When several hits are compatible, multiple track candidates are
created. Also a track candidate with a missing hit in one of the tracker layers due to
measurement inefficiencies is propagated. The candidates are grown in parallel and are
propagated to the next layer until the final layer or a stopping condition is reached. At
each layer the track parameters of the candidates are known with a better precision
and, based on the uncertainty determined by the Kalman filter, the number of track
candidates gets truncated to avoid an exponential increase.

Nevertheless, one seed can give rise to several tracks and also one track can be
made by several seeds. In order to avoid the double counting of tracks, the number of
shared hits between tracks is compared to the total number of hits in those tracks.
If more than half of its hits are shared, the track with the least number of hits is
discarded, whereas the track with the highest x? value is discarded when the tracks are
equally long. When all ambiguities are resolved, the track is refitted with a Kalman
filter and a smoothing function. The first stage, starting from the seed and moving to
the outermost hit, is similar to the procedure described above, scaling the covariance
matrix with a large factor to avoid any bias. Then, the track is refitted outside-in, using
the final results for the track parameters from the previous step as a starting point.
At each stage, the updated parameters from the second filter are combined with the
parameter values obtained from the first filter. This greatly improves the estimates of
the parameters at the surfaces associated with the first and last hit of the trajectory [147].

Considering the multitude of particles that produce hits in the sensitive area of the
tracker, there are an enormous amount of possibilities to recombine the recorded hits
to form tracks. In order to minimise the number of fake tracks reconstructed from
unrelated hits, an iterative tracking procedure is applied.

During each iterative step, the hits that are associated to certain types of reconstructed
tracks are masked and new seeds are formed from the remaining unassociated hits
in the hit collection. The order of the steps is such that the complexity of the track
reconstruction increases with decreasing amount of hits.

During the first couple of iterations, a seed needs to consist of three hits in the pixel
detector and the extrapolation towards the centre of the detector needs to be within a
certain distance from the interaction point. The efficiency for reconstructing tracks
with these kinds of seeds is around 80% and removes about 40% (20%) of hits from the
collections recorded by the pixel (strip) detector [143]. Next, seeds with one or two
hits in the pixel detector are considered in order to cover for detector inefficiencies and
short-lived particles. Then, seeds with no pixel hits are used to reconstruct tracks that
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are displaced compared to the interaction point (e.g. originating from the decay of
short-lived particles). At this point the reduction of the number of available hits by
the previous iterations has become important to reduce the fake rate. Finally, high-pr
tracks and muon tracks, where information from the muon detectors can be used for
seeding, are reconstructed.

Primary vertices (PVs) are reconstructed using pixel tracks with a pr > 1 GeV that
have a hit in each layer. As the vertices are expected to lay along the beam line, the
transverse distance of the tracks to the z axis, also called the impact parameter (IP),
must be smaller than 1 mm. These tracks are ordered according to their extrapolated
position on the z axis, zip , and an average vertex position is calculated for tracks that
lay within a certain separating distance zsp from each other [145], 149]. If there are
tracks that are not compatible with this average position, they are re-used to find
another primary vertex candidate. This is repeated until it is not possible anymore to
make vertices with at least two tracks [149]. The primary vertex that has the largest p2
sum of its associated charged particles and jets is chosen to be the signal primary vertex
of the event. The PV reconstruction efficiency is above 95% for most types of events,
but deteriorates for events with few charged-particle tracks [145].

4.2 Calorimetry

The clustering of calorimeter deposits is performed separately in each ECAL and HCAL
subdetector, since these have different compositions and granularities.

First, seeds are identified, i.e. calorimeter cells with an energy above a certain
threshold that constitute a local maximum compared to their neighbouring cells. When
these neighbours, which have at least one corner in common with the seed, have
an energy above a (usually lower) threshold, they are aggregated into a topological
cluster together with the seed. The exact values of the thresholds for each subde-
tector can be found in Table 2 of [143] and are at least twice as high as the electronic noise.

As neutral particles do not generate tracks, their presence can only be inferred
from calorimeter clusters. Often there is an overlap with the clusters from charged
particles and, because the calorimeter energy of the latter particles can be compared
to the energy sum calculated from the corresponding tracks, neutral particle clusters
are usually seen as an excess of energy. In order not to overestimate neutral particle
deposits, a calibration of the calorimeter response to photons and neutral hadrons is
performed [143].

4.3 Reconstruction and Identification of Particles
and Jets

The PF algorithm combines the observed signals in the subdetectors to reconstruct
physical objects, such as muons, electrons, photons, and jets. This involves linking
tracks in the inner tracker to calorimeter clusters or tracks in the muon chambers and
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calorimeter clusters in one subdetector to those in another subdetector. In order to
quantify the quality of the link between two PF elements, a distance between these
elements is defined in the (7, ¢) plane. The speed of the algorithm is made independent of
the event complexity by only investigating ‘nearest neighbours’ for a possible link [143].
A further optimisation is achieved by first reconstructing objects that are easily identified
and masking the corresponding PF elements in the collection. In practice, this means
that muons will be reconstructed first, followed by electrons, isolated photons, and, in a
later stage, hadrons and non-isolated photons. When all objects have been identified, a
post-processing step is carried out to reduce the effect of possibly misreconstructed
objects, as explained in Section Objects reconstructed using the PF algorithm are
referred to as ‘PF objects’.

A track is extrapolated from the last hit in the inner tracker to the calorimeter.
When the extrapolated track falls within the cluster area, a link between the track and
the calorimeter cluster is established. At the intersection points between the track and
each tracker layer, a tangent to the track is extrapolated to the ECAL to take account of
Bremsstrahlung photons. If clusters can be linked in this way, their energies are added
to the energy of the main cluster. The tracks of electron—positron pairs originating from
photon conversions are linked with a dedicated conversion finder [I50].

Similarly, calorimeter clusters are linked together by extrapolating the cluster position
in the more granular calorimeter and investigating if it falls within the envelope of the
cluster in the less granular subdetector. If multiple links are possible, the one with the
smallest distance is preferred.

How to establish a link between an inner tracker track and a track in the muon
chambers is explained below.

4.3.1 Muon reconstruction

Muons will in general give rise to a track in the tracker, called a tracker-muon track, and
a track in the muon chambers (‘stand-alone muon track’). Depending on the properties
of the muon, these can be combined into a ‘global muon track’.

The first step in reconstructing a stand-alone muon track is to combine the hits
in the muon chambers into muon segments or stubs. This is done separately for each
type of muon subdetector. The segments are then matched to generate seeds for track
fitting [143]. The amount of material complicates the track fitting, as multiple scattering
happens more often than not. A track in the muon chambers should at least combine
two muon segments [143] and is extrapolated to the centre of the CMS detector to check
its compatibility with one of the proton collision vertices.

To construct tracker-muon tracks, all tracks with a pr > 0.5GeV and a total
momentum larger than 2.5 GeV are considered as potential muon candidates. They are
extrapolated to the muon system using the magnitude and direction of the magnetic
field, while taking the average expected energy loss and possible multiple scattering in
the detector material into consideration [143]. A tracker-muon track is accepted as such
if there is a match with at least one muon segment.

A combination of a tracker-muon track and a stand-alone muon track is possible by
comparing the properties of both tracks when they are propagated onto a common
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surface. All hits are then refitted using a Kalman filter and the different tracks are
merged into one global muon track.

For muons with a pr > 200 GeV a global muon track will have an improved resolution
compared to the tracker-muon track. In other cases, the tracker-muon track will be
more suited to determine the particle properties [143]. While stand-alone muon tracks
are excellent to identify muons, their resolution is generally worse than the other cases.
In addition, they are more likely to originate from cosmic muons compared to other
muon tracks.

An overall muon reconstruction efficiency of more than 95% is attained, while the
misidentification rate is lower than 1% [I51]. Depending on the need for a high efficiency
or a high purity, further requirements can be imposed on an analysis level. When
selecting muons with a ‘loose working point’, a PF muon is required to be a global muon
or a tracker muon. A PF muon with a ‘tight ID’ always has to be a global muon. On
top of that, a tight muon needs to have at least one hit in the pixel detector, contain
hits in at least five tracker layers, and have a track y? smaller than 10 times the number
of degrees of freedom. Further, the transverse impact parameter with respect to the
primary vertex needs to be smaller than 2 mm and the longitudinal one smaller than
5mm. The combination of these requirements gives a good discrimination against
hadronic punch-through, cosmic muons and muons created in-flight, while ensuring a
good pr measurement [152]. The efficiency to identify muons with loose and tight IDs is
visualised in Figure [152]. The drops in the distributions correspond to partially
uninstrumented regions in the muon chambers. As expected, a higher efficiency is
attained for muons with a loose ID. Efficiency differences between data and simulation
are corrected by applying scale factors to the simulation. This is explained in more
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detail in Chapter [o]

A relative isolation variable is introduced to differentiate muons produced at the
primary vertex from muons appearing in jets. The latter are surrounded by a multitude
of particles, so the distribution of the transverse momentum in the direct environment
of the muon will be different. Therefore, a cone with an opening angle of 0.4 is defined
around the muon and the momentum contributions of its surrounding particles are
added per particle type, as in Equation (4.1). The momentum inside a small veto cone,
as illustrated in Figure [153], is attributed to the muon itself. Whereas charged
particles originating from pileup (PU) interactions can be traced back to a different
primary vertex than the muon, contributions from neutral particles are more difficult to
discern. In the vicinity of a muon, it is expected that the contribution from charged PU
particles is twice as large as that of neutral particles originating from PU interactions.
Therefore, a correction is applied to the momentum contribution of the neutral particles,

Zcharged pr + max (0 ) Zneutral pr + 27 br — AB Zcharged PU pT)
rellso = : (4.1)

Pru

where A = 0.5. When the PU correction is larger than the sum of the neutral particle
momenta, it is assumed that there are no neutral particles present in the isolation cone.

Calorimeter

——Veto value

Muon Vertex

Figure 4.3: Illustration of the muon isolation cone [153]

For a loose muon ID, the relative isolation is required to be smaller than 0.25, while
it has to be smaller than 0.15 for tight muons. The efficiency for muons with a tight
ID and a tight relative isolation is presented in Figure [1.4] as a function of pr and 7.
Whereas the n distribution is relatively flat, a drop-off is observed for muons with a low
pr. Once again, scale factors are applied to the simulation to account for efficiency
differences between data and simulation.

The distribution of the relative isolation values themselves is visualised in Figure
for muons with a tight ID. Only events containing exactly one muon and four jets are
considered (see Chapter . Since the muon is also required to have a tight relative
isolation, the distribution stops abruptly at 0.15. In addition, the distribution of one
the muon ID variables, i.e. the number of hits in the pixel detector, is visualised in the
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Figure 4.4: Efficiency to identify a muon with a tight ID and a tight relative isolation in
data (black) and simulation (blue) as a function of the muon (a) pr and (b) n [152].

same figure. As the pixel detector has three layers in the barrel and two endcap discs,
the peak around three valid hits is to be expected.
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Figure 4.5: Distribution of the (a) number of valid hits in the pixel detector and
(b) relative isolation for isolated muons with a tight ID and tight relative isolation,
considering only events with one isolated muon and four jets (see Chapter |5)).
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4.3.2 Electron reconstruction

There are different ways to link an electron track to its calorimeter cluster. For isolated
electrons with high pr an ECAL-driven approach is used. Starting from clusters with a
transverse energy of at least 4 GeV, the position of the pixel seed hits is inferred from
the cluster barycentre and energy, which gives an indication of the bend of the electron
trajectory. A so-called supercluster is formed when the energy radiated in the tracker
material is added to the energy of the cluster.

When the electron is not isolated or has low momentum, a tracker-driven approach
can be more appropriate [143]. Tracks with a pr > 2GeV are used as seeds and
propagated to the calorimeter surface. Depending on the angular position, this can be
the surface of the ECAL, preshower, or HCAL. It is then investigated if the tracks can
be connected to a calorimeter cluster. Usually, the amount of energy radiated in the
tracker is non-negligible, so a one-to-one comparison of the energy of the cluster and the
track is not possible. In order to take account of the energy loss along the trajectory,
the electron track is re-fitted with a Gaussian-sum filter (GSF) [154], from which the
track parameters are estimated. The GSF track is associated to the supercluster using
a multivariate analysis (MVA) discriminator that combines a number of track and
cluster variables, such as the number of hits in the track, the ratio x%gr/X%uman and
the difference between the position of the cluster and the extrapolated track [155].
Ambiguities arising from several GSF tracks being compatible with the same supercluster
are resolved by choosing the track with the least amount of missing hits or, if the number
of missing hits is the same, the track for which the cluster-to-track momentum ratio is
closest to one.

Finally, the electron candidates reconstructed with both strategies are merged. In
case of duplicates, a preference is given to ECAL-seeded electrons, because tracker-seeded
candidates arise more often from track segments corresponding to photon conversions.
An overall reconstruction efficiency of 93% is achieved for electrons from Z boson decay
that have a pp > 15 GeV [155].

