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Abstract

In this thesis, the first experimental determination of the running of the top quark
mass is presented. The running is extracted from a measurement of the differential
top quark-antiquark (tt) production cross section as a function of the invariant mass
of the tt system, m;. The analysis is performed using proton-proton collision data
recorded by the CMS detector at the CERN LHC in 2016, corresponding to an in-
tegrated luminosity of 35.9 fb™'. Candidate tt events are selected in the final state
with an electron and a muon of opposite charge, and the differential cross section
doi/dmy; is determined at the parton level by means of a maximum-likelihood fit
to multidifferential final-state distributions. The value of the top quark mass in the
modified minimal subtraction (MS) renormalization scheme, my (), is determined
as a function of the scale u = my by comparing the measured doy/dmyg to the-
oretical predictions at next-to-leading order, and the resulting scale dependence is
interpreted as the running of the top quark mass. The observed running is found
to be compatible with the one-loop solution of the corresponding renormalization
group equation, up to a scale of the order of 1 TeV.



Zusammenfassung

Diese Arbeit beschreibt die erste experimentelle Bestimmung der Energieskalen-
abhéngigkeit (Effekt, bekannt als ,running“) der Masse des Top Quarks. Hierfiir
wird der Top Quark-Antiquark (tt) Wirkungsquerschnitt in Abhéngigkeit von der
invarianten Masse des tt-Systems, my;, gemessen. Es werden die in Proton-Proton-
Kollisionen am LHC gewonnenen Daten bei einer Schwerpunktsenergie von 13 TeV
verwendet, welche vom CMS-Detektor am CERN LHC im Jahre 2016 aufgezeich-
net wurden und einer integrierten Luminositiit von 35,9 fb~' entsprechen. Es wer-
den (tt) Ereignisse mit einem Elektron und einem Myon entgegengesetzter Ladung
im Endzustand selektiert. Der differentielle Wirkungsquerschnitt doyg/dmg; wird
mittels einer Maximum-Likelihood-Anpassung an multidifferenzielle Endzustands-
Verteilungen bestimmt. Die Top Quark Masse, definiert im modifizierten minimalen
Subtraktionsrenormierungsschema (MS), my (), wird als Funktion der Skala j1 = myg
ermittelt, indem der gemessene differentielle Wirkungsquerschnitt doy;/dmy; mit den
theoretischen Vorhersagen der néchstfiihrenden Ordnung verglichen wird. Die resul-
tierende Skalenabhéngigkeit der Top-Quark-Masse wird mit der Losung der entspre-
chenden Renormierungsgruppengleichung zu einer Schleife verglichen. Somit wird
das ,,running“ der Top Quark Masse bis hin zu einer Skala in der Gréflenordnung
von 1 TeV gemessen.
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Introduction

The standard model (SM) of particle physics is a quantum field theory that suc-
cessfully describes the interactions between elementary particles. The interactions
are defined by the principle of local gauge invariance, which requires that the
Lagrangian density describing the dynamics of the fields is invariant under local
gauge transformations. The SM comprises an electroweak sector, based on the
SU(2), ® U(1)y symmetry group, and a strong sector, described by quantum chro-
modynamics (QCD) and based on the SU(3). group. The electroweak symmetry is
spontaneously broken by the Higgs mechanism, which is responsible for generating
the masses of the electroweak bosons and the fundamental fermions. The validity
of the SM has been tested up to energy scales of the order of a few TeV, and the
discovery of the Higgs boson by the ATLAS and CMS experiments at the CERN
LHC in 2012 [I], 2] confirmed the existence of the remaining undiscovered particle
predicted by the SM.

In the standard model, a special role is played by the top quark, discovered in
1995 by the CDF and DO experiments at the Fermilab Tevatron [3, [4]. With a mass
of about 173 GeV [5], the top quark is the most massive elementary particle cur-
rently known. For this reason, unlike other quarks, top quarks decay before forming
bound states. This provides a unique opportunity to study the properties of an un-
confined quark, such as its spin and charge. Furthermore, due to its large Yukawa
coupling, quantum loops containing top quarks are responsible for large corrections
to the Higgs mass and self coupling. The size of these corrections is proportional
to the value of the top quark mass, m, which makes the precise knowledge of this
parameter an essential ingredient for understanding the mechanism of electroweak
symmetry breaking.

However, beyond leading order in perturbation theory, quantum corrections to
the quarks and gluon propagators and to the QCD vertices lead to ultraviolet di-
vergences in the definition of the parameters of the QCD Lagrangian, i.e. the strong
coupling constant (ag) and the quark masses. With a procedure known as renormal-
ization, these infinities can be reabsorbed in the definition of the bare (i.e. tree-level)
parameters. However, the definition of the QCD parameters depends on the renor-

malization procedure (or scheme), which is not unique. In the modified minimal



subtraction (MS) scheme, ag and the quark masses depend on the scale at which
the infinities are subtracted, known as the renormalization scale. The resulting scale
dependence, or running, is described by a set of renormalization group equations
(RGEs). The solutions to the RGEs, which can be obtained in perturbation theory,
predict that the values of ag and the quark masses decrease with increasing energy
scales. This fact is also known as the asymptotic freedom of QCD, and ensures the
validity of the perturbative approach at sufficiently high energies. The experimental
determination of the running of ag and of the quark masses is a powerful probe of
the validity of perturbative QCD, but also an indirect search for new phenomena.
In fact, the RGEs can be modified by contributions of physics beyond the standard
model, e.g. in the context of supersymmetric theories [6] or in scenarios where the
fermion masses are generated dynamically [7]. The running of ag has been verified
on a range of energies covering several orders of magnitude using data from different
experiments [5]. Studies on the running of the bottom quark mass have also been
performed [8] using data from various experiments at the CERN LEP [9-12], SLAC
SLC [13], and DESY HERA [14] colliders, and the running of the charm quark mass
has been probed using measurements of charm quark production in deep inelastic
scattering at the DESY HERA [15]. The running of the top quark mass, instead, is
investigated for the first time in this thesis.

Another procedure used to renormalise the quark masses is represented by the on-
shell (or pole) scheme, in which the mass parameters are redefined order-by-order in
perturbation theory so that they correspond to the poles of the quark propagators.
However, it is known that the quark pole masses are affected by a fundamental
ambiguity of the order of Agcp ~ 250 MeV [16-1§].

A common way to measure the mass of the top quark is to reconstruct the
invariant mass of its decay products, or a related observable. However, these mea-
surements heavily rely on the shape of the final-state distributions obtained using
Monte Carlo (MC) simulation. Therefore, the measured value of m, lacks a clear
theoretical interpretation, and is understood as the value of the top quark mass
parameter in the simulation (mMC) that describes the data best. Alternatively, the
value of m; can be determined in a well-defined renormalization scheme by com-
paring fixed-order theoretical calculations of observables sensitive to the value of
my to the corresponding measurements. At a hadron collider, where top quarks are
mainly produced as quark-antiquark (tt) pairs, these observables are usually the
inclusive and differential tt production cross sections. However, measurements of
these observables are affected by a residual dependence on the value of mM®, which
has to be taken into account when extracting my. This is usually done by assuming
a certain relation between m; and mM¢, which introduces an additional uncertainty.

In this thesis, the value of my(m;), i.e. the top quark mass in the MS scheme
evaluated at the scale u = my, is determined by comparing a measurement of the



inclusive tt production cross section to next-to-next-to-leading order (NNLO) theo-
retical predictions. The same method is also used to extract the value of ag at the
mass of the Z boson, as(my), and the top quark pole mass, m} %l These results are
obtained using proton-proton collision data at a centre-of-mass energy of 13 TeV
collected by the CMS experiment at the CERN LHC in 2016, corresponding to an
integrated luminosity of 35.9 fb~!. Candidate tt events are selected in the final state
with an electron and a muon of opposite charge, and the inclusive tt cross section
oy is measured simultaneously with mMC® by means of a maximum-likelihood fit
to multidifferential final-state distributions. With this method, the experimental
dependence of the measured oy on the value of mM© is mitigated, and no prior
assumption on the relation between mM¢ and m; has to be made in the extraction
of my [19].

The method used to measure oy is then extended to determine the differential tt
cross section as a function of the invariant mass of the tt system, my;. The differential
cross section do/dmyz is determined directly at the parton level by embedding the
response matrix in the likelihood function. The value of my(u) is then extracted
as a function of the scale u = m; by comparing theoretical predictions at next-to-
leading order (NLO) to the measured doy;/dmy. The resulting scale dependence is
interpreted as the running of the top quark mass in the MS scheme, which is probed
up to a scale of the order of 1 TeV.