As for muons, further identification criteria are applied on an analysis level. These
are based on the value of various quantities determined during the reconstruction
process, such as the number of missing track hits or the difference between the cluster
energy and the track momentum. Depending on the required purity, cuts on these
quantities can be chosen to be stricter or looser. Due to the differences in granularity
and energy thresholds, the recommended cuts are different in the barrel and the endcap
region of the ECAL. A complete list of the identification variables and their respective
cuts can be found in [I56]. The tight working point has an average efficiency of 70%,
while the efficiency is around 90% for a loose working point and 95% for an electron veto
working point. The relative isolation of an electron is determined with Equation ,
using an effective area correction instead of a Af correction and an opening angle of
0.3 for the cone around the electron direction. These changes provide a better pileup
treatment. A smaller cone reduces the probability of other particles overlapping with the
electron, while the effective area approach ensures that tracks of the electron emissions
are not counted as part of the pileup contribution. The areas are determined from data
as a function of |n| and can be found in [I57].
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4.3.3 Jet reconstruction

Hadrons are reconstructed by linking HCAL clusters to inner tracker tracks. If such a
link is made, a charged hadron is found. The energy can be calculated in two different
ways, namely the sum of the momenta of the tracks associated to the cluster or the
sum of the energies of the associated ECAL and HCAL clusters. The maximum of
these will be chosen to be the ‘true’ energy of the charged hadron [143]. However, if
the sum of the track momenta is significantly larger than the calorimetric energy, a
search for fake tracks and muons abiding looser criteria than the ones above is initiated.
Global muons that have a momentum estimate with a relative precision of 25% or
better are identified as muons [143] and their track is removed from the collection. In
this way, the particle flow algorithm allows to recover more muons than a standard
calorimeter-driven approach. The remaining tracks are considered to be charged hadrons.
When the calorimetric energy and the momentum inferred from the tracks correspond,
the measurements in the calorimeters and the tracker are refitted together in order
to obtain a superior momentum resolution, even at high pr, where the resolution of
the track parameters is usually worse. When the calorimetric energy is larger than the
combined track momentum, the difference is attributed to neutral particles, as well as
clusters that cannot be linked to tracks. Within the tracker acceptance, clusters in
the ECAL are reconstructed as photons and clusters in the HCAL as neutral hadrons.
Beyond the tracker acceptance the difference between charged and neutral hadrons
is not so clear. Whenever a link can be established between an ECAL and an HCAL
cluster, the energy deposits will be reconstructed as a hadron. When the ECAL cluster
cannot be linked, it is reconstructed as a photon.

Jet clustering

Particles are clustered into jets using the anti-kT algorithm [I58] with a cone size of
0.4. A minimal-distance principle is used to decide whether particles are grouped into
so-called protojets or if the protojet is considered to be a ‘completed’ jet. Two distances
are defined as follows,

oy gy A
dij = min (pr%,pr?) 77 (4.2)

where R is a cone radius parameter and A;; an angular distance defined as

Ay =g — y5)? + (65 — 6;)2,

1. E+p,
Withy:21nE+p

the rapidity.

z
The distance d;; can be seen as the distance between two entities, i.e. particles or

protojets, whereas d;p is the distance between an entity and the beam. When d;; is
smaller than d;p, the entities will be clustered together to form a (larger) protojet.
When the distance of this protojet to the beam is smaller than its distance to any
other entity, the protojet is declared a jet and is masked in the set of entities. An
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advantage of this approach is that the jet reconstruction is not influenced by soft
radiation, as would be the case when the clustering is started from the highest pr
entities [159]. In practice, soft particles cluster around hard particles and if the jets
are separated by more than 2R their shape is perfectly conical [I58]. If two jets are
within a distance R < A;; < 2R their shape depends on the ratio of their momenta.
When one jet has a much larger pr than the other, the overlap area between the
two jets will be attributed to that jet. If their momenta are comparable, the overlap
area will be shared evenly. Jets within R of each other will be reconstructed as a single jet.

Considering only events with one isolated muon and four jets (see Chapter , the
distribution of the minimum and the maximum angular distance AR between two jets is
plotted in Figure [£.6] Since the cone radius parameter in the anti-kT algorithm is equal
to 0.4, the AR distributions have a lower limit at this value. Whereas the distribution
of the minimum AR peaks around 1, the maximum AR is mostly larger than or equal
to 7, which implies that the jets are positioned almost back-to-back.
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Figure 4.6: Distribution of the (a) minimum and (b) maximum AR between two jets for
events with one isolated muon and four jets (see Chapter [5]).

Jet energy corrections

Due to the non-linear response of the calorimeters, it necessary to calibrate the deposited
energy in order to get a consistent energy measurement that is independent of the
jet energy scale (JES) and its location in the CMS detector. In addition, corrections
need to be applied to take account of pileup and the UE activity. This is implemented
using a factorised approach where the output of one step serves as the input for the
next [160, [I61]. During each step the corrections are implemented by scaling the jet
four-momentum. A flowchart of the jet energy corrections that are applied to data
and simulation is presented in Figure [160]. First, an energy offset correction is
determined for data and simulation separately. Then, simulated events are used to
estimate the detector response as a function of the jet pr and 1 and additional corrections
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are applied to data to take care of residual differences. These are explained in more
detail below. Besides, optional corrections are available, such as corrections taking
account of the energy scale differences between jet flavours, but these are not applied in
this analysis.

Applied to data

MC

Applied to simulation ——

Figure 4.7: Overview of the different stages for jet energy scale corrections [I60]. The
flavour-dependent corrections are optional.

Offset corrections (L1)

The activity in the underlying event and energy contributions from pileup (PU)
form a pedestal whereupon the jets can be found. This results in an overestimation
of the jet energy, so a correction factor as a function of the jet pseudorapidity
7 is calculated. First, the PU contributions are minimised by rejecting charged
hadron tracks that can be unequivocally attributed to a PV originating from PU.
This is done before the jets are clustered and is called charged hadron subtraction
(CHS) [160]. Then, the hybrid jet area method is used to make an estimate of the
average energy density of the event, which is then multiplied by the jet area A; .
Considering the parameters 3y, 5, and (35, each having a dependency on 7, the
corrected jet pr can be calculated as

PT,L1 = PT,uncorr — Aj [50(77) + ,061 (77) (1 + 52(77) 1ngT,uncorr)] ) (44)

where p is the per-event offset energy density [160]. The /3; parameters are deter-
mined using simulation. Events are simulated with and without PU contributions
and the corresponding reconstructed jets are matched. The observed jet pr
difference gives an estimate of the offset density. Corrections are determined as a
function of the jet pr and 7, and the amount of PU (number of PVs).

Small differences in the offset energy density are observed for data compared to
simulation, as can be seen in Figure for reconstructed events with one muon
and four jets (see Chapter [5]). Corrections to account for the observed differences
are determined by applying the random cone (RC) method to data events that do
not contain a hard-scattering process [I60]. If electronic noise is considered to be
negligible, the energy density in the events can be solely attributed to PU. The
RC method clusters particles into jets using cones that have random positions in
the (n, ¢) plane. This way the entire plane is filled with jets, whereof the average
pr indicates the average offset due to PU.
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Figure 4.8: Distribution of the offset energy density for events with one muon and four
jets (see Chapter [5)).

Detector response corrections (L2L3)

Jets that are observed in different locations in the CMS detector will experience a
non-identical detector response. Depending on the jet 7, the composition of the
subdetectors and the amount of traversed detector material changes. In addition,
a non-negligible amount of hadrons in low-pr jets are not observed because they
have an energy below the calorimeter thresholds. Using simulated events, the
jet pr before and after the detector convolution step is compared, thus creating
detector response scale factors as a function of the jet pr and 7. The events are
simulated such that each (pr,7n) region contains a statistically significant amount
of events.

Residual corrections for data (L2L3Res)

In general, the energy response of the CMS detector is lower for data compared
to simulation. In addition to this absolute energy scale offset, residual response
dependencies on n and pr remain after applying the corrections described above.
These are corrected by investigating the transverse momentum imbalance of the
events. The detector response is estimated by comparing the pr contained in the
event to the pr of a reference object. In order to correct for the differences in 7,
dijet events are used, where at least one jet has |n| < 1.3. The response is thus
calibrated with respect to the barrel region of the detector. The remaining energy
scale corrections are calculated solely in this region, as they can easily be extended
to the rest of detector.



74 CHAPTER 4: RECONSTRUCTION OF PROTON COLLISIONS

The absolute energy scale is calibrated using Z + jets events, where the Z boson
decays into a muon pair. For the pr dependency of the response a global fit is
performed using DY + jets and multijet events.

In addition to JES corrections, also variations in the jet energy resolution (JER) have to
be resolved. As the JER is worse in data than in simulation, the resolution of simulated
jets is smeared such that it resembles the one observed in data. Scale factors are derived
as a function of pr, n, and the number of PVs using a similar technique as is applied
for the JES. The major difference is that the width of the response distribution is
considered instead of the mean.

Jet identification

A typical jet in a multijet event consists mainly of charged hadrons, supplemented
by neutral hadrons and photons [I43]. Within the tracker acceptance region, the jet
identification criteria reflect this composition by requiring at least two jet constituents,
whereof one is charged, and a charged hadron fraction larger than zero. Since hadrons
can also deposit small amounts of energy in the electromagnetic calorimeter, the charged
electromagnetic fraction is allowed to be quite large, but it has to be smaller than 99%.
The requirements on the neutral energy fractions depend on the working point of the
identification. The conditions for the loose and tight working point are summarised in

Table [4.1] [162].

Table 4.1: Identification criteria for jets within |n| < 2.4 for the loose and tight working
point [162].

loose  tight

Charged hadron fraction >0 >0
Charged EM fraction <99% < 99%
Neutral hadron fraction <99% < 90%
Neutral EM fraction <99% < 90%
Number of constituents > 1 > 1
Number of charged constituents > 0 >0

4.3.4 lIdentification of jets originating from b quarks

Due to the hadronisation process, jets originating from b quarks will contain so-called
b hadrons. Because of their high mass, these will decay in-flight after traversing a
measurable distance. Jets originating from b quarks can therefore be recognised by the
presence of a secondary vertex (SV) and the larger impact parameter of their decay
products with respect to the PV. There are several algorithms that can discriminate
or ‘tag’ jets originating from b quarks, based on the properties of charged particles in
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jets [163]. The most simple algorithms use just one observable, but also a combination
of variables can be made to increase the discriminating power. The algorithm output
is a single value that reflects how likely the jet is to originate from a b quark. As
always, a choice has to be made between a high efficiency and a high purity. Several
working points corresponding to a certain misidentification rate are defined. These are
implemented by requiring the b-tag discriminator value to be above a certain threshold.
In this analysis the Combined Secondary Vertex v2 (CSVv2) algorithm will be used. Its
working points can be found in Table [164] and are usually indicated by appending a
letter to the algorithm name, e.g. CSVv2M for the medium working point (WP).

Table 4.2: Overview of the discriminator values associated to the working points of the
Combined Secondary Vertex v2 (CSVv2) algorithm, as well as the efficiencies to tag a
jet originating from a b quark and the misidentification rate, i.e. the relative amount of
tagged jets that do not originate from b quarks. The misidentification rate is estimated
for jets with a pr of around 80 GeV [164].

WP misID rate ¢,

Loose (L) 0.5426 10% 81%
Medium (M) 0.8484 1% 63%
Tight (T) 09535  01%  41%

The CSVv2 algorithm combines information from the impact parameter of tracks
with kinematic variables associated with a secondary vertex [163]. Jets are divided
into three categories, based on whether a secondary vertex is found or not. Secondary
vertex candidates are formed when tracks that have a pr > 0.8 GeV and a longitudinal
impact parameter z;p < 0.3 cm are clustered around seeds with an IP > 50 ym and an
IP significance (the IP value divided by its uncertainty) larger than 1.2. They must
have fewer than 79% of their associated tracks in common with the primary vertex
and the flight direction of the SV should be within AR < 0.3 of the axis of the jet it is
associated with [164]. When no secondary vertex is reconstructed, the jet may enter the
pseudo vertex category when at least two tracks with an IP significance larger than 2
are found. For jets in this category some SV-based quantities are computed without
performing an actual vertex fit [I63]. When no SV or pseudo vertex can be identified,
only information related to displaced tracks is used.

The distribution of the CSVv2 discriminator values is presented in Figure for tt
events with one isolated muon and at least four jets. A distinction is made between
jets originating from b, ¢ and udsg partons. The CSVv2 algorithm discriminates very
well between jets originating from b and udsg partons. The differentiation between jets
originating from b and ¢ quarks is less clear-cut due to the presence of ¢ hadrons, which
can also produce SVs. Though in general, these can be found closer to the PV than
those produced by b hadrons.
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Figure 4.9: Normalised distributions of the CSVv2 discriminator values for jets originating
from b, ¢ and light-flavour partons. Only jets with a pr > 30 GeV and |n| < 2.4 that
derive from tt events with one isolated muon and at least four jets are considered (see

Chapter [5)).

4.3.5 Missing transverse energy reconstruction

Conservation of energy dictates that the total energy and momentum of the event in the
transverse plane should be equal to zero. This is easily checked by vectorially adding
the transverse momenta of all reconstructed particles and jets. The missing transverse
momentum is defined as the opposite of the resulting vector, if it is non-zero. The
missing transverse energy EI is the modulus of this vector.

If energy corrections are applied to the jets, this also influences the missing transverse
energy. Therefore, so-called type-I corrections are applied [160]. For each jet ¢ that has
a pr > 10 GeV, the missing transverse momentum is corrected as

ﬁr_{‘?éilspel = ﬁ'Il}?lllsrfcorr + Zﬁr_ﬁuncorr - Zﬁr}‘porr - Z@ ‘ ) (45)
where ﬁ%vcorr is the fully corrected jet pr and 6 is the average offset due to PU.

Since most events have a negligible amount of missing transverse energy, the energy
balance of the event is re-evaluated in a post-processing step when the E¥ is very
large. Especially the misreconstruction of muons can have a large effect on the missing
transverse energy [143]. A hadron can, for example, punch through to the first muon
station, such that it is reconstructed as a muon. The calorimetric cluster of the hadron
will then give rise to an additional neutral hadron, which induces a missing transverse
energy component in the direction opposite to the reconstructed muon. This scenario is
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investigated in the post-processing step and if it reduces the missing transverse energy,
the reconstructed muon is changed into a reconstructed hadron and the extra neutral
hadron is removed from the collection of reconstructed objects. Similarly, a muon
can be reconstructed as a charged hadron when its angular position overlaps with the
calorimetric cluster of an energetic neutral hadron, giving a missing transverse energy
component in the direction of the muon. Also cosmic muons that cross the detector at
the same time as a bunch crossing contribute to the missing transverse energy. The
post-processing step will investigate a number of such scenarios to redress the energy
balance of the event when appropriate.
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Event Selection & Reconstruction

In order to analyse the process of interest, signal events need to be discriminated from
background processes. A dedicated event selection is employed, where, in addition
to selecting the correct event topology, the signal-to-background ratio is enhanced
by rejecting as many background events as possible. This is done by exploiting the
kinematic properties of the events, which are different for signal and background. The
selected events are then reconstructed and, if appropriate, additional requirements to
improve the background reduction can be imposed.

This analysis will focus on pair-produced top quarks that have a semileptonic
decay. More specifically, the lepton is required to be a muon. The event selection and
reconstruction strategies are outlined below.

5.1 Trigger and Basic Event Requirements

Most proton collisions produce soft interactions. As described in Section [2.2.5] a first
event selection focusing on hard scattering processes is made using the CMS trigger
system. So-called trigger paths or triggers contain sets of requirements that are used
to investigate if events are interesting to store for further analysis. An event is called
triggered when it is accepted by one of the trigger paths. In that case, the decision for
each trigger path is saved as an event variable. This enables to make a pre-selection
based on the objects that are observed in the event. For this analysis, the trigger paths
HLT IsoMu24 and HLT_ IsoTkMu24 were used in a logical ‘OR’ structure. This maximises
the amount of events since not all trigger paths were tested during the entire data-taking
period. These trigger paths require that events have an isolated muon, reconstructed at
HLT level, that has a pr > 24 GeV and, when applied to the data set recorded and
validated by CMS, a number of events corresponding to an integrated luminosity of
35.8fb ! is selected. Also simulated events are subjected to the triggers in order to get a
consistent pre-selection. Scale factors are calculated to correct for the different selection
efficiency of the triggers applied to data compared to simulation. These are produced
centrally by the CMS collaboration as a function of pr and |n| [165] and are applied to
simulated events only. The scale factor values for the trigger paths above range between
0.9 and 1.0, so in general the triggers have a higher efficiency to recognise muons in
simulated events than in data.

79
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Further, event filters are applied so as to reject events that are affected by detector
noise. To ensure that the event was created by a proton collision, the PV is required to
be positioned within 24 cm of the nominal interaction point along the z axis and at
most 2cm away from the z axis in the transverse direction.

5.2 Event Selection

The topology of semileptonically decaying tt events is visualised in Figure Selected

Figure 5.1: Schematic drawing of the semileptonic decay of pair-produced top quarks,
where the lepton is a muon. Both the cases where the lepton originates from the decay
of a top (left) or antitop quark (right) are visualised.

events need to have exactly one muon and exactly four jets, all satisfying the requirements
of the tight ID. In addition, the selected muon needs to have a transverse momentum
pr > 26 GeV and a pseudorapidity |n| < 2.4. To ensure that the events are semileptonic,
they are rejected if any additional muons (electrons) with a loose (veto) ID and a
pr > 10GeV (15 GeV) are found within |n| < 2.5. After applying jet energy corrections,
jets are required to have a pp between 30 GeV and 250 GeV and || < 2.4. They are
expected to be separated by AR > 0.4 (0.3) from any muon (electron) with a loose
(veto) ID. At least two jets should be b tagged according to the CSVv2 algorithm at
medium working point. These conditions are summarised in Table [5.1]

As can be seen in Figure [5.2] the requirement on the number of b tagged jets is
excellent in reducing the amount of selected background events that do not involve
top quarks, such as Drell-Yan and W boson production with additional jets. The
data surplus in the first couple of bins is due to multijet events. These processes are
not included in the simulated samples, since the amount of events that remains after
the full event selection is negligible. The effect of each selection requirement on the
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Table 5.1: Summary of the requirements for leptons and jets in order for an event to be
selected.

1 muon veto muons veto electrons 4 jets
pr > 26 10 15 30
pr < 250
In| < 2.4 2.5 2.5 2.4
WP Tight Loose Veto Tight
b tags > 2 CSVv2M
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Figure 5.2: Distribution of the number of b tagged jets for events with exactly one muon
and at least four jets. The overshoot of the data in the first two bins can be attributed
to multijet events.
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number of selected events is presented in Table for each data set separately. The
requirements contained in the final step will be explained in more detail in Section [5.3]
The amount of simulated events is corrected for differences in the selection efficiency
between simulated events and data. To this purpose event scale factors are used.

Lepton identification and isolation
Similar to the muon trigger scale factors mentioned above, also scale factors for
muon identification and isolation as a function of pt and n are provided by the
CMS collaboration [165]. As the observed efficiency differences between data and
simulation are very small, the scale factors have a value very close to one in all
regions.

b quark identification
The probability for an event to contain ¢ b tagged jets and j jets that are not
b tagged, also called ‘light’ or ‘light-flavour’ jets, is

PSIM)= [ =& JI (-¢), (5.1)

i=tagged j=not tagged

for simulated events and

i=tagged j=not tagged

for data events, where ¢; and ¢; are the efficiencies for jets to be b tagged
in the simulation and the scale factors SF; and SF; take account of efficiency
differences between data and simulation. The latter are determined centrally by
the CMS collaboration [I64]. The efficiencies are determined for simulated tt
events containing exactly one isolated muon and at least four jets that comply
with the requirements defined above. The b tag efficiency, or misidentification
probability, is determined separately for jets originating from b, ¢ and light-flavour
quarks and these are plotted as a function of pr and |n| in Figure

The efficiency to tag a jet originating from a b quark is about 60 — 70% over
the entire pr range and decreases at higher |n|. A jet originating from a ¢ quark
(light-flavour parton) is tagged in about 14% (3%) of cases.

Event weights are determined as

P(DATA)
w=-——", (5.3)
P(SIM)
and applied to simulated events. The majority of the weights are smaller than
one, indicating that the number of events containing b jets is overestimated in
simulation when this b-tagging algorithm is used.
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Figure 5.3: Efficiency to tag a jet as a b jet for jets originating from b quarks (blue),
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The expected amount of pileup interactions is simulated during the detector
simulation step explained in Section [3.1.5] This often happens before the data
are recorded. Since the actual PU contribution can only be measured in data,
the distribution of the number of PVs in the simulation is reweighted to take
care of discrepancies. Figure shows the distribution of the number of PVs
for data and simulation before and after reweighting. Due to the strip tracker
dynamic inefficiency, fewer tracks and thus fewer PVs were reconstructed during
the early 2016 data. Therefore, the data distribution of the number of PVs peaks
at a slightly lower value than expected for this luminosity. As a consequence,
there is still a discrepancy between data and simulation in the distribution of the
number of PVs, despite the clear improvement after the pileup is reweighted.
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Figure 5.4: Distribution of the number of PVs (a) before and (b) after pileup reweighting.
The last bin contains the overflow.
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A comparison between data and simulation after applying these scale factors
is presented in Figure for the distributions of the transverse momentum and
pseudorapidity of the muon and the least energetic jet in the event. A good agreement
is observed.
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Figure 5.5: Distribution of the (a) transverse momentum and (b) pseudorapidity of the
muon and the (¢) pr and (d) n of the least energetic jet. The last pr bin contains the
overflow.
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5.3 Event Reconstruction

After the event selection the sample has a purity of 93% for pair-produced top quarks,
which are now reconstructed. As can be seen in Figure the top quark decays into a
b quark and a W boson, which in its turn can decay into a pair of quarks or a charged
lepton and a neutrino. A semileptonically decaying top quark pair can thus be divided
into a hadronically decaying top quark system, represented as bqq’, and a leptonically
decaying one, blv.

Section describes how events are reconstructed using generator information,
while Section [5.3.2] explains the reconstruction procedure for both simulated events and
data, where no generated event information is available. A comparison between both
methods is made for simulated events, such that the reconstruction efficiency can be
estimated.

5.3.1 Reconstruction of generated top quark events

In addition to information related to the reconstructed leptons, jets and missing
transverse energy, simulated events also contain information that enables to reconstruct
how the event was generated. The ‘generator particles’ are produced by PYTHIA 8 and,
besides their four-momentum and charge, they also contain identification (ID) markers,
indicating their own type and that of the particles they originated from (‘mothers’ and
‘grannies’) according to the Particle Data Group conventions [§], and so-called status
codes. During the PS and hadronisation stages of the simulation, PYTHIA 8 keeps track
of what happens to each individual particle. E.g. when a particle radiates a gluon or a
photon, the energy of the particle decreases. In order to store the properties of the
particle before and after the radiation, PYTHIA 8 creates a copy of the original particle
which is then attributed the altered momentum. The two copies can be distinguished by
their status codes, which reflect if the particle has radiated or not.

Status codes thus give information on how particles are produced and have evolved
during the simulation process. This implies that also particles originating from beam
remnants, MPIs or ISR/FSR can be identified using status codes. As there are many
possible status codes, only those relevant for this thesis will be described below. The
complete list can be found in [166].

Particles involved in the hard-scattering process have status codes between 20 and 29.
For top quark production and decay only status 22 and 23, representing an intermediate
hard particle such as a top quark and the outgoing partons from its decay, respectively,
are relevant. Final-state particles have status 1. In practice, only the muon in this
event topology will have a copy with status 1, as all partons hadronise and form jets.
Whenever a choice is possible, a preference for muons with status 23 will be given,
since at this stage no (photon) radiation has taken place yet and the original muon
momentum and direction is preserved.

Similarly, the generated top quarks used in the reweighting procedure in Section
have status 22. In addition, generated top quarks with status 62 are used for determining
the systematic uncertainty due to top-pr reweighting (see Section . These represent
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top quarks after radiation, so with an altered pt with respect to the originally generated
top quark, but before their decay.

The hard-scattering process of the generated event can be reconstructed using the
IDs of the generator particles. Each event should contain two oppositely charged top
quarks, of which one decays hadronically and the other leptonically. It is important to
note that, although the reconstructed events are semileptonic, this is not necessarily
the case at generator level. E.g. when one of the leptons in a dilepton event is subject
to photon radiation, it might be perceived as a non-isolated lepton in a jet. Events
like this are easily spotted when their generator information is used. When they are
encountered in this analysis, they will not be matched, but proceed directly to the event
reconstruction described in Section [5.3.2]

5.3.1.1 Jet-parton matching

The jet-parton matching is based on a minimum-distance algorithm, where the maximum
angular distance AR between the parton and the selected jet has to be smaller than
0.3. As described above, only one copy of each generated parton will be considered in
the matching procedure.

First, all partons are ordered in decreasing pr and, starting from the hardest
parton, the angular distance with respect to each jet is calculated. When the minimum
AR < 0.3, the jet is matched to the parton and removed from the jet collection to
avoid matching the same jet to several partons. If AR > 0.3 for all jets, the parton
remains unmatched. The procedure is repeated for all partons.

In about 37% of the tt events it is possible to match all four partons from the
semileptonic decay to jets. This increases to 40% if only the partons originating from
the hadronic top quark decay are to be matched. This low matching efficiency has
multiple reasons. Firstly, all selected jets have to abide the jet requirements explained
earlier. If e.g. the jet pr is too low or its || is too large, the jet will not be selected and
the parton cannot be matched. Secondly, the direction of the jet can change if it is
subject to FSR. If the change in direction is large, the angular distance between the jet
and the parton can become larger than 0.3 and the parton will not be matched.

5.3.1.2 Resolution functions

The reconstructed and calibrated jets provide an estimate of the momentum and
direction of the partons from which they originate. By studying the difference between
the kinematic properties of a quark and those of its matched jet, the resolution of
the momentum and direction is determined. The resolution functions are determined
separately for jets originating from b and light-flavour quarks. To this purpose, only tt
events where at least the three partons originating from the hadronically decaying top
quark can be matched to jets are considered. In order to increase the precision of the
resolution functions, matched events with more than four jets are included as well.
For each quark and its matched jet the difference in Er, # and ¢ is calculated and
plotted as a function of the jet Er. Three pseudorapidity regions are considered, i.e.
In] < 1.3, 1.3 < |n| < 1.5 and |n| > 1.5, which roughly correspond to the calorimeter
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barrel (B), overlap (O) and endcap (E) regions, respectively. The normalised distribution
of the Er difference AET = Er(parton) — Et(jet) in the barrel region is visualised in
Figure for b and light-flavour jets separately. Several jet Er regions are considered.
In both cases, the width of the distribution becomes larger when the transverse jet energy
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Figure 5.6: Normalised distribution of the difference between the jet and parton Et in
the barrel region as a function of the jet Ex for (a) b jets and (b) light-flavour jets.

increases. Further, a higher number of b jets have Er(parton) > Er(jet) compared to
light-flavour jets, since b hadrons also have leptonic decay modes involving neutrinos.
This reflects itself in a reconstructed jet energy that is lower than expected.

In each jet Er region the AFEr distribution can be parameterised by two Gaussian
functions,

R(Bx) = ! lexp (-M) + az exp (JAET_‘L‘*)QN (5.4

2my\/a3 + a3 a? 2a3 2a3

where a; and as are, resp., the mean and the standard deviation of the Gaussian function
that describes the top of the distribution and a4 and a5 the mean and the standard
deviation of a broader Gaussian describing the tails of the distribution. The parameter
asz takes account of the relative contribution of the Gaussian functions.

The AFEr distribution is fitted using the function in Eq. and, in order to get a
fluent parameter description as a function of Er, the parameter values obtained in each
jet Ex region are then fitted with a linear function. Inserting the Er dependence of the
parameters back into Eq. , a function as the one visualised in Figure is obtained.
One can see that the distribution is fairly narrow at small £t and becomes broader
when Er increases. The width of the distribution corresponds to the AE+t resolution
and is described well by parameter as. The linear function describing its behaviour
as a function of Fr is called the resolution function and is shown in Figure for
light-flavour jets in the three || regions. There is no strong dependence of the resolution
on the |n| region.