This thesis is organized as follows. The theoretical aspects of highest relevance
for this work are illustrated in Chapter [I A brief description of the CERN LHC
and the CMS detector is provided in Chapter [2, and the most relevant aspects of
the CMS event reconstruction algorithms are illustrated in Chapter [3 The same
chapter also contains studies related to the identification of b jets in boosted topolo-
gies and at the CMS high-level trigger obtained with significant contribution from
the author of this thesis, and published in Refs. [20] and [2I], respectively. The
simultaneous measurement of oz and mM¢ is then described in detail in Chapter ,
and the extraction of ag and my is discussed in Chapter [5 The results presented
in the latter two chapters, obtained for the purpose of this thesis, are also docu-
mented in Ref. [22]. Finally, the first measurement of the running of the top quark
mass, entirely developed in the scope of this thesis, is presented in Chapter [6] and
documented in Ref. [23].






Chapter 1

The standard model of particle
physics and the top quark

This Chapter provides an overview of the theoretical aspects underlying the work
described in this thesis, and is structured as follows: a brief introduction to the stan-
dard model of particle physics is given in Section [I.1} Details about the electroweak
sector and the Higgs mechanism are discussed in Sections and [1.3] respectively.
The theory of quantum chromodynamics is then described in Section [I.4] with par-
ticular emphasis given to the phenomenological implications of renormalization. The
factorization properties of QCD are then discussed in Section [I.5], and selected as-
pects of Monte Carlo simulation are illustrated in Section [1.6] After this general
introduction, the properties of the top quark and its phenomenology at the Large
Hadron Collider (LHC) are illustrated in Section , with particular emphasis given
to the aspects relevant for this thesis. Finally, details on the fixed-order calculations
and the MC simulation used in this work are given in Section [1.8 and [L.9] respec-
tively.

1.1 The standard model of particle physics

The standard model (SM) of particle physics is a quantum field theory that de-
scribes the fundamental interactions between elementary particles. The interactions
are defined by the paradigm of local gauge invariance, which requires that the La-
grangian density describing the dynamics of the fields is invariant under local gauge
transformations. The SM is divided in a unified electroweak sector, based on the
SU(2), ® U(1)y symmetry group, and a strong sector, based on the SU(3),. group.

The fundamental particles of the SM and their interactions are illustrated in
Figure [I.1] Quarks and leptons are the fundamental building blocks of matter, and
are described by fermionic fields of spin 1/2 obeying the Dirac equation. The strong
and electroweak interactions between fermions are mediated by bosons of spin 1,
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Figure 1.1: The fundamental particles of the standard model (quarks and leptons) and
the bosons responsible for their interactions [24].

corresponding to the gauge fields of the respective symmetry group. In particular,
the electromagnetic interaction is mediated by the photon (), the charged- and
neutral-current weak interactions are mediated by the W* and Z bosons, respec-
A different kind

of interaction is mediated by the Higgs boson (H), a scalar field which is respon-

tively, and the strong interaction is mediated by the gluon (g).

sible for generating the mass of all elementary particles through the mechanism of
spontaneous symmetry breaking, as illustrated in Figure[1.1

Leptons are classified as charged or neutral leptons. The charged leptons are the
electron (e), the muon (1) and the 7 lepton. Each charged lepton is associated to a
corresponding neutral lepton, called neutrino, which therefore appear in three differ-
ent flavours: electron neutrinos (v,), muon neutrinos (v,) and 7 neutrinos (v,). The
charged-current weak interaction couples each charged lepton to the correspond-
ing neutrino, and only the left-handed components of the fields participate in the

interaction [25], 26].

Quarks are divided into up-type and down-type quarks, with electric charge +2/3
and —1/3, respectively, in units of the electron charge. With the exception of the
top quark, discussed in detail in Section quarks are always observed in bound
states called hadrons. The up (u), down (d), and strange (s) quarks are commonly
referred to as light quarks, while the charm (c), bottom (b), and top (t) quarks are



known as heavy quarks. Quarks participate in all known fundamental interactions.
The charged-current weak interaction couples up-type quarks to down-type quarks
and, unlike in the lepton sector, the interaction is not diagonal in the flavour. This
property of the quark sector is known as flavour mixing.

In the SM, quarks and leptons can be classified into three generations, cor-
responding to the columns in Figure [I.1l Each generation has identical physical
properties, with the exception of the masses of the particles. In particular, the first
generation contains the lightest charged lepton and its neutrino and the lightest up-
type and down-type quarks, while the third generation contains the heaviest ones.
The number of neutrinos (and therefore of lepton generations) has been tested with
high precision by the experiments at the CERN LEP collider, and was found to be
compatible with three [27].

1.2 The unified theory of electroweak interactions

Electromagnetic and weak interactions are successfully described by the Glashow-
Weinberg-Salam (GWS) theory [28H30], which is a spontaneously broken gauge the-
ory based on the non-Abelian symmetry group SU(2), ® U(1)y. The left-handed
components of the fermionic fields are organized in isospin doublets of SU(2):

J 4]
j Vot j qdyr .
L]L:(gj)> /[]/:</j>7]:172737
I3 q4r,

where l/g, 01 ¢, and q;lj indicate the Dirac fields of the lepton neutrinos, charged
leptons, up-type quarks, and down-type quarks, respectively, and the index j runs
over the fermion generations. The right-handed components of the fields, instead,
are treated as SU(2)y, singlets.

For each generation, the gauge-invariant Lagrangian density describing the dy-
namics of fermion fields can be written as:

L= Z'ZL’)/#D“LL —+ Z'ﬁgR’yMDquR + Z'ZR’}/MDugR, (11)
. Y,
D, =0, —igT;Wi(x) - ig’%BM(x), (1.2)

where g, ¢’ are real dimensionless parameters, Yy, is the hypercharge operator, 7; are
the three generators of SU(2), 7* are the four Dirac matrices, and W (z) and B, ()
are real fields. When acting on an isospin doublet, the T; correspond to o;/2,
where o; are the three Pauli matrices. The experimentally observed charged-current
interactions are derived by performing a linear combinations of the Wl} and Wi
fields:

1

W, = 7 (W, FW2), (1.3)



while the electromagnetic field A, can be obtained by performing a rotation of the

B,\  (costy —sinfy A, (14)
wp ~ \sinfy  cosby Z.]’ '

under the condition gsinfy, = ¢ cosfy = e, where e is the electric charge of

remaining fields:

the electron. The parameter 6y is referred to as the electroweak mixing angle, or
Weinberg angle, and the neutral field Z,, corresponds to the field of the Z boson.
The effective value of sin? 0y was measured with high precision at the Z pole by the
experiments at the CERN LEP, and was found to be 0.23153 £ 0.00016 [27].

In this formalism, the relation between the weak isospin, the electric charge,
and the hypercharge of a fundamental particle is given by the Gell-Mann-Nishijima
formula:

Yy
Q="T;+ 5 (1.5)
where @) is the electric charge operator. It follows from Eq. that the hypercharge
of right-handed neutrinos must be zero, which implies that they do not participate
in any SM interaction. For this reason, the corresponding fields are removed from
the Lagrangian density in Eq. [I.1]

The validity of the GWS model has been extensively tested with a high level of

precision, e.g. by the experiments at the CERN LEP [27], and remarkable agreement

between the theoretical predictions and the measurements has been observed.

1.3 The Higgs mechanism and quark mixing

The formalism illustrated in Section [1.2] does not allow mass terms for fermions and
electroweak bosons to be introduced without explicitly breaking the gauge symme-
try. The problem is solved by the Higgs-Brout-Englert mechanism [31], 32], which
generates the desired mass terms through the mechanism of spontaneous symmetry
breaking. An isospin doublet of scalar fields ¢ is introduced, which is assumed to
be subject to the potential:

V(g) = —p2|8]* + Ag|", (1.6)

where ;2 and A are real parameters. This potential is invariant under a SU(2) ®
U(1)y gauge transformation, and can therefore be included in the GSW Lagrangian.
In order to ensure the stability of the electroweak vacuum, the parameter \ is re-
quired to be positive. Moreover, for positive values of u?, the ground states of the
potential corresponds to an infinite number of degenerate fields satisfying the con-
dition |¢|* = p2/(2\) = v2/2. In this case, the ground-state fields are not invariant
under the SU(2), ® U(1)y gauge transformation and develop a non-zero vacuum

8



expectation value corresponding to v. The shape of the Higgs potential for p? > 0
and A > 0 is shown in Figure [1.1 where the physical meaning of the parameter v is
also illustrated.