Also the distributions of A8 and A¢ can be described by Eq. and the resolution
functions for these parameters are determined correspondingly. Note that the angular
resolution improves at higher energies, since high-energy particles are bent less in the
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Figure 5.7: Normalised distribution of the difference between the parton Er and that of
its corresponding light jet as a function of the jet Er in the barrel region.

magnetic field of the CMS detector and the direction of the jet is therefore better
reconstructed. This effect is not linear, so a term proportional to /Er is added to fit
the resolution functions. These are visualised for light-flavour jets in Figures
and respectively. For 6, a dependence of the resolution on the || region is
observed. This is an effect of the used matching criterion. A certain angle Af describes
a larger An in the endcap than in the barrel region. Therefore, a requirement on AR,
which is related to An, results in a better precision of Af in the endcap region.

5.3.2 Reconstruction of the top quark pair system

Contrary to simulated events, it is not possible to get information about the generator
particles for data. Other methods are thus needed to reconstruct the event to perform a
measurement of the top quark width. If an event has exactly four jets, two of these
should be originating from the b quarks. If more than two jets in the event are b tagged,
only those with the highest CSVv2M discriminant values will be considered as b jet
candidates. For each of these jets, the radial distance AR with respect to the lepton
is calculated. The b jet candidate with the smallest AR is considered to be the jet
associated with the decay t — bW — bur. As the neutrino is not detected, the
four-momentum of the leptonically decaying top quark is approximated by summing
the four-momenta of the b jet candidate and the lepton. The four-momenta of the
remaining b jet candidate and the two light-flavour jets are summed to reconstruct the
four-momentum of the hadronically decaying top quark (t — bW — bqq’).
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5.3.2.1 Categorisation of events

The reconstruction efficiency for the hadronically decaying top quark is estimated by
comparing the 3-jet combination used for the reconstruction to the collection of jets
that are matched to the partons originating from the t — bqq’ decay. Simulated events
can thus be subdivided into different categories, based on how the reconstruction of the
event compares to the generator information.

Correctly matched (CM)
The 3-jet combination that reconstructs the hadronically decaying top quark is
equal to the jet combination that is matched to the bqq’ partons from the top
quark decay. Note that any permutation of the jets leads to a correct top quark
mass reconstruction.

Wrongly matched (WM)
At least one jet in the 3-jet combination that reconstructs the hadronically decaying
top quark is not matched to one of the bqq’ partons from the top quark decay.

Unmatched (UM)
During the matching procedure at least one of the bqq’ partons from the top
quark decay is not matched to any jet. Hence a correct match cannot be found.

By definition, non-tt events are categorised as UM. Simulated tt events, on the other
hand, can fall into each of these categories and these will be treated separately in the
following sections. A further distinction is made between unmatched tt events with a
semileptonic decay and other decay modes of the top quark pair on generator level.

Considering only the selected tt events that decay semileptonically, about 26% is
correctly matched, 14% is wrongly matched and 60% is unmatched. This means that
about 65% of the events that can be matched is correctly reconstructed. The invariant
mass distributions of the reconstructed W boson, m;;, and top quark, my;;, are plotted
in Figure[5.9 Whereas the CM events are centred around the expected mass values, the
WM and UM events are distributed over the entire mass range. This is more pronounced
for UM events due the large amount of events in this category. As a consequence,
the distributions of the masses have large tails. If only events with a reconstructed
top quark mass between 100 GeV and 245 GeV are considered, the relative fraction of
CM events increases to 38%. This requirement reduces the absolute number of CM
events by merely 1%, while the decrease in WM and UM events is equal to 29% and
47%, respectively. The resolution of the reconstructed mass of the top quark is further
improved using the precisely measured W boson mass as a constraint in a kinematic fit

(KF).

5.3.2.2 Kinematic fit

The kinematic fit procedure is described in detail in [I67]. A short overview is given
below.

A general event topology with n particles can be described by a number of constraints,
such as energy and momentum conservation. If there are m constraints and y; is the
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true four-momentum of a measured particle 7, the system is described by

J1(1, G2, o n) = 0,
: (5.5)
fm(gl;g27 7gn) =0.

The measured particle four-momenta ¢ are often not equal to y and thus not
necessarily solve the set of equations above. Therefore, they are varied within their
uncertainties and the equations are solved for ' = § + Ay. In practice, the Ay
corrections are determined by minimising the weighted sum

S(5) = AF' VAT, (5.6)

where V' is the covariance matrix of the measured four-momenta. So-called Lagrange
multipliers A are introduced to minimise S() under the conditions in Eq. (5.5)),

LX) = 50) +2 3 Mfuldh) (5.7)
k=1

This is a least-squares minimisation problem that can be solved analytically if the
constraints depend linearly on the measured four-momenta. If this is not the case,
an iterative procedure is applied to solve Eq. , while linearising the functions in
Eq. . This is the case when e.g. a mass constraint is imposed. If the KF fails to
converge within 30 iterations, the event is rejected. When it does converge, the quality
of the fit is described by x?/NDF, where the number of degrees of freedom NDF is defined
as the difference between the number of constraints and the amount of unmeasured
quantities. If there are no unmeasured quantities, the number of degrees of freedom is
equal to the number of constraints.

In this analysis, only one constraint is set, namely the invariant mass of the two jets
corresponding to the W — qq’ decay is required to be equal to the W boson mass of
80.385 GeV. The jets are parameterised using the (Er,6, ¢) coordinates, which are
related to the jet energy and momentum as

E Er cos ¢
E = —Te p=| Ersing |. (5.8)
S Et cotf

The covariance matrix for the two light-flavour jets is set up using the resolution
functions determined in Section As Er, 6 and ¢ are uncorrelated, this is a diagonal
matrix, where the variance of each coordinate is determined by evaluating the resolution
functions in the jet pr and 7.

Events that fulfil the constraint without altering the jet four-momenta too much
will have a small KF y? value. It is therefore expected that correctly matched events
generally have smaller y? values than events that are not well-reconstructed. This is
confirmed in Figure which shows the x? value for all event categories separately. In
order to increase the relative amount of CM events, a cut is imposed on the x? value of
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Figure 5.10: Distribution of the KF x? value in linear and logarithmic scale. The last

bin contains the overflow.

the KF. Balancing a good background rejection and a decrease in the absolute number
of CM events, an event is required to have a x? < 15 in order to be selected for this
analysis. This cut reduces the number of selected CM, WM and UM events by 5%,
10% and 33%, respectively. As a consequence, the fraction of CM events increases to
about 45% of all semileptonically decaying tt events. In addition, the distribution of the
reconstructed top quark mass becomes narrower and more peaked around the expected
top quark mass value, as can be seen in Figure [5.11}
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Figure 5.11: Distribution of the reconstructed top quark mass (a) before and (b) after
performing a KF. The last bin contains the overflow.
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5.3.2.3 Further selection requirements

Up till now the fraction of CM events has been increased by removing events belonging to
other categories from the collection of selected events. At this point, the reconstruction
of the top quark is revisited in order to increase the reconstruction efficiency. The
hadronic top quark mass my;; is equal to the invariant mass of the combination of the
light-flavour jets and the b jet candidate that is farthest away from the lepton. An
alternative top quark mass myyj; is devised by calculating the invariant mass of the
light-flavour jets and the b jet candidate that is closest to the lepton. The distribution
of this variable is plotted as a function of my;; in Figure for CM and WM events.
Whereas the top quark mass is in general smaller than the alternative top quark mass
for CM events, the opposite is observed for WM events. This seems to suggest that
some of the WM events could become CM events if the b jet candidates are swapped in
the reconstruction.
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Figure 5.12: Distribution of the alternative top quark mass as a function of the top
quark mass for (a) CM and (b) WM events. The colour scale indicates the number of
events in each bin normalised to the recorded integrated luminosity.

Using only CM events, the average top quark mass is calculated and a value of
(M) opy = 169.3 GeV is obtained. Then, the differences between the reconstructed
masses and the average top quark mass are determined and when

‘mbjj - <mbjj>CM’ - ‘mb’jj - <mbjj>CM’ > 8GeV, (5.9)

the b jet candidates are swapped, i.e. the hadronic top quark is reconstructed by adding
the four-momenta of the light-flavour jets and the b jet candidate that is closest to
the lepton. This reduces the number of events in the WM category by 37%, such that
they constitute only one tenth of the total number of selected events. The amount of
CM events, on the other hand, is enhanced by 13%. The effect of this swap on the
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distribution of myy; as a function of myy; is visualised in Figure [5.13] and the number of
selected events can be found in Table (.31
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Figure 5.13: Distribution of the alternative top quark mass as a function of the top
quark mass for (a) CM and (b) WM events after applying the requirement in Eq. (5.9).
The colour scale indicates the number of events in each bin normalised to the recorded
integrated luminosity.

As can be seen in Figure the kinematic fit has altered the jet four-momenta
in such a way that the reconstructed top quark mass extends beyond the previously
defined range. Therefore, the requirement 100 < my; < 245 GeV is applied again.
Figure shows the distribution of the reconstructed my, mass and the distribution of
the difference between the reconstructed hadronic top quark mass and the reconstructed
my, mass. The amount of CM events is optimised by requiring my, < 200 GeV and
Mpjj — Mip > 0GeV.

At this point, the majority of the WM and UM events have an alternative top quark
mass that is lower than the average reconstructed top quark mass for correctly matched
events. As can be seen in Figure [5.15] the fraction of CM events can be drastically
increased by requiring miyj; > 200 GeV. Although the amount of CM events is reduced
by about 39%, the effect is much stronger for the other categories and the WM events
are almost completely obliterated.

The selection requirements described above are summarised in Table |5.3| together
with their effect on the different event categories. Considering all simulated events,
about 59% is reconstructed correctly, 1% is not well-reconstructed and 40% cannot be
matched. The purity of the sample increased from 93% to 97%.
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Measurement of the Top Quark Width

The measurement procedure to determine the top quark decay width is based on
a maximum likelihood (ML) method, where the probability density functions are
constructed using a variable that is sensitive to changes in the decay width. This method
treats every event separately, which allows to use different probability density functions
for each event category. When a large number of events is considered, the ML function
approaches a Gaussian distribution. This means that the logarithm of the likelihood has
a parabolic shape in the neighbourhood of the ML estimator, which is in this case the
top quark decay width I';. The procedure to set up the likelihood function is described
in Section [6.1], which also explains how the estimator is calibrated. This method is
extended to other variables and combinations of these in Section and the systematic
uncertainties that affect the measurement are discussed in Section [6.3] Finally, the top
quark decay width is determined using data events in Section [6.4]

6.1 Measurement Procedure using One Variable

The top quark decay width I'; is estimated by applying the ML method, where probability
density functions are constructed using the width of the invariant mass distribution of
the hadronically decaying top quark. It was briefly discussed in Section that the
value of the top quark decay width has a dependency on the top quark mass. Therefore,
a new variable is introduced to describe the shape of the top quark mass distribution
without making assumptions about the value of the top quark mass itself. The reduced
top quark mass m, is defined as the reconstructed mass of the hadronically decaying
top quark divided by the average top quark mass,

m .
my = —4 (6.1)
(M) o
where (mujj) o, = 169.3 GeV is determined using only correctly reconstructed events.

The distribution of the reduced top quark mass can be found in Figure [6.1] Comparing
the normalised distributions of each data set, it is clear that not only the CM events are
centred around one, which is true by definition, but also the data peak at that point.
The larger tails are due to the selected background events, which have a much broader
distribution.

101
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Figure 6.1: Distribution of the reduced top quark mass (left) and the normalised
distribution for each data set separately (right).

The reweighting procedure described in Section is used to obtain samples with
different values of I'; and, unless mentioned otherwise, it is implicit that the tt events are
reweighted when distributions with non-nominal widths are considered. The reweighting
to obtain a sample with a top quark width of sI'; gep is performed for values of s € [0.1, 1.5]
in steps of 0.05 and for s € [1.5,6] in steps of 0.1.

6.1.1 Construction of a likelihood function

For each event category a histogram with 90 bins on the range [0.5,2] is filled. This is
done for all values of s specified above. Due to the low number of WM events after the
event selection, this category is merged with the UM category, in order to reduce the
effect of statistical fluctuations. For simplicity, these events will also be addressed as
UM events. The histograms are then normalised and their shape is cast into a function
by connecting the function values of the bin centres with a fluent line. Each histogram
is thus transformed into a template function for a certain event category considering a
certain top quark width. The templates are visualised in Figure for the nominal top
quark width (s = 1).

Due to the normalisation, each template represents the probability to have a CM or
UM event with a certain reduced top quark mass. As the data cannot be categorised, a
total probability function per top quark width is constructed by combining the templates
for each category. The relative weight of each template is determined by the number of
simulated events in that category. The total probability for an event i to have a reduced
top quark mass m,; when a top quark width I'; is assumed, is equal to

Pz‘(mr,i|rt) = fCM PCM(mr,z‘|Ft) + fUM PUM(mr,i|Pt) s (6.2)

where fy\ represents the fraction of the number of simulated XM events to the total
amount of simulated events considered in the procedure. The total probability for
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Figure 6.2: Distribution of the reduced top quark mass considering I'y = 1 X I' gen
for (a) correctly matched and (b) unmatched events. The red curves represent the
templates, while the blue markers indicate the bin contents of the histograms and their
respective uncertainties. The distributions are normalised on the interval 0.65 to 1.4.

the nominal top quark width is plotted in Figure [6.3] The likelihood function is then
constructed by inserting Eq. (6.2) into the general expression for the logarithm of the

likelihood,

where n is the number of events.
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Figure 6.3: Distribution of the total probability for the reduced top quark mass
considering I'y = 1 X I'y gep, . The distribution is normalised on the interval 0.65 to 1.4.
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A couple of optimisations to this procedure are detailed below. Their effect has
already been included in the plots in Figures [6.2] and [6.3]

Increase fraction of CM events

Only correctly reconstructed events are sensitive to the top quark decay width. Therefore,
a higher weight of the CM template in the likelihood function, which corresponds to
a higher fraction of CM events, will increase the precision of the measurement. It
can be observed in Figure [6.2] that the distribution is much narrower for CM than
for UM events. Considering only events with 0.65 < m, < 1.4, the fraction of CM
events increases with about 0.5% . This is a relatively moderate effect due to the severe
requirements on the reconstructed top quark mass in the event selection. When the
range is restricted, the distributions are normalised such that the probability to have an
m, between 0.65 and 1.4 is equal to one.

The effect of the top quark width on the distribution of CM events is visualised in
Figure As was shown in Section the size of T'; is directly related to the width
of the distribution. Figure shows that the sensitivity to I'y is contained in both the
peak and the tails of the distribution.

0.01

—

template
ratio

oo =
D o— oD

Figure 6.4: Differences between the templates for CM events considering several values
of Ft =S8 X Ft,gen-
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Smoothing of histograms

Since events in the UM category are not sensitive to the top quark width, variations in
the templates for different widths are due to statistical fluctuations. In order to reduce
these, the histograms are smoothed. This means that the bin contents of nearby bins
are compared and, when large differences are observed in a non-consistent direction, the
content is redistributed over the bins such that a smoother transition between bins is
obtained. This is visualised in Figure
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Figure 6.5: Effect of smoothing the reduced top quark mass distribution for UM events
considering I't = 1 X I'¢ 5o

When the templates for different top quark widths are superimposed, as in Figure
it is clear that the templates for all top quark widths are consistent within statistical
fluctuations. As a result, only the templates for the nominal top quark width are used
for the UM category so as to be sure to exclude deviations due to the finite number of
events.

Likelihood function

In this analysis the negative logarithm of the likelihood, denoted as £, is used.
Implementing the width independence of Py in Eq. (6.2), £ can be written as

L) = —((T,) = Zlog FouPeulmeilT) + fou Pelms)| - (6.4)

where the fractions are equal to 58.8% and 41.2% for CM and UM events, respectively.
This function is plotted in Figure for several values of I'y separately.
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6.1.2 Evaluation of the likelihood function

Given a set of events, the likelihood &£ for a fixed value of the top quark width T’
is determined by adding the negative logarithms of the probability to have a certain
reduced top quark mass m,; for each event 7. This is done for all values of s defined
above. As the sign of £ is inverted compared to the standard likelihood definition, the
best estimator for the top quark width corresponds to the width value associated with
the minimum of £ (I'y). Considering only a limited amount of widths I'y = s X ' gen ,
the likelihood values are plotted as a function of s and the minimum is fitted by a
parabola. The function value of the top quark width estimator is subtracted from the
likelihood distribution such that A% (ft) = 0. The points at one standard deviation
from the estimator can be found where the parabola has a function value of !/5. The
uncertainty on the estimator is then determined by taking the absolute value of the
difference between one of these points and the estimator. As a parabola is completely
symmetric around its minimum, either of the points will do. This is visualised in
Figure for simulated events, where A% (T'y) = !/, is indicated by a horizontal grey
line. The uncertainty traced by this line depends on the number of events contained
in the simulated sample. If more events are considered, the differences between the
likelihood values for each I'y will become more pronounced, which results in a narrower
parabola. Similarly, the parabola will be broader for fewer events.
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Figure 6.8: Distribution of the negative logarithm of the likelihood, £, when the nominal
simulated samples are used as input.
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6.1.3 Calibration curve

The advantage of simulated samples is that the top quark decay width that was
used to simulate the events is known. It can therefore be compared to the output
of the measurement procedure. Figure shows the output for a top quark width
Iy =1 X I'y gen - The minimum is found around (0.92 £ 0.08) X Iy 4en , S0 the estimator
for the top quark width has a small bias. As both the input and the output value are
known for this top quark width, a correction factor can be applied. In order to correct a
random I'y = s X I' gen , the likelihood &£ is calculated for simulated events, where the
top quark width of the tt events is reweighted by a factor

s€{0.2,04,05,06,08,1, 15,2 25,3,35,4,45, 5}, (6.5)

and the relative shift that is observed for each input width is evaluated. The output
width is plotted as a function of the input width in Figure [6.9] Ignoring small values of
s, all points can be fitted by

1—‘t,out =a+b- 1—‘t,in s (66)

where a = —0.15 £ 0.04 and b = 1.09 4+ 0.02. Deviations from this linear behaviour for
small values of s are due to the fact that the top quark width always has to be positive.
Therefore, the likelihood function increases asymptotically near s = 0, which results in
output values that are slightly larger than expected.

The calibration curve is validated using tt samples that were generated with a
different top quark width, see Table 3.2l The output values obtained using these samples
are superimposed on the plot in Figure using green markers. They correspond to the
results using reweighting within one standard deviation. As the sample for s = 1 is used
as a starting point for the reweighting, the points overlap.

Including the bias correction, the estimator for the top quark decay width becomes

i~ Ftout a
[, = —tont = .

with an uncertainty

1

L= /o2 2 4 1252
op, = 0f, o T 02+ 107, (6.8)

where 02 and of are the uncertainties on the fit parameters of the calibration curve
and or, . is the uncertainty on the measured I'y oy , as defined in Section m The
expected top quark decay width is then equal to (0.98 4 0.09) X I'¢ gen -



CHAPTER 6: MEASUREMENT OF THE ToP QUARK WIDTH 109

a —0.1528 + 0.04364

1—‘LoLrI ! rtgen

b 1.094 £0.01664

5
I/ 1—T,gerl.

Figure 6.9: Calibration curve for the measurement procedure, plotting the output value
of I'y /T’ gen as a function of s. The blue markers represent top quark width estimates
that were made when the tt events are reweighted with a factor s, while the green
markers correspond to the measurements on tt events that were generated with a
different top quark width.
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6.1.4 Pull

In order to estimate if o as defined in Eq. is a good estimate of the statistical
uncertainty, pseudo experiments are generated and the pull is calculated. In general, the
simulated samples contain many more events than the data sample, so the statistical
uncertainty of the simulation is smaller than that of the data. Therefore, pseudo
experiments are used, which contain only a subset of the simulated events such that
their integrated luminosity is comparable to that of the data. The simulated events are
selected randomly from the collection of events that pass all selection requirements. If
the simulated samples are large, many pseudo experiments can be created without a
significant overlap in the events that they contain.

For each pseudo experiment the likelihood & is calculated and the top quark decay
width and its uncertainty are estimated. The results for 400 pseudo experiments are
plotted in Figure [6.10}
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Figure 6.10: Distribution of the top quark decay width (a) and its uncertainty (b) for
400 pseudo experiments.

The average top quark width is equal to (0.98 £ 0.01) X I'y gen and the pull is
calculated by considering

B (0

Oy

, (6.9)

for each pseudo experiment ¢, which is visualised in Figure @ If o, describes
the statistical uncertainty well, it is expected that the pull should follow a Gaussian
distribution centred around zero with a standard deviation of one. In this case, the
standard deviation is equal to 0.87 & 0.04, which implies that o overestimates the
statistical uncertainty of the measurement and can thus be considered as a conservative
estimate.
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Figure 6.11: Distribution of the pull for 400 pseudo experiments, fitted by a Gaussian
function.

6.2 Combination of Several Sensitive Variables

This section will first describe how probability density templates are created for another
variable. Then, the likelihood functions for both variables are combined.

6.2.1 Template construction for another variable

The procedure outlined in Section can be repeated using a variable related to the
leptonically decaying top quark to make probability density templates. Therefore,
the event categorisation is repeated for the reconstruction of top quarks that decay
leptonically. In this case, events are correctly matched if the b jet candidate that is not
assigned to the hadronic top quark can be matched to the b quark originating from the
leptonic decay of the top quark and if the angular distance between the reconstructed
and the generated muon is smaller than AR < 0.1. With these requirements, only 11%
of the generated events cannot be matched. Using the same event selection as outlined
in Chapter |5, 93% of the matched events is correctly matched, so 83% of all events can
be found in the CM category.
The reduced my, mass is defined as

mip

7<mlb>(jM , (6.10)

mip,r =

where (miy) oy, = 97.3 GeV is the average my, mass that is calculated using only events
where the leptonically decaying top quark is correctly matched. The distribution of the
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reduced my, mass is presented in Figure [6.13] Once again the shape of the distribution
of the data is dominated by that of the CM events.
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Figure 6.12: Distribution of the reduced my, mass (left) and the normalised distribution
for each data set separately (right). The event categorisation is based on the matching
of the leptonically decaying top quark.

As the distributions of my, , have a different shape than those of m,., other parameters
are used to construct the initial histograms, namely the range [0, 2.5] is spanned by 80
bins. The histograms are normalised on an interval from 0.35 to 1.95 and template
functions are constructed taking account of the considerations described in Section [6.1.1]
The template functions for a width of I'y = 1 X I'y 4 are visualised in Figure m These
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Figure 6.13: Distribution of the reduced my, mass considering I'y = 1 x I' 4 for (a)
correctly matched and (b) unmatched events. The red curves represent the templates,
while the blue markers indicate the bin contents of the histograms and their respective
uncertainties. The distributions are normalised on the interval 0.35 to 1.95.

are combined into a likelihood function &£ as in Equation (6.4)), where the fractions are
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equal to 83.5% and 16.5% for CM and UM events, respectively. Figure shows the
likelihood for several values of I'; .
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Figure 6.14: Distribution of the negative logarithm of the likelihood £, where the
sensitive variable is the reduced my, mass, considering several top quark widths I'.

Compared to Figure[6.7] the likelihood functions in Figure are much closer
together. This indicates that myy,, is less sensitive to the top quark decay width than
m,.. Therefore, only the results of the combination of these two variables are discussed
in detail below.

6.2.2 Combination of both variables
As mentioned in Section [6.1.2] the shape of the AZ(I';) distribution depends on the

number of events, which is related to the number of terms in the likelihood function.
The sensitivity of the measurement procedure can thus be increased by multiplying
the likelihoods of several variables. As this is equivalent to adding their logarithms,
more terms are created without requiring more events. In reality, fewer events will
be involved in the likelihood calculation, because the events have to abide by the
requirements on both variables. In this case, events need to satisfy 0.65 < m, < 1.4
and 0.35 < my,, < 1.95. The additional requirement on my,, excludes less than 1%
of the events involved in the purely hadronic measurement and an overall gain in the
sensitivity is achieved.
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Combining the sensitive variables m,. and my,,., a top quark decay width of (0.79 +
0.07) X I't gen is obtained for an input width of I't = 1 X I'; 4. This is visualised in
Figure [6.15] As expected, the likelihood distribution is narrower for this so-called
combined measurement than for the hadronic-only measurement.
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Figure 6.15: Distribution of the negative logarithm of the likelihood, £, for the combined
measurement, when the nominal simulated samples are used as input.

6.2.2.1 Calibration curve

Also for the combined measurement a shift of the top quark width value is observed. A
dedicated calibration curve is determined following the criteria of Section [6.1.3] In this
case the parameters of the curve I'y oyy = @ + b - I'yj, are equal to a = —0.25 £ 0.04 and
b =1.08 & 0.01. When the calibration curve, which is shown in Figure is applied
to the result above, the top quark decay width obtained for the nominal simulated
samples is equal to (0.96 £ 0.07) X I' gep -

6.2.2.2 Pull

For 400 pseudo experiments, the average top quark width is equal to (0.96+£0.01) X Iy 4y, -
The pull has a value of 0.92 4+ 0.05, which implies that the statistical uncertainty is
slightly overestimated.

The distributions of the top quark width and its uncertainty after applying the
calibration curve are visualised in Figure and the pull is shown in Figure [6.18]
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Figure 6.16: Calibration curve for the measurement procedure using both m, and my,,
as sensitive variables. The output value of I'y/I'; 4e, is plotted as a function of s. The
blue markers represent top quark width estimates that were made when the tt events
are reweighted with a factor s, while the green markers correspond to the measurements
on tt events that were generated with a different top quark width.
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Figure 6.17: Distribution of the top quark decay width (a) and its uncertainty (b) for
400 pseudo experiments using both m, and my,, as sensitive variables.
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Figure 6.18: Distribution of the pull for 400 pseudo experiments when both m, and
myp,, are used as sensitive variables. The distribution is fitted by a Gaussian function.

6.3 Systematic Uncertainties

Apart from the number of events, the top quark width measurement is also influenced by
the uncertainties on the model parameters of the simulation and the limited resolution of
the detector. These uncertainties are described in more detail in Sections and [6.3.2]
Their effect on the top quark width measurement is estimated by repeatedly running
the measurement procedure, each time implementing one change with respect to the
nominal conditions. The result is compared to those in Sections and [6.2, and the
difference is taken as the systematic uncertainty due to this parameter. The results are
summarised in Section [6.3.3] and the total systematic uncertainty, taking account of
correlations between the systematic effects, is calculated.

6.3.1 Theoretical uncertainties

The events used in this thesis have been simulated according to the models described in
Section [3.1 Many sources of modelling uncertainties have already been introduced
there. This section will focus on the parameter variations that are applied to estimate
the effect of mismodelling.

Matrix element and parton shower scale uncertainties
The factorisation scale pp is varied within its order of magnitude, i.e. from pup/2
to 2upr. This is done using additional event weights provided in the simulated
samples. Also the renormalisation scale is varied in this range and both scales can
be varied up and down simultaneously as well. As the sum of the weighted events
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is not necessarily equal to the unweighted number of events, a correction factor is
introduced and the event weight is applied as

Zi Worig,i
2 Wi
where woyig; is the event weight for the nominal pp = pr = M gen and wj is the

event weight for alternative scenarios.

weight, = w; - , (6.11)

Variations in the Q? scale also influence how much ISR and FSR is produced.
This is investigated using extra samples where the strong coupling constant «y is
evaluated in (2Q)? and (Q/2)?, respectively. The result of the FSR variation is
scaled by a factor 27%/2 in order to better reflect the shower uncertainties [168].

The envelope of these variations, i.e. the largest discrepancy in each direction of the
nominal result, is considered to be the systematic uncertainty due to fluctuations
in the modelling of the PS.