The ground-state field can be expanded around the minimum of the potential
and parametrized in terms of its four degrees of freedom:

1@ 0
0= (o1 1) o

where H(x) and the three 6; are real scalar fields. It is possible to perform a gauge
transformation of the field ¢ so that the phase in Eq. vanishes: this gauge is
commonly referred to as the unitary gauge. With this choice, which spontaneously
breaks the SU(2), ® U(1)y symmetry, the three degrees of freedom carried by
the fields 67 are converted into mass terms for the W and Z boson fields, with
mw = gv/2 and my = mw/cosfy. The obtained mass terms are proportional
to v ~ 246 GeV [5], which can be considered the natural scale of the electroweak
theory. The field H, which is interpreted as the Higgs boson field, also acquires
a mass my = v2\ v, and interaction terms between the Higgs boson and massive
vector bosons are naturally generated. Furthermore, the expansion of the potential
around the minimum of ¢ gives rise to trilinear and quartic self-interaction terms

for the field H, with x?/v and A being the respective couplings.

Fermion masses are obtained by introducing a gauge-invariant Yukawa-like in-
teraction term, that in the case of quarks can be written as:

Ll =—Q el — QoL + hee. (1.8)

Here, I', and I'; are complex matrices in the space of the three generations, h.c.
denotes the hermitian conjugate, and ¢. = io9¢*. It is possible to find a bi-unitary
transformation for which T = VT4V and T% = V/T/W V¢ are diagonal matrices
with positive real elements, which are interpreted as the quark masses. Flavour-
diagonal interaction terms between the Higgs and quark fields are also generated,
with coupling constant y, = \/§mq /v, where m, is the quark mass. The quantity y,
is referred to as Yukawa coupling, and the physical fields are identified with those

that diagonalize the mass matrices.

The Higgs boson was discovered in 2012 [I 2] by the ATLAS and CMS Col-
laborations at the CERN LHC, and its mass is currently measured to be 125.10 +
0.14 GeV [5]. The properties of the Higgs boson, and in particular the Yukawa
couplings of quarks and leptons, are currently being investigated at the LHC. So
far, remarkable agreement between the SM predictions and the measurements is ob-
served [33,[34]. Furthermore, the ATLAS and CMS Collaborations recently observed
the associated production of a top quark pair and a Higgs boson [35, 36], and the

9



decays of the Higgs boson into b quarks [37], [38] and 7 leptons [39, [40]. These results
represent a direct evidence of the coupling of the Higgs boson to third-generation
fermions. However, only upper bounds are currently available for the Yukawa cou-
plings to second-generation fermions [41-44], while those to first-generation fermions
are still out of reach.

The Higgs mechanism can also provide an explanation for the flavour mixing and
CP violation observed in the SM [5]. In fact, the charged-current weak interaction
can be expressed in terms of the physical quark fields as:

Ji = Z%L’V”szqz@v (1.9)
i.j
where V;; = V"'V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [45, 46]. In
the SM, the CKM matrix is required to be unitary, and can be expressed in terms of
three mixing angles and one CP-violating phase. The elements of the CKM matrix
are being measured with increasing precision [5], and tests of unitarity are being
performed using data from different experiments [47].

The flavour mixing in the leptonic sector can be described in an analogous way.
However, since right handed neutrino fields do not appear in the GWS Lagrangian,
it is possible to perform a transformation of the fields without introducing lepton-
flavour mixing. Therefore, unlike in the quark sector, the charged-current interac-
tions between leptons are diagonal in the flavour, and mass terms are generated only
for charged leptons. However, recent experimental observations of neutrino oscilla-
tions indicate that neutrinos are massive particles [48-50]. It is possible to extend
the SM Lagrangian in order to obtain mass terms for neutrinos, which leads to the
introduction of the counterpart of the CKM matrix in the leptonic sector, known as
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [51} 52]. The PMNS matrix
can be expressed in terms of three mixing angles and one CP-violating phase if neu-
trinos are Dirac particles, while it requires two additional weak phases if neutrinos
are Majorana particles [53]. The elements of the PMNS matrix can be determined
via global fit to data of various experiments [54], while the Dirac or Majorana na-
ture of neutrinos is still being investigated [55]. The values of neutrino masses are
currently unknown, and only upper limits have been determined [56H59).

1.4 Quantum chromodynamics and renormalization

The strong interaction between quarks and gluons is successfully described by quan-
tum chromodynamics (QCD), a gauge theory based on the SU(3). symmetry group.
The quantum number responsible for strong interactions is the colour charge, which
was initially introduced to explain the observed total hadronic cross section in ete™

10



Figure 1.2: Feynman diagrams corresponding to the trilinear (left) and quartic (right)
gluon self-interaction vertices.

collisions [5] and the existence of the A™* baryon [60H62]. Quark fields are orga-
nized in colour triplets ¥ = (qu, @y, q)* of the SU(3). group, and their dynamics is
described by the Lagrangian density:

1 _

Lacp = = F, B+ ) (v Dy — my)iy, (1.10)
i

D, = 0, —igst A, (), (1.11)

Fa, = 0,A% — 0,A% + go [ A} A (1.12)

Here, f is an index that runs over the quark flavours, g, is a dimensionless real
parameter, t* are the eight generators of the fundamental representation of SU(3).,
AZ(x) are the eight gauge fields corresponding to the gluon fields, and f%¢ are the
completely antisymmetric SU(3), structure constants defined by the commutation
relation [tq,t,] = if%°t.. Gluons couple to quarks with the same flavour and dif-
ferent colours, and are therefore coloured force carriers. Due to the non-Abelian
structure of SU(3)., the dynamic term of the gluon fields generates the trilinear and
quartic gluon self-interaction vertices shown in Figure [1.2] In analogy to quantum
electrodynamics, a strong coupling constant is defined as ag = ¢?/(47). QCD was
experimentally established as a gauge theory with the discovery of the gluon at the
DESY PETRA storage ring [63].

Beyond leading order in perturbation theory, corrections to the gluon and quark
propagators, as the ones shown in Figure [1.3] lead to logarithmic ultraviolet diver-
gences in the definition of the parameters of the QCD Lagrangian, i.e. ag and the
quark masses. In local gauge theories, at every order in perturbation theory, infini-
ties can be subtracted and reabsorbed in the definition of the bare (i.e. tree-level)
parameters of the Lagrangian [64], which are regarded as unphysical quantities.
This process is know as renormalization. The choice of the renormalization scheme,
and therefore the definition of the parameters, is not unique. However, at all or-
ders in perturbation theory, the results of calculations of physical observables are
independent of the renormalization scheme used.
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Figure 1.3: One-loop corrections to the gluon (upper) and quark (lower) propagators
which lead to the renormalization of the strong coupling constant and the quark masses,
respectively.

The modified minimal subtraction (MS) scheme is one of the most widely used
renormalization procedures. In this scheme, the subtraction of ultraviolet diver-
gences is performed at a fixed scale u,, known as the renormalization scale. As a
result, ag and the quark masses depend on the choice of p,. The short-distance
mass m(u,) is referred to as MS mass, or running mass. However, since p, is an
artificially-introduced scale, any physical observable calculated at all orders in per-
turbation theory does not depend on it. Considering a dimensionless observable O
that depends on an energy scale (), this fact can be expressed as:

0 0

0
#Qa—uz + flas) 5 = ymlas)ma | O (Q*/1?, as,m/Q) = 0. (1.13)

om

This expression defines the so-called renormalization group equations (RGEs):

Oa
Blas) = uza—uf, (1.14)
om
u28_,u2 = —ym(as)m, (1.15)

which describe the scale dependence, or running, of ag and the quark masses, re-
spectively. The RGEs depend on the § function, S(as), and the mass anomalous
dimension, v,,(ag). With this formalism, the dependence of the observable O on
the physical scale () is described in terms of the evolution of the QCD parameters
with respect to the same scale.

If the value of ag is small, equations and can be solved in perturbation
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theory by expanding f(as) and v,,(as) in powers of as:

Blas) = —ag ) Baaf, (1.16)
n=0
’)/m(aS> = aszcnag7 (117)
n=0

where the coefficients 3, 1 and ¢,_; contain the n-loop corrections to the propagators
and vertices. An explicit solution of Egs. and can be obtained at the lowest

order in the expansion, i.e. at one-loop precision:

2 aS(N%)
W) = T B2 M G2/1) (1.18)

) = () |1 = cns(utn (5] (119)

0

Here, o represents the initial scale at which ag and the quark masses are evaluated,
co = 1/m, and Sy = (33 — 2ny) /127, where ny is the number of active flavours, i.e.
the number of quark flavours that can be considered massless at the energy scale at
which the running is considered [5]. On the other hand, the values of ag(1o) and
m(po) cannot be calculated, and have to be determined experimentally. Currently,
the f function and the anomalous dimension are known up to five-loop order [65-68].