PDF uncertainties

Events are simulated using the NNPDF3.0 parton distribution functions at NLO,
where the strong coupling constant is considered to be a; = 0.118. The effect of
the PDF modelling uncertainties is estimated by creating alternative PDF sets,
where one parameter is varied within its uncertainty. These variations are taken
into account using event weights, which are applied as in Eq. . In this case,
50 parameters are varied up- and downwards, so 100 variations are considered.
The uncertainty of the PDFs is equal to the root-mean-square (RMS) of these
variations, i.e.

RMS — \/Z?_l(variationi — central)? | (6.12)

n—1
where n = 100.

In addition, also variations of «, are considered, i.e. ay, = 0.117 and 0.119. The
total systematic uncertainty due to PDF modelling is equal to the quadratic sum
of the result in Eq. (6.12) and the «; variations.

ME-PS matching
In the CUETP8M2T4 tune the hdamp parameter has a nominal value of 1.58 x M gen.
This value is varied up and down by one standard deviation, corresponding to
hdamp = 2.24 X M, ge, and hdamp = 0.99 x M, g, respectively [132].

b jet modelling
PYTHIA 8 uses the Bowler-Lund model [169] to describe the fragmentation into
b hadrons. The fragmentation function is varied within its uncertainties [170} [171],
which alters the ratio of the b hadron pt to the jet pp. This effect is investigated
using event weights. Additionally, a comparison with the Peterson model [I72] is
made.

Further, the semileptonic decay of b hadrons, B — 1X, is investigated. The
branching fraction is varied by —0.45% and +0.77%, which corresponds to the
envelope of b hadron decay measurements and their uncertainties [8]. As for
fragmentation, event weights are used to study the impact.
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Underlying event
The modelling of the UE is tested by varying a number of parameters in the tune.
These influence the amount of MPIs and CR that occur in the UE.

Colour reconnection
Besides the nominal tt sample, using the default colour reconnection scheme,
additional samples were created considering different approaches of colour re-
connection, i.e. the default scheme with early resonance decays, the QCD-based
model and the gluon-move model, all of which are described in Section

Top quark mass uncertainty
Due to the relation between the top quark mass and decay width, a variation of
the top quark mass value is expected to directly influence the top quark width
measurement. Therefore, the top quark mass of the nominal tt sample is reweighted
using the method described in Section [3.3.2] such that a mass variation of 1 GeV
is simulated.

Top quark pr uncertainty
The transverse momentum of the top quark is not well-modelled for generators
with NLO accuracy [I73], which results in a softer top quark pr spectrum in data
compared to simulation. A comparison between data and simulation results in
the calculation of event weights, which can be used to estimate the effect of the
mis-modelling. Both for the generated top and antitop quark, see definitions in
Section a scale factor is calculated as

SF(pT) — e0.0&’)1570.0005-19T ’ (6.13)

and the event weight is equal to w = \/SF(pT,t)SF(pT;) [174].

It is advised not to use the event weights as a correction to the simulation, as this
degrades the description of other event variables, such as the transverse mass of
the tt system, my;. Instead, the analysis is performed with and without applying
the event weights described above and the difference is taken as the systematic
uncertainty.

6.3.2 Experimental uncertainties

All measurements have a limited precision. Therefore, the uncertainties on the applied
scale factors and corrections, as well as quantities such as the luminosity, are investigated.

LHC beam energy
Protons collide in the CMS experiment when both beams carry an energy of
6.5 TeV. This value has a relative uncertainty of about 0.1%, which is negligible
on an analysis level [I75].

Luminosity uncertainty
Changes in the luminosity affect the amount of expected events and thus the
relative weight of the simulated processes. The uncertainty on the luminosity
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measurement for the 2016 run is 2.5% [176]. It has been checked that this is
negligible for the measurement presented in this analysis.

Jet energy corrections
The jet energy scale and resolution, as described in Section [4.3.3] are varied within
their uncertainties. These corrections are applied before the event selection and
only one variation is considered at a time. The uncertainties on the jet energy
scale are generally smaller than 1% and those on the resolution are of the order of
1—5%.

Pileup
During the 2016 run, the cross section for protons to collide in the LHC is 69.2 mb
with an uncertainty of 4.6% [177, [I78]. The deviation in the number of pileup
interactions is estimated by varying the cross section within its uncertainty and
reweighting the events accordingly.

Lepton scale factors
The scale factors that are applied in the analysis have been determined with a
certain uncertainty. The effect of these uncertainties is estimated by adding or
subtracting one standard deviation from the nominal value of the scale factor.
These are then used to reweight the events. The uncertainties are dependent on
pr and |n| and are usually between 1 — 3%.

b tag scale factors
Also the uncertainties on the b jet identification and tagging efficiencies are propa-
gated using event weights. The pp- and |n|-dependent uncertainties predominantly
have a value around 2%.

Cross sections of simulated samples
In order to account for the uncertainties on the theoretical cross sections of the
simulated processes, these are varied by 10% for single top quark production and
by 30% for Drell-Yan and W boson production in association with jets. The cross
sections of the ST t and tW channels are varied separately, while the cross sections
for the DY + jets and W + jets samples are varied simultaneously.

Precision of calibration curve parameters
The parameters of the calibration curve are determined with a certain uncertainty.
Four alternative calibration curves are created by adding or subtracting one
standard deviation to/from the nominal value of the parameters.
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6.3.3 Summary of systematic uncertainties

The uncertainties described above are studied for both the hadronic and the combined
measurement and are summarised in Tables and [6.2] respectively. In order to get a
better overview, uncertainties within the same categories have been added quadratically
and, where appropriate, only the envelope of the uncertainties is shown. Detailed
results for each component of the systematic uncertainties can be found in Appendix [Al
The nominal result for ft,nom = 5 X 't gen 1s presented at the top of the tables. Each
value represents the shift ft,SyS - fnnom induced by the systematic effect. The bottom
line presents the total systematic uncertainty, obtained by quadratically adding the
individual items. All values are expressed in GeV.

When the systematic effect is calculated using a different simulated sample than the
nominal one, the statistical uncertainty on the shift is calculated as

N 2
o= \/th’sys toR (6.14)

If the statistical uncertainty on the shift is larger than the shift itself, which is the case
for e.g. the underlying event, the size of the former is taken as the uncertainty. In
case the systematic uncertainty is propagated on an event-weight basis, its statisti-
cal uncertainty is considered to be fully correlated with that of the nominal measurement.

When comparing the systematic uncertainties on the hadronic and the combined
measurements, it is clear that the hadronic measurement, which uses a variable containing
three jets, is much more affected by jet-related uncertainties. Some of these are reduced
by adding the my, terms to the likelihood, especially the effect on the parton shower
uncertainty is striking. In contrast, the combined measurement has higher lepton-related
uncertainties, but these are negligible compared to the jet-related ones. Some of
the uncertainties, such as the JES uncertainty, even get enhanced in the combined
measurement, but overall the systematic effects are smaller for the combined measurement
compared to the hadronic measurement.

In both cases theoretical modelling uncertainties are the dominant factor, especially
those related to the PS scales, ME-PS matching and colour reconnection. A better
modelling of these effects can thus further constrain the total systematic uncertainty
and significantly improve the result.



CHAPTER 6: MEASUREMENT OF THE ToP QUARK WIDTH 121

Table 6.1: Summary of the systematic uncertainties for the hadronic measurement. The
values represent an absolute shift compared to the nominal value presented at the top of
the table and are expressed in GeV.

Nominal value 1.279 +£0.112

Systematic +1lo —1lo
Shift ~Unc  Shift  Unc

Calibration curve 0.056 —0.056

JES 0.196 —0.027

JER 0.167 —0.177

Pileup SFs 0.113 —0.107

b tagging SFs 0.055 —0.057

Lepton SFs 0.003 —0.003

Cross section variations 0.060 —0.060

ME & PS scales 0.446 0.216 —0.404 0.162
ME-PS matching 0.273 0.209 —0.309 0.186
PDFs 0.062 —0.062

b jet modelling 0.147 —0.083
Underlying event 0.061 0.198 —0.066 0.197
Colour reconnection 0.447 0.195

Top mass 0.319

Top pr reweighting 0.155

Total 0.867 -0.602
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Table 6.2: Summary of the systematic uncertainties for the combined measurement.
The values represent an absolute shift compared to the nominal value presented at the
top of the table and are expressed in GeV.

Nominal value 1.258 +0.096

Systematic +1lo —1lo
Shift ~Unc  Shift  Unc

Calibration curve 0.046 —0.045
JES 0.221 —0.165
JER 0.131 —0.151
Pileup SFs 0.084 —0.084
b tagging SFs 0.041 —0.047
Lepton SFs 0.013 —0.013
Cross section variations 0.049 —0.054
ME & PS scales 0.216 0.190 —0.270 0.140
ME-PS matching 0.322 0.181 —0.276 0.144
PDFs 0.073 —0.073
b jet modelling 0.070 —0.105
Underlying event —0.157 0.164

Colour reconnection 0.307 0.189 —-0.011 0.189
Top mass 0.269

Top pr reweighting 0.129

Total 0.650 -0.541
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6.4 Measurement of the Top Quark Decay Width

The measurement procedure described above has been set up and calibrated using
simulated events only. Up to this point the analysis has been blinded in order not to
let the strategy be influenced by the result. When the data are subjected to the same
measurement routine, a top quark width of (0.73 = 0.14) x Iy 4, is obtained for the
hadronic measurement and (0.85 4 0.13) x I'¢ gen for the combined measurement. The
distributions of the likelihood corresponding to these measurements are visualised in
Figure [6.19, Note that the values quoted above have already been corrected by the
calibration curve.
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Figure 6.19: Distribution of the negative logarithm of the likelihood, £, for the (a)
hadronic and the (b) combined measurement using data.

Multiplying these results by the generated top quark width I'y g, = 1.31 GeV and
taking account of the systematic uncertainties, the hadronic measurement corresponds
to

[y = 0.96 4+ 0.18 (stat.) 7587 (sys.) = 0.96 059 (total) GeV (6.15)

and the combined measurement to
[, = 1.1240.17 (stat.) 755 (sys.) = 1.127557 (total) GeV . (6.16)

If a correction is implemented to account for the pull not being unity, the statistical
uncertainties reduce to 0.16 GeV in both cases.

The results presented in Eqs. and are in agreement with the SM top
quark width of 1.33 GeV within one standard deviation.
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Conclusions & Prospects

This thesis presents two measurements of the top quark decay width using top quark
pair events in the semileptonic decay channel. Only events with exactly one muon and
exactly four jets are considered. The top quark pair system is reconstructed and the
reconstruction efficiency is estimated by comparing the reconstruction to the generator
information for simulated events. These are then categorised according to whether they
are correctly reconstructed or not. A kinematic fit is applied to increase the precision of
the invariant top quark mass and further requirements are imposed on the selected
events in order to increase the fraction of correctly reconstructed events. This way, the
fraction of selected events that have a well-reconstructed hadronic top quark increases
from about 26% to 59% and about 83% have a well-reconstructed leptonic top quark.
Further, around 97% of the selected events are top quark pair events.

Likelihood templates are constructed using the variables m, and my,,, whose
distributions are sensitive to the top quark decay width. This is done separately for the
different event categories and different top quark widths are simulated by reweighting
the tt sample. For the measurement using m, , a result of

[, =0.96 £ 0.16 (stat.) T35 (sys.) = 0.96 1085 (total) GeV , (7.1)
is obtained. When this variable is complemented by myy,, , the result is improved to
[, =1.12 £0.16 (stat.) 709 (sys.) = 1.12105 (total) GeV . (7.2)

These measurements are in agreement with the SM top quark decay width of 1.33 GeV.
Comparing these results to the previous top quark width measurements, which are
visualised in Figure [7.1] the combined measurement is more precise than the ATLAS
result in the lepton-+jets channel, i.e. Ty = 1.76 & 0.33 T5:%2 GeV. Further, the results
presented in this thesis are compatible with the CMS measurement in the dilepton
channel, which determined an interval 0.60 < I'y < 2.50 GeV at 95% CL.

The measurement procedure described in this thesis can easily be expanded to two
dimensions. Similar to the variation of the top quark decay width, variations in another
variable can be simulated. Considering the intimate connection between the top quark
mass and decay width, a simultaneous measurement of both variables is a logical next
step. Further, a two-dimensional measurement would give a clear view of how much the
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Figure 7.1: Summary of the top quark decay width measurements, including the most
precise measurement presented in this thesis, performed by the ATLAS, CDF, CMS, and
DO experiments, all considering a top quark mass of 172.5 GeV. Direct measurements
are grouped above the dashed line and indirect measurements below. The reference
interval (red) indicates the theoretical prediction for the top quark decay width at NLO
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systematic uncertainties affecting both variables are correlated and thus lead to more
precise measurements.

Instead of measuring another variable, a two-dimensional approach would also allow
to constrain certain systematic uncertainties. Similar to the ideogram method used for
top quark mass measurements, the second dimension could be used to estimate the jet
energy scale, which has a significant effect on the present measurements. Likewise, a
variable whose distribution is not influenced by the top quark decay width can be used
to constrain other systematic effects.

During 2017 the CMS detector recorded about 42fb™" of integrated luminosity.
If similar conditions as for the 2016 data set are assumed, using both sets together
would double the amount of selected data events. This would reduce the statistical
uncertainty by a factor v/2, resulting in roughly 0.12 GeV. Compared to the systematic
uncertainty, which is around 0.60 GeV, increasing the amount of data events does not
have a considerable influence on the result.

In the same way, the improvements that could be obtained by considering single top
quark production as part of the signal are negligible. These events would enhance the
fraction of correctly reconstructed events by less than 0.5%, which is much smaller than
the effect that is currently observed for some systematic uncertainties.

The fraction of correctly reconstructed events can potentially be further improved
using a multivariate analysis technique, but the largest progress can be made by actively
tackling the systematic uncertainties. Especially jet-related modelling uncertainties,
such as the shower scales, the matching between matrix element and parton shower,
and colour reconnection, have a large impact. These need to be studied in more detail
in order to reduce the intrinsic uncertainties on these effects. As a first step, larger
simulated samples would give a better insight in how the different modelling behaves
compared to the nominal sample. At the moment several effects are overestimated
due to the large statistical uncertainty caused by the limited sample sizes. E.g. for
the hadronic measurement the statistical uncertainty on the shift due to the under-
lying event is about three times larger than the shift itself. For other systematic
uncertainties, the modelling uncertainties need to be further constrained using the
data. This is exemplified in Figure where the effect of the uncertainty due to final
state radiation on the distributions of the sensitive variables m, and my,, is visualised.
Comparing the data to the three distributions, the uncertainties seem to be overestimated.

While acquiring more data does not directly lead to a more precise result, it
opens possibilities for a smarter event selection. For example, when the instantaneous
luminosity increases, this is reflected in the amount of pileup interactions. It can be
investigated if the size of the systematic uncertainty is related to the number of pileup
vertices in the event and, if so, an upper limit on the amount of primary vertices can
be imposed. Similar techniques can be used to constrain other systematic effects. A
very crude version of this was applied in this thesis using the additional event selection
criteria in Chapter 5] As an example, Figure [7.3] shows the normalised distribution of
the alternative top quark mass m,;; before applying these requirements. The effect
of less or more FSR on the distribution is visualised for CM events separately and
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for the combination of all events. It is clear that CM events with a low myy; are
more affected by FSR than those with a higher my,;. A similar effect is seen for the
events in the peak of the distribution when all event categories are considered. This
provided a motivation to reject all events with m,;; < 200 GeV. An improvement can
be achieved if events inducing a large systematic effect are identified. The correlation of
the kinematic properties of these events with the size of several systematic uncertainties
can be investigated to construct the optimal event selection process.
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Figure 7.3: Normalised distribution of the alternative top quark mass my,;; for (a) CM
events and (b) all events. The first (last) bin contains the underflow (overflow).

A proof of the validity of this argument can be found in this analysis. Despite
selecting less than a third of the number of events that were selected for the ATLAS
measurement, the statistical uncertainty in this analysis is a factor 2 smaller. The better
reconstruction of this subset of events thus leads to a smaller statistical spread in the
data. Further, an improvement in the systematic uncertainty is obtained even though
more sources of systematic effects, such as the uncertainty on the top quark mass and
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more colour reconnection models, are included. In addition, the uncertainties due to the
shower scales and matching, which are the main uncertainty sources for this analysis,
are considered to be correlated in ATLAS measurement, while these are treated as
completely independent uncertainties in this analysis.

Ultimately, a more precise measurement of the top quark width can be achieved at
future lepton colliders, where a lot of jet-related uncertainties are expected to play a
subdominant role. Firstly, the uncertainties related to the compositeness of the proton
should no longer be taken into account. Concretely, there is no need to determine
uncertainties due to the parton density functions and there are no proton remnants to
produce underlying event interactions. Secondly, no gluons are radiated in the initial
state of the hard-scattering process. The combination of these effects also reduces
the impact of colour reconnection. In addition, the reduced amount of final-state jets
that are not connected to the hard-scattering process would positively impact the
reconstruction efficiency.

Potential future accelerators that would be suitable for top quark studies are the
International Linear Collider (ILC) [I79], the Compact Linear Collider (CL1C) [180],
and the Triple-Large Electron-Positron collider (TLEP, also known as FCC-ee) [181].
All of these are electron-positron (ete™) colliders and are expected to take data at
centre-of-mass energies between 200 — 1000 GeV, 350 — 3000 GeV, and 90 — 350 GeV,
respectively. These energy ranges are well-suited to perform a so-called threshold scan.
Leptons not being composite particles, the centre-of-mass energy of a lepton collision
can easily be determined by adding the energies of the colliding leptons. Therefore,
collisions can be produced at predetermined centre-of-mass energies. If this is done for
several energies around the production threshold of a certain process, a threshold scan
is performed. The centre-of-mass energy needed to produce a top quark pair is around
twice the top quark mass, v/s ~ 2 x my . Around this point the production cross section
increases, as is visualised in Figure [182], where the parameters of the TESLA
project [I83] are used, which was later incorporated into the ILC. This upswing occurs
earlier for lower than for higher masses. Moreover, the value of the top quark decay
width influences the slope of the curve. Larger widths result in a more gradual slope,
while the incline is more abrupt for smaller width values. Thus, measuring the top
quark pair production cross section at several centre-of-mass energies can give a lot
of information about the top quark properties. Because of the large correlations, it
is advised to make a simultaneous measurement of these variables [I82]. In order to
increase the precision on the measurements, other quantities, such as the position of
the peak in the momentum distribution, can be used to disentangle the effects of the
variables. Assuming that an integrated luminosity of about 30fb™! is collected in each
scan point, a simultaneous measurement using the quantities described above is expected
to attain a precision of about 20 MeV for the top quark mass and about 30 MeV for its
decay width [I82] I84]. The uncertainties increase to 35 MeV and 40 MeV, respectively,
if only the cross section would be used as a sensitive quantity.
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Sensitivity to top mass
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Figure 7.4: Top quark pair production cross section as a function of the centre-of-mass
energy. The sensitivity to the top quark mass (decay width) is estimated by varying the
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triangles and downward variations by circles. Image adapted from [182].



Summary

The standard model (SM) of particle physics describes the fundamental particles and
their interactions. It is one of the most extensively tested theories during the last
century. However, several observations indicate that the SM is not the end of the story.
As it is now, the SM cannot pinpoint the nature of the majority of mass in the universe,
nor does it explain how gravity works on quantum scales. Being the heaviest particle in
the SM, the top quark is expected to be most sensitive to beyond the SM effects, such
as interactions with as yet unknown particles. Besides direct searches for new physics,
precise measurements of the properties of SM particles and interactions can be compared
to their predictions, thus favouring or excluding certain beyond the SM theories.

This thesis investigates the decay properties of the top quark. In the SM the top
quark decays almost uniquely into a W boson and a b quark. The probability for this
process to happen is reflected in the top quark decay width, which is predicted to have
a value around 1.33 GeV. If the top quark is able to decay into other particles as well,
as is possible in several extensions of the SM, the top quark decay width will be larger
than the SM prediction.

A direct measurement of the top quark decay width is performed using proton
collisions produced by the Large Hadron Collider (LHC) at a centre-of-mass energy
of 13 TeV. The data were recorded by the CMS experiment and correspond to an
integrated luminosity of 35.9fb™!. A dedicated selection process singles out events
where top quarks are produced in pairs. Only the semimuonic decay channel, i.e. where
one of the W bosons decays into a pair of quarks and the other into a muon and its
corresponding neutrino, are considered. Therefore, events are required to have exactly
one muon and exactly four jets, whereof two should originate from b quarks. The top
quark pair events are simulated, as well as background processes that produce the same
final state. The top quark pair system is reconstructed and the reconstruction efficiency
is estimated by comparing the reconstruction to the generator information for simulated
events. These are then categorised according to whether they are correctly reconstructed
or not. Further selection requirements based on reconstructed variables are imposed so
as to increase the fraction of well-reconstructed events.

Several measurements of the top quark decay width are performed using a maximum
likelihood method, where templates are constructed using the distributions of variables
that are sensitive to the top quark decay width. The best measurement obtained in this
analysis results in a top quark decay width of I'y = 1.1240.16 (stat.) 3% (syst.) GeV,
which is consistent with the value predicted by the SM. This result represents the most
precise direct measurement of the top quark decay width in the semileptonic decay
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channel, reducing the uncertainties of the previous best result by 30%. Further, the
measurement is consistent with the best result in the dilepton channel.



Samenvatting

Directe meting van de vervalbreedte van de top quark

in het muon+jets kanaal gebruikmakende van het
CMS experiment aan de LHC

Het standaard model (SM) van de deeltjesfysica beschrijft de elementaire deeltjes en
hun interacties. Het is één van de meest uitgebreid geteste modellen van de voorbije
eeuw. Desondanks wijzen enkele observaties erop dat het SM niet het volledige verhaal
vertelt. In zijn huidige vorm kan het SM het merendeel van de massa in het heelal niet
beschrijven, noch kan het verklaren hoe de zwaartekracht werkt op kwantumschalen.
Aangezien de top quark het zwaarste deeltje van het SM is, wordt verwacht dat deze
het gevoeligste is aan effecten van nieuwe fysica die nog niet door het SM beschreven
wordt, zoals interacties met tot nog toe ongekende deeltjes. Precisiemetingen van de
eigenschappen van de SM deeltjes en interacties vormen een aanvulling op directe
zoektochten naar nieuwe fysica, aangezien deze vergeleken kunnen worden met hun
verwachte waarden. Op deze manier kunnen theorieén die het SM uitbreiden gesteund
of verworpen worden.

Dit proefschrift onderzoekt het verval van de top quark. Volgens het SM vervalt deze
bijna uitsluitend in een W boson en een b quark. De waarschijnlijkheid voor dit proces
zit vervat in de vervalbreedte van de top quark, die een verwachte waarde van ongeveer
1.33 GeV heeft. Als de top quark ook in andere deeltjes kan vervallen, zoals sommige
uitbreidingen van het SM voorspellen, zal de vervalbreedte een grotere waarde hebben.

Gebruikmakende van protonbotsingen met een massamiddelpuntsenergie van 13 TeV
die geproduceerd worden door de Large Hadron Collider, wordt een directe meting
van de vervalbreedte van de top quark gedaan. De gebruikte data werd verzameld
door het CMS experiment en komt overeen met een geintegreerde luminositeit van
35.9fb~!. Deze analyse beschouwt enkel gebeurtenissen waar top quarks in paren
worden geproduceerd en deze op een semi-muonische manier vervallen. Dit wil zeggen
dat een van de W bosonen vervalt in een quark-antiquark paar en het andere in een
muon en een muon-neutrino. Gebeurtenissen moeten dus exact één muon en exact
vier jets bevatten, waarvan er twee afstammen van een b quark. Net als top quark
paar gebeurtenissen worden ook achtergrondprocessen die dezelfde deeltjes produceren
gesimuleerd. De gebeurtenissen worden dan gereconstrueerd en de reconstructie-
efficiéntie wordt geschat door de reconstructie te vergelijken met de extra informatie die
vervat zit in de gesimuleerde gebeurtenissen. Afhankelijk van of de gebeurtenissen goed
gereconstrueerd zijn of niet worden deze onderverdeeld in verschillende categorieén. Met

133



134 SAMENVATTING

behulp van een specifieke selectieprocedure die gebruik maakt van enkele gereconstrueerde
variabelen wordt de fractie van correct gereconstrueerde gebeurtenissen geoptimaliseerd.

Verschillende metingen van de vervalbreedte van de top quark worden uitgevoerd
gebruikmakende van een maximum likelihood methode, waarbij waarschijnlijkheidsverde-
lingen geconstrueerd worden aan de hand van de verdeling van variabelen die gevoelig
zijn aan de vervalbreedte van de top quark. De beste meting die zo verkregen wordt is
gelijk aan I'y = 1.12 4 0.16 (stat.) 7525 (syst.) GeV, wat in overeenstemming is met de
waarde die door het SM voorspeld wordt. Dit resultaat is de meest precieze meting
van de vervalbreedte van de top quark in het semileptonische kanaal en reduceert de
onzekerheden van het vorige beste resultaat met 30%. Verder is deze meting consistent
met het beste resultaat in het dileptonische kanaal.
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Breakdown of Systematic Uncertainties

Contrary to Tables [6.1] and where uncertainties within the same categories have been
added quadratically or the envelope of the uncertainties is shown, this appendix presents
an overview of all components of the systematic uncertainties. The values in Tables
to represent the systematic uncertainties for the variable s = I'y /T’ gen, sO they
should be multiplied by I' zen = 1.31 GeV in order to calculate the systematic uncertainty
on the top quark decay width. Tables contain respectively the experimental
and theoretical uncertainties on the hadronic measurement and Tables [A.3HA 4] those on
the combined measurement.

Similar as in Section , each value represents the shift f‘tws — f‘mnom induced by
the systematic effect. If a certain systematic uncertainty has a variation that does not
correspond to a +1o0 variation, such as the effect of applying a certain model or not, or
if both values are shifted to the same side, only one value is presented.

On the bottom line all shifts presented in the table are quadratically added. For
both measurements, the sum of the theoretical uncertainties is at least twice as large as
the sum of the experimental uncertainties.
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Table A.1: Effect of the experimental systematic uncertainties for the hadronic measure-
ment. The values represent an absolute shift compared to the nominal value presented
at the top of the table due to a +10 variation.

Nominal value 0.976 + 0.086

Systematic +1o —1lo

Calibration curve

Slope 0.015 —0.015

Constant 0.040 —0.040
JES 0.150 —0.020
JER 0.127 —0.135
Pileup SFs 0.086 —0.082
b tagging SFs 0.042 —-0.044
Lepton SFs

Id 0.001 —0.001

Isolation 0.000 0.000

Trigger 0.002 —0.002

Tracking 0.000  0.000
Cross section variations

ST t channel 0.013 —0.014

ST tW channel 0.026 —0.027

Other 0.035 —0.035

Total 0.227 —0.176
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Table A.2: Effect of theoretical systematic uncertainties for the hadronic measurement.
The values represent an absolute shift compared to the nominal value presented at the
top of the table. When the systematic uncertainty has an on/off effect instead of a +1o
variation or when both values are shifted to the same side, only one value is presented.

Nominal value 0.976 + 0.086

Systematic +1lo —1lo
Shift ~ Unc  Shift  Unc

ISR —0.018 0.151 —-0.309 0.124
FSR 0.340 0.165 —0.257 0.116
ME scales

HUR = 1, MUEF = 2 0.004

pr=1, wurp=0.>5 —0.007

MR = 2, MUF = 1 —0.084

UR =2, pp =2 —0.076

pr =05, up =1 0.122
pr = 0.5, up =0.5 0.124

ME-PS matching 0.208 0.159 —-0.236 0.142
PDF

Replicas 0.047 —0.047

Qg 0.005 —0.007
b fragmentation

Bowler—Lund 0.018

Peterson 0.102
b semileptonic BR 0.043 —0.063
Underlying event 0.047 0.151 —-0.050 0.151
Colour reconnection

MPI (ERD) 0.035 0.149

QCD-based (ERD) 0.341 0.160

Gluon move 0.197 0.159

Gluon move (ERD)  0.008 0.150
Top mass 0.244

Top pr reweighting 0.118

Total 0.622 -0.424
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Table A.3: Effect of the experimental systematic uncertainties for the combined
measurement. The values represent an absolute shift compared to the nominal value
presented at the top of the table due to a 10 variation.