The validity of the perturbative treatment of QCD at high energy is contained
in Eq. [I.I8) which implies that the value of the coupling constant decreases with
increasing energy scales. For this reason, QCD is said to be an asymptotically-
free theory [69, [70], which is a feature of all gauge theories based on non-Abelian
symmetry groups in four space-time dimensions [71]. Equation also implies that
the value of ag rapidly increases at low energy, which invalidates the perturbative
treatment of QCD. The scale at which ag diverges is referred to as Aqcp, and is of
the order of 250 MeV [5]. This fact is at the origin of quark confinement, which is
the property that quarks are always observed combined into colourless states called
hadrons. Approximate solutions of the QCD Lagrangian at low energies can only
be obtained by means of a non-perturbative approaches, such as lattice QCD [72].

Measuring the running of the QCD parameters is an important test of the validity
of perturbative QCD, but also a tool for indirect searches for undiscovered physics.
In fact, the RGEs can be modified by contributions from physics beyond the standard
model, e.g. in the context of supersymmetric theories [6] or in scenarios where the
fermion masses are dynamically generated [7]. The running of ag has been verified at
several experiments on a wide range of energy, as shown in Figure[1.4l The running

of the b quark mass was also demonstrated [§] using data from various experiments
at the CERN LEP [9H12], SLAC SLC [13], and DESY HERA [I4] colliders, and
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Figure 1.4: Running of ag determined using data from CMS and various other experiments
at different colliders [73].

measurements of charm quark production in deep inelastic scattering at the DESY
HERA were used to determine the running of the charm quark mass [15]. In all
cases, good agreement with the RGE predictions is observed. The running of the
top quark mass, instead, is investigated for the first time in this thesis.

An alternative way to renormalise the quark masses is represented by the on-shell
scheme, where the mass parameters are redefined order-by-order in perturbation the-
ory so that they correspond to the pole in the quark propagator [5]. This approach
is inspired by the renormalization procedure followed in quantum electrodynamics,
and the corresponding mass is referred to as the pole mass. However, unlike leptons,
quarks are subject to non-perturbative QCD effects that lead to a fundamental am-
biguity in the quark pole mass definition of the order of Aqcp, known as renormalon
ambiguity [I6-18]. Nonetheless, the MS and pole masses can be related at every
fixed order in perturbation theory. For example, at the one-loop level:

ole 4
mq(mg) = mb le 11 — S_WQS(mq> + O(a%) , (1.20)

where mg"le denotes the pole mass of quark q. The relation between the MS and
the pole masses is currently known up to order o [74].

Another common definition is the so-called MSR mass, which is a short-distance
mass that depends on an infrared scale R [75]. The MS and pole masses can be
obtained from the MSR mass for R = m(u) and R — 0, respectively. Like the MS
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mass, the MSR mass is not affected by renormalon ambiguity [75].

1.5 QCD factorization and the evolution of parton distribu-

tion functions

In high-energy collisions involving hadrons, the large-momentum scattering is under-
stood as the interaction between fundamental hadron constituents, called partons.
In such collisions, the production cross section for any process can be calculated using
a master formula known as QCD factorization theorem [76], which postulates the
full factorization between short-distance (i.e. non-perturbative) and long-distance
(i.e. perturbative) physics. The scale that defines the boundary between short- and
long-distance dynamics is known as factorization scale, and is indicated with ;.
According to the factorization theorem, the cross section for a proton-proton inter-
action of the kind pp — ab+ X can be expressed as the convolution of the partonic

cross section G;j_,q, with the parton distribution functions (PDFs) of the proton

fl(%ﬂg)
1
Opp—ab+X = Z/ dwleEin(xl?M?)fj(an M%)é-ij—mb (l‘l;m?: S)M?)Mf) (1/5) ) (121)
ij V0

where /s indicates the centre-of-mass energy of the collision. The PDF f;(x, u?)
represent the probability that parton ¢, which can be either a quark or a gluon,
carries a fraction x of the momentum of the proton. While the partonic cross section
can be calculated in perturbation theory, the PDF's are universal non-perturbative
quantities that must be determined experimentally.

The factorization scale is introduced beyond leading order in perturbation the-
ory in order to remove infrared divergences arising from hard collinear initial-state
radiation, and represents the minimum transverse momentum for which a collinear
splitting of an interacting parton can be resolved. Therefore, the scale p¢ depends
on the physical scale of the process. The dependence of the PDF's on the scale ug,
also known as PDF evolution, is described by a set of differential equations known as
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [77H79], which

can be written in the form:

2 0 (ol p?)) _ as(y?) td
: a_:“z (fg(x7i2)> - 82:: %/yg ?y
P (i,Oés(/ﬂ)) Pag (fﬂs(ﬁ)) (qu(y,y2)>
Poq (ﬁ,as(/ﬂ)) Pag (iaas(ﬁﬂ)) .

X
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Figure 1.5: Feynman diagrams for the processes corresponding to the Altarelli-Parisi split-
ting functions Py,(z) (upper left), Py(z) (upper right), Pyy(z) (lower left), and Pyy(z)
(lower right).

The functions P;;(z), known as the Altarelli-Parisi splitting functions, represent the
probability for parton ¢ to emit a parton j carrying a fraction z of its longitudinal
momentum, in the collinear approximation. The splitting functions can be calcu-
lated in perturbation theory based on the Feynman diagrams shown in Figure
and are currently known at up to three loops in QCD [80, 81]. Experimentally,
PDFs are determined from data at a fixed reference scale, and are then evolved
using DGLAP equations.

A precise determination of the PDFs has been performed using deep inelastic
scattering (DIS) data from the DESY HERA [82] with further constraints from
neutrino-nucleon scattering [83] and hadron collision data. Data collected by the
experiments at the LHC can also provide additional constraints, especially on the
gluon PDF [84H87]. Furthermore, the excellent agreement between the predicted and
observed PDF evolution demonstrated using DIS data represents another important
proof of the validity of perturbative QCD [82].

1.6 Monte Carlo simulation

Experimental analyses often need realistic simulated events that can be directly
compared to data. Such pseudo-events can be obtained using Monte Carlo (MC)
event generators, which are tools that can be used to simulate the QCD dynamics
at the different energy scales of an event. While partonic scattering is calculated in
perturbation theory using numerical methods, the subsequent emission of soft and
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Figure 1.6: Schematic representation of the MC simulation of a hadron-hadron collision.
The red blob in the centre represents the large-momentum partonic interaction, surrounded
by parton branchings simulated by the parton shower. The purple blob indicates a sec-
ondary scattering event, representing multiple-parton interactions. The hadronization is
represented by light green blobs, while dark green blobs indicate the decays of final state
hadrons [88].

collinear partons is simulated using parton showers, which are programs designed
to approximate higher-order terms with a perturbative approach. On the other
hand, soft processes such as multiple parton interactions, the hadronization, and
hadron decays can only be described with phenomenological models. A schematic
representation of the MC simulation of a typical hadron-hadron collision event is

shown in Figure

Parton showers rely on the same factorization properties of QCD that are used
to describe the PDF evolution. Given a process with n final state partons and cross
section o, the cross section of the same process accompanied by the branching of
parton ¢ which generates an additional parton j can be approximated in the collinear

limit as [89]:
dopi1 = op E — P (2)dz, (1.23)

or k27

ji
where z is the momentum fraction of the emitted parton, P}(z) are the time-like
splitting kernels related to the splitting functions introduced in Section [1.5] and £ is
a variable proportional to the relative transverse momentum of the emitted parton
with respect to the parent parton. Equation [1.23| can be solved iteratively starting
from the matrix element of the partonic scattering, adding a final-state branching

at each iteration.
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The soft and collinear divergences in Eq. [.23] corresponding to k& — 0, can
be removed by introducing a resolution parameter )y which represents the scale
below which a splitting is not resolved. By treating k£ as an ordering variable, the
probability that there are no resolvable branchings with k? > ¢? is given by

O Ak g [/

A(Q2 ¢?) = exp [—Z <o P(2) dz] S (12

2 k’2 2T Qg/kQ

where Q? is the shower starting scale. The function A;(Q?, ¢?) is known as Sudakov
form factor [00, O1]. In a parton shower, a value of ¢* is randomly generated ac-
cording to the probability distribution of the first branching, given by the derivative
of A;(Q? ¢*) with respect to ¢?. If the generated value of ¢ is larger than Q2
a splitting with k* = ¢? is generated according to P]{(z) Otherwise, the shower
terminates. The same procedure can be applied to incoming partons to generate
initial-state showers. In this case, Eq. has to be modified in order to take into
account the PDF evolution and the correct momentum fraction of the interacting

parton [89].