Nominal value 0.960 +0.073

Systematic +1o —1lo

Calibration curve

Slope 0.012 —0.012

Constant 0.032 —0.032
JES 0.169 —0.126
JER 0.100 —0.116
Pileup SFs 0.064 —0.064
b tagging SFs 0.032 —0.036
Lepton SFs

Id 0.008 —0.008

Isolation 0.000 0.000

Trigger 0.006 —0.006

Tracking 0.000  0.000
Cross section variations

ST t channel 0.010 —0.010

ST tW channel 0.019 —0.023

Other 0.030 —0.033

Total 0.215 —-0.194
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Table A.4: Effect of theoretical systematic uncertainties for the combined measurement.
The values represent an absolute shift compared to the nominal value presented at the
top of the table. When the systematic uncertainty has an on/off effect instead of a +1o
variation or when both values are shifted to the same side, only one value is presented.

Nominal value 0.960 £+ 0.073

Systematic +1lo —1lo
Shift ~ Unc  Shift  Unc

ISR —0.087 0.122 -0.206 0.107
FSR 0.165 0.145 —-0.175 0.100
ME scales

HUR = 1, MUEF = 2 —0.002

pr=1, pwr=0.5 0.000

MR = 2, MUF = 1 —0.073

UR =2, pp =2 —0.069

pr =05, up =1 0.093
pr = 0.5, up =0.5 0.102

ME-PS matching 0.246 0.138 —0.210 0.110
PDF

Replicas 0.055 —0.055

Qs 0.004 —0.005
b fragmentation

Bowler-Lund 0.034 —0.043

Peterson 0.021
b semileptonic BR 0.035 —0.067
Underlying event —-0.119 0.122 -0.120 0.125
Colour reconnection

MPI (ERD) 0.015 0.144

QCD-based (ERD) 0.234 0.140

Gluon move 0.189 0.136

Gluon move (ERD) —0.008 0.144
Top mass 0.205

Top pr reweighting 0.098

Total 0.447 -0.364
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Effect of the Systematic Uncertainties on
the Sensitive Variable Distributions

The systematic uncertainties influence the distributions of the sensitive variables. Two
effects can be differentiated, i.e. differences in the amount of events in each bin and
differences in the shape of the distributions.

The largest systematic uncertainties affecting the measurements presented in this
thesis are initial and final state radiation, the jet energy scale, the top quark mass, the
ME-PS matching and the underlying event and colour reconnection.

The effect of the above-mentioned systematic uncertainties on the distributions of
the sensitive variables is visualised in Figures to[B.4l Whereas ISR, FSR, and the
ME-PS matching mostly have a rate effect, the shape of the distributions affected by
JES and the top quark mass are profoundly different. Both seem to have a similar
effect, i.e. higher masses/energy scales shift the peak of the distribution to larger values
and vice versa. This is a logical consequence of the definitions of m, and my, ,, since
the uncertainties increase/decrease the value of the numerator, while the denominator
remains constant.

For colour reconnection, the largest differences are observed for the gluon move
(ERD) model and, to a lesser extent, for the QCD (ERD) model. The underlying event,
on the other hand, only has a very slight influence on the distributions. This supports
the idea that this systematic uncertainty would contribute much less if its statistical
uncertainty can be reduced.
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Author's Contributions

This thesis presents the first direct measurement of the top quark decay width from
the CMS experiment using top quark pair events in the lepton+jets decay channel,
for which I am the sole contributor. I conducted all parts of the analysis described
in Chapters [5H6| from the selection and reconstruction procedure to the final result.
Many of the techniques developed for my analysis were also used in the analysis that
measured the top quark decay width in the dilepton channel, which is published as
Bounding the top quark width using final states with two charged leptons and two jets at
Vs =13 TeV, CMS Collaboration, 2016, CMS-PAS-TOP-16-019.

An example is the reweighting procedure described in Section Further, I combined
the sensitive variable in that analysis with another one that is only available in the
lepton+jets channel. The analysis described in this thesis has been endorsed by the
CMS collaboration.

In addition, I performed a phenomenological study to compare the performance of
the novel matrix element method (MEM) to a standard multivariate analysis technique
(MVA) in the search for a top squark decaying to a top quark and a neutralino, a process
that is predicted by some supersymmetry models. Whereas the results are comparable
in the dilepton channel, the MVA has an overall better performance in the other decay
channels. Seeing as the MEM is very time-consuming and CPU intensive, I concluded
that using an MVA technique is the better option for new physics searches. This result
influenced the plans of other members of my research group to a great degree.

Based on my expertise with the MEM, I wanted to investigate whether this method
had a positive influence on a measurement of the top quark decay width. Due to
technical issues to treat the value of the top quark decay width as a free parameter
during the calculation of the matrix element in the MadGraph/MadEvent software, the
decision was made not to continue this train of thought.

In the course of my PhD I was heavily involved in the commissioning and operation
of the silicon strip tracker, which was operated at —15°C for the first time during the
LHC run-2. As a consequence, all operational parameters needed to be recalibrated in
order to reflect the new conditions. In addition, I helped to install new temperature
and humidity sensors, placed insulating foam so as to reduce the amount of air from
whence moisture can condensate, and I helped sealing the tracker volume and service
channels with vapour barriers. The latter proved to be very functional when a water
leak occurred and no tracker equipment got damaged despite the puddle of water on
top of the seal. Further, I was involved in commissioning the tracker dry gas system,
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performing leak and pressure tests.

After the commissioning, I regularly took up detector expert on-call shifts. During
these shifts I coordinated all daily activities concerning the silicon strip tracker, monitored
the conditions of the detector to ensure safe operation and was responsible for the
quality of the data taken. In intervals between data-taking, I assisted in the maintenance
of the detector, such as the replacement of faulty electronic components, in both the
experimental and the service cavern. Furthermore, I contributed to the upkeep of the
data quality monitoring (DQM) software, which also got me involved in the DQM-on-call
shifts. Monitoring the quality of the data when it is produced enables to react quickly
on potential problems, thus ensuring good tracking information, which is vital for most
analyses.

Additionally, T helped calibrating the detector control unit (DCU) chips, which
monitor the temperature, voltages, and leakage current of the sensors. The latter can be
used as a measure for the amount of radiation damage the silicon sensor has endured.
When properly calibrated, DCUs can thus give an estimation of the sustained damage
and further life expectancy of the sensors.

Given the timescale needed to plan large projects, preparations for a new tracking
detector are already being made. The plan is to include track information into the
level-1 trigger for the high-luminosity upgrade of the LHC. This so-called track trigger
depends on a dedicated geometry that enables to quickly differentiate between high- and
low-pr tracks. I contributed in the validation of this procedure, making plots that give
an overview of the properties of the track-trigger objects. These are used to determine
the efficiency of several proposed geometries and reconstruction algorithms and some of
the plots can be re-used for the data quality monitoring of the new detector. In this
way | contributed to the technical design report for the new ‘phase-2 outer tracker’,
The Phase-2 Upgrade of the CMS Tracker, CMS Collaboration, 2017, CERN-LHCC-
2017-009.

Besides participating in numerous reviews of scientific papers, I have also been
involved with outreach. When the 2013 Nobel prize of physics was awarded to F. Englert
and P. Higgs for the discovery of the H boson, I explained in layman’s terms what
this discovery entailed and why it was important in the television programme Terzake
broadcasted by the VRT (national channel comparable to the BBC in the UK). This
report was awarded the diversity prize in the category ‘News’ Further, I have been a
guide at the exhibition ‘CERN: 60 years of Science for Peace’ in Brussels in 2015 and
last year, I was a member of the jury for the scientific prize of the project ‘90 degrees
South: Your Experiment at the South Pole’. For this project, advanced primary and
secondary school children designed experiments that would give different results in
Belgium and on the South Pole and the jury had to decide which experiment was the
most successful.



List of Abbreviations

ALICE
ATLAS

BSM
BW

CDF
CERN

CHS
CL1C
CM
CMS
CR

CSC
CSVv2
CT-PPS

DGLAP

DO
DT

A Large Ion Collider Experiment, one of the experiments at the LHC
A Toroidal LHC ApparatuS, one of the experiments at the LHC

Beyond the standard model

Breit-Wigner, statistical distribution that describes the distribution of
(amongst others) the mass of a particle

Collider Detector at Fermilab, one of the experiments at the Tevatron

European Organisation for Nuclear Research, located at the Franco-Swiss
border near Geneva. (Lit. Conseil Européen pour la Recherche Nucléaire)

Charged hadron subtraction

Compact Linear Collider, potential future ee™ accelerator

Correctly matched events

Compact Muon Solenoid, one of the experiments at the LHC

Colour reconnection

Cathode Strip Chamber, type of muon detector at the CMS experiment
Combined Secondary Vertex v2 algorithm

CMS-ToTEM Precision Proton Synchrotron, joint collaboration of CMS
and TOTEM

Equations describing the probability that a parton will branch. These
were developed in parallel by Dokshitzer, Gribov and Lipatov, and
Altarelli and Parisi.

One of the experiments at the Tevatron, located in the D0 region

Drift Tube, type of muon detector at the CMS experiment
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EB ECAL Barrel

ECAL Electromagnetic calorimeter

EE ECAL Endcap

ERD Early resonance decays

ES ECAL preshower

FCC-ee  Future Circular electron-positron Collider, potential future e™e™ acceler-
ator, also known as TLEP

FSR Final state radiation

FWHM Full-width-half-maximum, width of a distribution at the function value
that is half the value of its peak. This is equal to about 2.35 standard
deviations.

GSF Gaussian sum filter

HB HCAL Barrel

HCAL Hadron calorimeter

HE HCAL Endcap

HF HCAL Forward

HL-LHC High-Luminosity LHC

HLT High-level trigger

HO HCAL Outer

ILC International Linear Collider, potential future ete™ accelerator

IP Impact parameter, transverse distance to the z axis

ISR Initial state radiation

JEC Jet energy corrections

JER Jet energy resolution

JES Jet energy scale

KF Kinematic fit
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L1
LEIR
LHC
LHCb
LHCt

LO
LS1

ME
ML
MLM
MPI
MVA

NLO
NNLO

PD
PDF
PF
PS
PS
PU
PV

QCD
QFT

Level-1 trigger

Low Energy Ion Ring, accelerator located at CERN

Large Hadron Collider, accelerator located at CERN

Large Hadron Collider beaty, one of the experiments at the LHC

Large Hadron Collider forward, one of the experiments at the LHC,
located near the ATLAS experiment.

Leading order

Long Shutdown 1, timeframe between the LHC Run 1 (2010-2013)
and Run 2 (2015-ongoing) when the accelerator was not operated and
upgrades to both accelerator and experiments were performed

Matrix element

Maximum likelihood method

ME-PS matching scheme developed by M. .. Mangano
Multiparton interaction

Multivariate analysis

Next-to-leading order

Next-to-next-to-leading order

Pixel detector

Parton distribution function

Particle flow, reconstruction algorithm

Parton shower

Proton Synchrotron, accelerator located at CERN
Pileup

Primary vertex

Quantum chromodynamics

Quantum field theory
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RC Random cone algorithm

RF Radiofrequency

RMS Root-mean-square

RPC Resistive Plate Chamber, type of muon detector at the CMS experiment
SL Superlayer, collection of four stacked layers of DT cells

SM Standard model of particle physics

SPS Super Proton Synchrotron, accelerator located at CERN

ST Single top

SU(n) Special unitary group containing all matrices of dimension n
SV Secondary vertex

TEC Tracker Endcap disc

TESLA TeV Electron Superconducting Linear Accelerator, potential future ete™
accelerator project that got incorporated into the ILC

Tevatron Circular particle accelerator located at Fermilab, near Chicago, USA,
that accelerates protons and antiprotons to the TeV energy scale

TIB Tracker Inner Barrel
TID Tracker Inner Disc

TLEP Triple-Large Electron-Positron collider, potential future e™e™ accelerator,
also known as FCC-ee

TOB Tracker Outer Barrel

ToTrem  TOTal Elastic and diffractive cross section Measurement, one of the
experiments at the LHC, located near the CMS experiment

U(n) Unitary group containing all matrices of dimension n
UE Underlying event

UM Unmatched events

WM Wrongly matched events

WP Working point
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Bremsstrahlung

Electromagnetic shower

Interaction length

Moliere radius

Multiple scattering

Pair production

Radiation length

Electromagnetic radiation that is produced when a
charged particle, e.g. an electron, is accelerated or decel-
erated by the presence of a strong electric field, e.g. that
of a nucleus.

or cascade, produced by subsequent photon radiation
(through Bremsstrahlung) and pair production when an
electron or photon crosses matter. Each step generates
particles with slightly lower energies. The longitudinal
size of the shower depends on the radiation length of
the material and its transverse size is described by the
Moliere radius.

Average distance a hadron can cross in a material before
a nuclear interaction occurs. Symbol: A;

Transverse width of an electromagnetic shower. The
Moliere radius Ry is proportional to the radiation length.

Multiple collisions of a charged particle with the nuclei of
the material it is crossing. FEach collision has an influence
on the direction the particle is travelling. If the scattering
angle is small, the difference between the incident and
outgoing angle can be described by a Gaussian function.

The transformation of a photon into an electron-positron
pair. In order for this process to occur, the energy of
the photon must be at least twice the rest energy of the
electron, i.e. 2 x 511 keV.

Length of material an electron has to cross to lose '/, ~
0.368 of its original energy. Symbol: X
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