The Sudakov form factor resums all powers of the largest logarithmic terms in
the perturbative expansion, i.e. those of the kind [as In* (Q%/Q2)]™. For this reason,
the parton shower is said to be a leading-logarithmic approximation. Furthermore,
the large logarithms that appear in the splitting kernels are resummed to all orders
in the running of the coupling constant, as(q). However, as ¢* decreases during the
shower evolution, ag(q) becomes larger and the branching probabilities significantly
increase. In order to ensure the validity of the perturbative approach, it is required
that Q2 > Aqep. As a result, the choice of the cut-off parameter @)y can have a
non-negligible impact on the resulting dynamics [89).

In order to avoid double counting of real emissions, a matching between the
matrix element calculation and the parton shower is required. Since matrix ele-
ment calculations can accurately describe large-angle, hard emissions, while parton
showers are designed to simulate soft collinear radiation, the matching procedure
consists in correcting the hardest emission from the parton shower. One of the most
common matching procedure is the POWHEG method [92], 93], which consists in ap-
plying suitable corrections to the Sudakov form factor. The scale hgamp at which the
matching is performed is known as resummation scale [94], and its value is tuned
using data [095]. The matching procedure preserves both the NLO accuracy of the
matrix element and the leading-logarithmic resummation properties of the parton

shower.

The aspects of MC simulation discussed above are related to the large-momentum
partonic scattering and the subsequent parton branchings. However, in hadron-
hadron collisions, multiple parton-parton interaction occur at every event. These
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interactions give rise to soft QCD processes, known as underlying event, which can-
not be calculated in perturbation theory and are simulated using phenomenological
models that are directly tuned to the data [95]. In addition, the colour correlations
between final state partons can significantly affect their kinematics [96]. Different
colour reconnection models have been developed [97, O8], and are currently being
tested using data from the LHC.

Finally, the partons generated at scales below the parton-shower cut-off scale
are combined to form hadrons. Since hadronization occurs in the non-perturbative
regime of QCD, this part of the process can only be simulated using phenomeno-
logical models. One of the most common is the so-called string model [99], which
assumes that quark-antiquark pairs are subjects to a linearly rising potential com-
pressed in a string. If the energy stored in the string is larger than that of a
quark-antiquark pair, a qq pair is produced and the string fragments, until sta-
ble hadrons are formed. In this model, gluons are treated as kinks in the string,
and can affect the angular distributions of the final state hadrons. A better phe-
nomenological description of the fragmentation of heavy quarks is provided by the
Bowler—Lund parametrization [100], which is an extension of the string model where
the string potential is modified by the effect of the heavy quark mass. This results
in a parametrization of the heavy-quark fragmentation function, i.e. the distribution
of the fraction of the b quark momentum carried by the b hadron, in terms of two
tunable parameters. An alternative parametrization is represented by the Peterson

fragmentation function [I01], which instead depends on a single parameter.

1.7 The top quark

The top quark was discovered in 1995 by the CDF and DO Collaborations at the
Fermilab Tevatron, using pp collisions at /s = 1.8 TeV [3, 4]. With a pole mass of
173.1£0.9 GeV [5], the top quark is the most massive elementary particle currently
known. For this reason, the decay time of the top quark is considerably smaller
than the time scale of hadronization, and top quarks decay before forming bound
states. This provides the possibility to study the properties of an unconfined quark,
e.g. its polarization and charge [102] 103], and to directly measure the mass of the
top quark from the invariant mass of its decay products. Furthermore, the value
my provides a natural hard scale for testing the validity of perturbative QCD, and
is also of particular importance in the context of electroweak physics. In fact, large
corrections to the Higgs boson mass arise from diagrams such as the one shown in
Figure 1.7, which quadratically depend on the top Yukawa coupling, and therefore
on my [104]. The first-order correction to the parameter u? in the Higgs potential
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Figure 1.7: Diagram representing the one-loop correction to the Higgs mass due to a top
quark loop.
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Figure 1.8: Left: evolution of the Higgs quartic coupling as a function of the RGE scale,

including the uncertainty in the values of ag, mP*®, and the Higgs boson mass. Right:

stability, meta-stability, and instability of the electroweak vacuum as a function of the
top quark and Higgs boson masses, compared to the current knowledge of these two
quantities [106].

(Eq. is calculated to be:

2 3 2A2

- 47r2mt 02’

Sy (1.25)

where A > 1TeV is the cut-off scale of the theory [I04]. In order to obtain the
correct physical Higgs mass, an unnatural fine-tuning of the tree-level parameter
is required [104]. This fact is also known as the hierarchy (or naturalness) problem.
Similarly, diagrams involving top-quark loops are responsible for the quantum cor-
rections to the parameter A in the Higgs potential. Therefore, the evolution of A
as a function of the energy scale depends on the values of ag, my, and (to lesser
extent) the Higgs boson mass [I05HI07], as shown in Figure (left). This result
shows that, at higher energy scales, the sign of A, which is responsible for the sta-
bility of the electroweak vacuum, crucially depends on the value of m;. With the
current level of precision on m; and the Higgs boson mass, only the unstable vacuum
hypothesis can be confidently ruled out [I05-H107], as shown in Figure (right).
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Figure 1.9: Leading-order Feynman diagrams for tt production in hadronic collisions. The
first two diagrams represent the gluon-fusion production mode in the s-channel and t-
channel, respectively, while the diagram on the right-hand side represent the production
mode corresponding to quark-antiquark annihilation.

In pp collisions, top quarks are mainly produced as quark-antiquark (tt) pairs, as
shown in Figure [1.9, This process has been studied by the experiments at the LHC
in a wide range of energies, and is found to be well described in terms of perturbative
QCD, as shown in Figure . At /s = 13 TeV, the gluon fusion channel, which
corresponds to the first two diagrams in Figure[1.9] accounts for about 90% of the tt
production [5]. With a total cross section of about 830 pb [5], tt production is one of
the most abundant among the processes of interest for the LHC physics programme.

Top quark decays proceed via charged-current weak interaction, and the main
decay channel is represented by the process t — Wbh. The branching ratio for this
channel can be calculated in terms of the elements of the CKM matrix:

_ Vi *
Viol* + [Vis]? + [Via*”

Byw (1.26)
where Vi, is the CKM element that controls the t — Wq vertex. In a recent CMS
measurement, this quantity was determined to be larger than 0.955 at 95% confi-
dence level [110], while the SM prediction in terms of the measured CKM matrix
elements is Byw = 0.998 [5]. Based on the decays of the W bosons, tt final states can
be classified into three different channels: the dileptonic, corresponding to events in
which both W bosons decay into a lepton and a neutrino; the semileptonic, in which
one W boson decays leptonically while the other one decays to a quark-antiquark
pair; and the fully-hadronic, in which both W bosons decay hadronically. The
branching ratios of the different channels are summarized in Figure [I.11] Despite
the low branching ratio, dileptonic channels are widely used in physics analyses
since they can be experimentally identified with high purity. On the opposite, the
fully hadronic channel accounts for almost half of the tt decays, but it is difficult to
isolate from QCD multi-jet production. The semileptonic channels have intermedi-
ate properties, with moderate background contamination and significant branching
ratios. The results presented in this thesis are obtained using tt events in the e p®
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Figure 1.10: Inclusive top quark pair production cross section as a function of the centre-
of-mass energy in pp and pp collisions [108]. Measurement from the ATLAS and CMS
Collaborations and from the experiments at the Fermilab Tevatron are compared to the-
oretical predictions in perturbative QCD obtained with the Tor++ program [109].

final state, which corresponds to a branching ratio of about 2% [5].

Measurements of the top quark mass based on the reconstruction of the invariant
mass of its decay products, often referred to as direct mass measurements, can reach
a remarkable precision of a few per mille, as shown in Figure [1.12 However, these
measurements heavily rely on distributions derived from MC simulation, and are
therefore sensitive to the details of the MC generator used [89] [112]. For this reason,
the value of my determined with this method lacks a clear theoretical interpretation,
and is understood as the value of the top quark mass parameter in the MC simulation
(mMC) that best describes the data. Dedicated studies suggest that the difference
between mMC and mP®® can be of the order of 1 GeV, and that the value of mMC
corresponds to that of mMS®(R), with R of the order of the cut-off scale in the
parton shower [I13]. The most recent measurement of mM¢ in the dileptonic channel
(Figure [1.12)) was developed for the scope of this thesis, and is presented in detail
in Chapter [4

Alternatively, the top quark mass can be determined in a well-defined renormal-
ization scheme, e.g. on-shell or MS, by comparing fixed-order theoretical predictions
of observables sensitive to m; to the corresponding measurements. Typical observ-
ables are the inclusive tt cross section, oy, or differential cross sections as a function
of a sensitive variable, e.g. the invariant mass of the tt pair or that of the tt+1 jet
system [114]. Similar methods can be used to determine the strong coupling con-
stant and to provide additional constraints to the PDFs, e.g. as in Refs. [86, 115].
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Figure 1.11: Branching ratios of the different decay channels of a tt pair [I1I]. The
semileptonic channels are indicated with “lepton-+jets”, while the fully-hadronic channel
is referred to as “alljets”.
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Figure 1.13: Determinations of the top quark pole mass by the ATLAS and CMS Collab-
orations [108].

The most recent measurements of the top quark pole mass from the ATLAS and
CMS Collaborations are shown in Figure [1.13] The most recent NNLO result for
mP" in Figure was obtained for the purpose of this thesis (Chapter [5)), and
is determined from a measurement of the inclusive tt cross section at /s = 13 TeV
(Chapter [4). The same measurement is used to extract the values of ag(myz) and
m¢(my) at NNLO. A measurement of m¢(my) at NLO has also been performed by
the ATLAS Collaboration using tt+1 jet events at /s = 8 TeV [116], exploiting the
observable proposed in Ref. [114].

The value of m; can also be indirectly determined by means of so-called elec-
troweak fits. These fits take as inputs experimental results, theoretical calculations,
and model-dependent relations between the SM parameters. For example, the value
of the top quark mass can affect the W boson propagator and the Z — bb vertex, as
shown in Figure [1.14] and can therefore be determined indirectly. Remarkably, the
value of mP®® obtained in recent electroweak fits is found to be in scarce agreement
with those determined from tt data [I17]. This fact further motivates the need of
more precise measurements of m; obtained with different methods in order to probe
the limits of our current understanding of fundamental interactions.

1.8 Fixed order calculations for tt production

Precise calculations of the inclusive and differential tt production cross sections can
be performed at a fixed order in perturbation theory. As discussed in the previous
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Figure 1.14: Examples of one-loop corrections to the W boson propagator (left) and the
Z — bb vertex (right) involving the top quark [117].

section, these calculations allow m; to be determined in a well-defined renormal-
ization scheme, avoiding the ambiguities of the results of direct measurements. In
particular, calculations in the MS and on-shell schemes can be used to determine
mq(mg) and mP*®, respectively.

In fixed-order calculations, large terms appear in the perturbative expansion of
ot near the tt production threshold [118]. For example, the emission of soft gluon
gives rise to large logarithms of the kind of In™ 3, where k is the loop order of the
calculation, m is any integer number in the range 1 < m < 2k, and § = \/Tmf/é
is the parton velocity, a quantity that vanishes near the tt production threshold. To
date, these logarithms can be resummed in perturbation theory up to next-to-next-
to-leading logarithmic (NNLL) precision [118, [119]. This procedure is known as soft-
gluon resummation. In addition, so-called Coulomb terms arise from the exchange of
gluons between non-relativistic top quark pairs. The corresponding terms are of the
form (ag/B)*, and are automatically included in fixed-order calculations. However,
it is also possible to resum the Coulomb terms simultaneously with the soft-gluon
logarithms [120].

Theoretical predictions for the inclusive tt cross section in the MS scheme are
obtained at next-to-next-to-leading order (NNLO) using the HATHOR 2.0 soft-
ware [I12I], while NNLO calculations in the on-shell scheme are performed with
the ToP++ 2.0 program [109], which also includes the soft gluon resummation at
NNLL precision. The calculations are interfaced with different NNLO PDF sets,
as discussed in detail in Chapter Theoretical predictions for the differential tt
cross sections in the MS scheme are currently only available at NLO precision. The
calculations used in this thesis are implemented in a dedicated version [122] of the
MCFM v6.8 program [123| 124]. All the above calculations are performed in the
five-flavour number scheme, where all quarks except the top are considered to be
massless. The same scheme is adopted in the considered PDF's, which means that
the contribution from initial-state b quarks is absorbed into the PDFs.

A common procedure used to estimate the effect of missing higher order cor-

rections consists in performing variations of the renormalization and factorization
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Figure 1.15: Scale dependence of the LO, NLO, and NNLO predictions of the inclusive tt
cross section at /s = 8 TeV in the on-shell (left) and MS (right) schemes. The vertical

bars represent the predicted values of o and their uncertainty for m?! ol — 173 GeV and
myg(my) = 163 GeV, respectively [122).

scale by a factor of two. In fact, such variations are known to generate terms of
one order higher in ag with respect to the order of the calculation. The validity of
this approach is based on the comparison between the obtained uncertainties and
calculations at different orders. In the context of tt production, it was demonstrated
that calculations of oyt performed in the MS scheme exhibit better perturbative con-
vergence compared to the corresponding calculations in the on-shell scheme [122].
In fact, as shown in Figure for /s = 8 TeV, smaller differences between LO,
NLO, and NNLO are observed in results obtained in the MS scheme. Furthermore,
the scale dependence of the calculated o is found to be milder compared to the
on-shell scheme. However, similar theoretical uncertainties are obtained with the
two schemes when performing differential calculations [122].

1.9 Simulation of tt events

The measurements presented in this thesis make use of samples of simulated tt
events. The samples are generated using the POwHEG v2 [92] 03] (125, [126] NLO
MC generator interfaced to the NNPDF3.0 NLO PDF set [127]. In the matrix-
element calculation, the renormalization and factorization scales are chosen to be
the transverse mass of the top quark, defined as mr = \/m%i—i-p?F In the nominal
simulation the value of the top quark mass is set to m; = mM¢ = 172.5GeV. A
value of ag(myz) = 0.118, corresponding to the value utilized in the determination of
the PDFs, is used in the calculation, where its evolution is calculated at two loops.
The width of the top quark is set to the SM expectation of 1.31 GeV, and top quark
decays are simulated at leading-order precision. The initial- and final-state showers
are simulated using the PyTHIA 8.2 [128] program with the CUETP8M2T4 underly-
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ing event tune [95, [129], in which the best-fit values for hgamp and ag are determined
to be hgamp = 1.58 1550 xmy and ag(mz) = 0.111 70013, respectively [129]. The same
program is also used to simulate the hadronization of quarks using a string model,
while the fragmentation of heavy quarks is parametrized using the Bowler—Lund
function. Since the parton shower provides a leading-logarithmic approximation of
higher orders in QCD, the running of ag and the PDF evolution in PYTHIA are
calculated at one-loop precision. The starting scales for ISR and FSR showering are
both set to mr, and the cut-off scale is chosen to be 0.8 GeV. Similar setups are
used for the simulation of the main background processes, which are tW [130] and
Drell-Yan production [I31].
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Chapter 2

The LHC and the CMS detector

This Chapter describes the main features of the Large Hadron Collider (LHC), the
machine that provides the high energy collisions used to study the interactions be-
tween fundamental particles, and of the Compact Muon Solenoid (CMS) detector,
which is used to record the collision data used in this thesis. The Chapter is struc-
tured as follows: details about the LHC are given in Section [2.1] while the CMS
detector is described in Section The CMS trigger system is then described in
Section [2.3], and the measurement of the integrated luminosity delivered by the LHC,
which is of particular importance for the work presented in this thesis, is discussed

in Section 2.4l

2.1 The Large Hadron Collider

The Large Hadron Collider [I32] is a circular proton-proton collider operating at
the CERN laboratories in Geneva, designed to operate at the centre-of-mass energy
of 14 TeV. The ring, installed in the 27 km tunnel previously used for the Large
Electron Positron (LEP) collider [133], is used to generate two proton beams circu-
lating in opposite directions. A schematic representation of the CERN accelerator
complex is given in Figure 2.1 The proton bunches are accelerated in steps using
a linear accelerator, boosters, and synchrotrons, and are injected in the LHC with
an energy of 540 GeV, where they are further accelerated by means of a system of
superconducting magnets. Collisions between proton bunches are achieved every
25 ns at the four interaction points where the main experiments (ALICE [134], AT-
LAS [135], CMS [136], LHCb [137]) are located (Figure [2.1]). The LHC can also be
used to produce collisions between heavy ions or between protons and heavy ions,
which are however not used in this thesis.

The machine-dependent parameters of interest for a physics analysis are the
centre-of-mass energy of the collisions, the instantaneous and integrated luminosity,
and the number of simultaneous collisions within the same bunch crossing. The
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Figure 2.1: The accelerator complex at the CERN laboratories in Geneva [13§].
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Figure 2.2: Integrated luminosity collected by the CMS experiment (left) and average
number of simultaneous pp interactions per bunch crossing (right) by year of data tak-

ing [139].

instantaneous luminosity d£/dt is a time-dependent quantity that relates the cross
section o of a given process to its production rate through the relation

dN  dL
- = 2.1

@t (21)
The luminosity depends on the beam orbit frequency, the number of bunches in each

beam, the number of protons per bunch, and the beam profile area.

The integral over time of the instantaneous luminosity is referred to as integrated
luminosity, and relates the total cross section of a process to the total number of

/ ot = (2.2)

The LHC was designed to achieve an instantaneous luminosity of 103*cm=2s71.

So far, the LHC has completed two successful runs of data taking: Runl (2010-
2012), at the centre-of-mass energies of 7 and 8 TeV, and Run2 (2015-2018), at the
centre-of-mass energy of 13 TeV. Special low-luminosity runs have also been con-
ducted at the /s = 2.67 and 5.02 TeV. A total integrated luminosity of 192.3 fb™*
was delivered to CMS by the LHC so far, 162.9 fb™! of which at /s = 13 TeV.

Furthermore, a peak luminosity of above 2-103*cm=2s~! was achieved during Run2,

events N of a given process:

which amounts to more than twice the design value. The integrated luminosity
collected by the CMS experiment by year of data taking is shown in Figure
together with the average number of simultaneous proton-proton (pp) interactions
per bunch crossing, also referred to as pileup. The main method used to measure
the integrated luminosity is described in Section [2.4]
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Figure 2.3: A schematic representation of the CMS detector and its components [136].

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid [I36] is a multi-purpose experiment operating at the
CERN LHC, designed according to the concept of cylindrical layers around the beam
axis. The central feature of the CMS apparatus is a superconducting solenoid of 6 m
of internal diameter which provides a magnetic field of 3.8 T. The CMS detector
consists of several subdetector layers, as illustrated in Figure[2.3] A silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass and scintillator hadron calorimeter (HCAL) are located within the volume of
the solenoid, while muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid. Each subdetector consists of a central
part of cylindrical geometry, referred to as the barrel, and of endcap disks perpendic-
ular to the beam axis. Additionally, forward calorimeters extend the pseudorapidity

coverage provided by the barrel and endcap detectors.

2.2.1 The coordinate system

The coordinate system adopted by CMS has its origin centred at the nominal col-
lision point inside the detector, the y-axis pointing vertically upward, the z-axis
pointing radially inward towards the centre of the LHC, and the z-axis along the
direction of the beam. The azimuthal angle ¢ is measured from the z-axis in the
x—y plane and the polar angle 6 is measured from the z-axis. The distance from the
interaction point is defined as r = \/ﬁy2 and the pseudorapidity is defined as
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Figure 2.4: A quarter of the CMS silicon tracker in the r — z view. The strip tracker
consists of several parts: the tracker inner barrel (TIB), outer barrel (TOB), inner disks
(TID) and endcaps (TED) [140].

n = —Intan(f/2). The momentum and energy transverse to the beam direction, de-
noted with pr and Er respectively, are computed from the x and y components. The
imbalance of energy measured in the transverse direction is referred to as missing

transverse energy, or missing Er, and is denoted with EXss or MET.

2.2.2 The tracking system

The CMS tracking system is designed to provide efficient and precise measurements
of the trajectories of charged particles and to precisely reconstruct secondary ver-
tices. This latter aspect is of particular importance in the context of heavy-flavour
tagging, as discussed in Chapter [3] In addition, high granularity and fast response
are required in order to reliably associate each track to the correct bunch crossing
and interaction vertex.

The CMS tracker is composed of a pixel detector and a silicon strip detector
(Figure [2.4). The pixel detector consists of three barrel layers (BPIX) and two
endcaps in the forward region (FPIX), while the strip tracker comprises several
parts: the tracker inner and outer barrels (TIB and TOB), consisting of four and
six concentric layers respectively; the tracker inner disks (TID), with three disks on
each side; and the tracker endcap (TEC), with nine disks on each side, extending
the coverage of the tracker up to || = 2.5. The tracking system comprises a total
of 66 million pixels and 10 million strip sensors.

An upgraded version of the pixel detector with one additional pixel layer in
the barrel region and one additional endcap disk per side was installed during the
LHC shutdown between the 2016 and 2017 data takings [I41]. In the upgraded
system, the innermost layer and disks are located closer to the beam pipe in order
to reconstruct the position of the interaction vertices with improved precision. A
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Figure 2.5: Comparison between the original (indicated with “Current”) and the upgraded
versions of the CMS pixel detector [141].

comparison between the original and upgraded versions of the pixel detector can be
found in Figure [2.5

2.2.3 The electromagnetic calorimeter

The CMS ECAL is a hermetic and homogeneous calorimeter made of lead tungstate
(PbWO,) crystals. With an overall depth of about 25 radiation lengths, it is capable
of absorbing more than 98% of the energy deposited by electrons and photons with
energies up to 1 TeV.

A schematic representation of the ECAL is given in Figure Modules of crys-
tals are mounted in the barrel (|n| < 1.479) and endcap (1.635 < |n| < 3.0) regions,
and a preshower detector is placed before the endcap crystals. In the barrel sec-
tion, an energy resolution of about 1% is achieved for unconverted or late-converting
photons that have energies of the order of a few tens of GeV. The energy resolution
for the remaining barrel photons is about 1.3% up to a pseudorapidity of |n| = 1,
and rises to about 2.5% at |n| = 1.4. In the endcaps, the energy resolution for un-
converted or late-converting photons is about 2.5%, while for the remaining endcap
photons is between 3 and 4% [142].

2.2.4 The hadron calorimeter

The CMS HCAL consists of a set of sampling calorimeters, as illustrated in Fig-
ure 2.7t the HCAL barrel (HB), covering the pseudorapidity range || < 1.3; the
HCAL endcap (HE), in the range 1.3 < |n| < 3; the outer calorimeter (HO); and
the forward calorimeter (HF), that extends the coverage up to |n| = 5.2.

The barrel and endcap parts consist of alternating layers of brass absorbers
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Figure 2.6: Schematic view of the CMS electromagnetic calorimeter in the r — z plane, di-
vided into its subcomponents: ECAL barrel (EB), endcap (EE) and preshower (ES) [143].

and plastic scintillators, while the outer calorimeter is placed outside the central
solenoid and utilizes the CMS magnet coil and the steel of the magnet return yoke
as absorbers. The forward calorimeter is designed to be resistant to the intensive
radiation conditions in the forward regions, and it uses steel as an absorber and
quartz fibres as sensitive material.

2.2.5 The muon system

The muon system is designed to efficiently detect muons and to determine their
trajectories. It is located outside the solenoid and covers the pseudorapidity region
In| < 2.4. Tt is composed of three different types of gaseous detectors embedded in
the flux-return yoke of the magnetic field, as illustrated in Figure [2.8. Drift tube
stations (DTs) and cathode strip chambers (CSCs) are located in the barrel and
endcap regions, respectively, while and resistive plate chambers (RPCs) are located
in both regions. The RPCs are characterized by responses of the order of 1 ns, and
are therefore mainly used for the purpose of the trigger system (Section . The
muon system can achieve a spacial resolution of about 100 ym and a momentum
resolution better than 2% for muons with pt up to about 100 GeV [145].

2.3 The CMS trigger system

At the LHC, collisions between proton bunches are achieved every 25 ns, correspond-
ing to a bunch crossing frequency of 40 MHz. However, only a small fraction of the
events are of potential interest for the physics program of CMS, and the capability
to store collision data is limited by the rate at which they can be saved on disk for
offline analysis.
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The CMS trigger system is designed to select potentially interesting events by
applying a sequence of selection criteria. The system is implemented in two separate
levels: the first one (L1), implemented in custom hardware, is designed to reduce the
output rate to about 100 kHz by means of an approximate event reconstruction and
loose selection criteria. Events selected by the L1 trigger are further processed by
the high-level trigger (HLT), a software farm that refines the event reconstruction
selection, reducing the output rate to a few kHz. Events selected by the HLT are
saved for offline analysis.

The L1 trigger is a system that combines information from the calorimeters and
the muon system in order to reconstruct candidate objects and select events. The
system has a fixed latency of 4 us, after which an event is either accepted or re-
jected. The system comprises a calorimeter and a muon trigger, as illustrated in
Figure The calorimeter trigger makes use of information from all calorimeters
to reconstruct candidate jets, electrons or photons, and 7 leptons, as well as the
missing Er in the event. Similarly, the global muon trigger combines the hit infor-
mation in RPCs, CSCs, and DTs to reconstruct muon candidates. Finally, a global
trigger applies selection criteria to the reconstructed objects, and selected events
are passed to the HLT. Before the beginning of Run2, an upgraded version of the
L1 trigger system was installed. In the upgraded trigger, additional interconnec-
tions between the calorimeter and the muon systems are provided, which allow to
implement algorithms such as muon isolation or muon-jet distance [146].

The event reconstruction performed at the HLT is mainly based on the algorithms
used for offline analysis (Chapter , adapted to match the timing constraints im-
posed by the software farm. Both the L1 and the HLT output rates can be adjusted
by prescaling the number of selected events passing specific selection criteria. A
complete sequence of L1 and HLT selection criteria, including any prescale, is re-
ferred to as a trigger path. Unlike in the case of offline analysis, the trigger selection
is a non-reversible process, and discarded events cannot be recovered.

2.4 Measurement of the integrated luminosity

The determination of the integrated luminosity recorded by the CMS detector is
particularly important in the context of cross section measurements, as explained
in Chapter One of the most precise methods to measure the integrated lumi-
nosity is the so-called pixel cluster counting (PCC) [148| [149]. Pixel clusters are
group of pixel cells formed by combining side-by-side and corner-by-corner adjacent
pixel cells in which a signal was detected. The method is based on the assumption
that the number of reconstructed pixel clusters is linearly related to the number of
interactions per bunch crossing, and hence to the instantaneous luminosity. The
assumption is justified by the fact that the probability for one of the 66 million
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Figure 2.9: Overview of the structure of the CMS L1 trigger system [147].

pixels to be hit by two different tracks from the same bunch crossing is negligible.

The instantaneous luminosity per colliding bunch can be expressed in terms
of the total inelastic pp interaction cross section oy, the LHC orbit frequency
f =11.25 kHz, and the average number of simultaneous pp interactions per bunch

crossing f as:

1 dL ,uf
Nb dt (o) ’

where Ny, is the number of proton bunches in the beam. By defining (Neyster) as

(2.3)

the average number of pixel clusters per bunch crossing and opicer as the product
between oy and the average number of clusters per pp interaction, the equation

above can be written as:

1 d‘C <Ncluster> f

2.4
Nb dt O pixel ( )

The remaining unknown quantity opie can be determined by means of Van der
Meer (VAM) scans [I50]. The VdM technique consists in measuring the relative
event rate as a function of the beam separation along the transverse axes, Az and
Ay. Assuming a Gaussian beam density in the transverse plane, the instantaneous
luminosity per colliding bunch can be expressed as a function of the displacement

as:

2 2

— Az Ay) = L2
N, @ AR = s s o
where N; and N, denote the number of protons in each bunch, and ¥, and 3,
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represent the beam spread along the x and y axes respectively. VAM scans are used
to measure the quantities X, and X, which are then used to determine opice using
the relation

2wy

NAZO

Opixel = N1N2 < cluster> ) (26)

where (N4=0 ) is the average number of pixel clusters per bunch crossing at Az =
Ay = 0. With the knowledge of opixer, Eq. directly relates the average number of
pixel clusters to the instantaneous luminosity. The integrated luminosity is then ob-
tained by integrating the instantaneous luminosity over time. The total integrated
luminosity collected by the CMS detector during 2016 data taking, which corre-

sponds to the data set used in this thesis, is estimated to be 35.9 4+ 2.5 fb~" [I51].
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Chapter 3

Event reconstruction in CMS

The reconstruction of an event implies the identification of all final state particles
produced in a proton-proton interaction. Particles are identified based on their spe-
cific signatures in the CMS detector, as illustrated in Figure|3.1], and their kinematic
properties are measured by combining the information from the various detectors.
The trajectories of charged particles in the magnetic field of the CMS apparatus are
reconstructed from the hits in the tracking detector, and the curvature of the re-
constructed tracks is used to estimate the particle momenta. Electrons and charged
hadrons are then absorbed in the material of the ECAL and HCAL, respectively,
and their energy is estimated based on the calorimetric deposits, while muons are de-
tected in the muon system before escaping the CMS detector. Photons and neutral
hadrons are also absorbed in the material of the calorimeters, but do not generate
hits in the tracking detector. Neutrinos instead do not interact with the material
of the CMS detector, and escape undetected. However, missing transverse energy
in an event can be an indication of the presence of one or more final state neutri-
nos. The reconstructed particles are then combined to form more complex physics

objects that are directly used in physics analyses.

This chapter describes the concepts and the most relevant details of the CMS
event reconstruction algorithms, with particular emphasis on the aspects relevant
for this thesis. The reconstruction of interaction vertices and charged tracks is
described in Section and the particle-flow algorithm is presented in Section [3.2
The reconstruction of jets is then discussed in Section [3.3] followed by a description of
the b jet identification algorithms in Section [3.4 Studies related to the performance
of b jet identification at the high-level trigger, obtained with significant contribution
from the author of this thesis, are illustrated in Section and documented in
Ref. [2I]. Finally, Section describes the commissioning of a boosted H — bb
reconstruction algorithm, performed in the scope of this thesis and documented in
Ref. [20].
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Figure 3.1: Slice of the CMS detector and specific interactions of final-state particles with
the different subdetectors. In this sketch, the muon and the charged hadron are positively
charged, while the electron is negatively charged [152].

3.1 Reconstruction of tracks and vertices

At every bunch crossing, the collisions between protons give rise to interaction ver-
tices which spread along the beam axis around the nominal interaction point, which
can be reconstructed by combining information from reconstructed tracks, as illus-
trated in Figure |3.2l Tracks are then associated to vertices, and the primary ver-
tex (PV) is defined as the one with the largest value of summed physics-object p3..
The other vertices are referred to as pileup vertices. Tracks and vertices are also an
essential input to the particle-flow algorithm (Section and are crucial informa-
tion in the identification (tagging) of heavy-flavour jets (Section [3.4)).

In CMS, tracks are reconstructed from hits of charged particles in the pixel and
strip tracker. The tracking algorithms are designed to optimize the track-finding
efficiency while keeping under control the fraction of fake tracks, i.e. those formed
from unrelated hits or including spurious hits. Hits are reconstructed in two steps:
the first one, referred to as local reconstruction, consists in the clustering of signals
above given thresholds in the tracker sensors. Pixel clusters are formed and projected
onto orthogonal axes in a local coordinate system by summing the charge collected
in pixels with the same coordinate along one of the axes. A first estimate of the hit
position is then derived based on the geometry of the sensors and taking into account
the Lorentz drift of the collected charge in the magnetic field. A more sophisticated
hit reconstruction follows, based on templates that take into account the irradiation
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Figure 3.2: A collision recorded by the CMS detector during the 2016 data taking [153].
The lines correspond to the reconstructed tracks, while the dots represent the reconstructed
interaction vertices.

status of the sensors. Similarly, strip clusters are formed combining sensors where
a significant signal is detected. The hit position is then determined by the charge-
weighted average of its strip positions, corrected for the Lorentz drift. The hit
efficiency is found to be above 99.5%, both for pixel and tracker hits, excluding
non-operative modules [154]. However, the efficiency depends on the instantaneous
luminosity and on the trigger output rate, especially in the innermost layer of the
pixel detector where the occupancy is higher. The resolution in the hit position is
estimated to be between 20 (10) and 50 pm for the pixel (strip) detector, depending
on the angle of incidence of the particle and on the width of the clusters [154].

In order to reconstruct tracks, the estimated hit positions are translated to a
global coordinate system. In the conversion, the discrepancy between the assumed
and the actual position of the sensors, which can be significantly larger than the
hit resolution, has to be taken into account. The process of estimating the sensor
positions is known as tracker alignment, and consists in the minimization of the
residuals between hit position and reconstructed tracks. The alignment is performed
with using cosmic-ray data and collision data. The final uncertainty in the alignment
procedure is of the order of 1 um in the pixel detector, and of the order of 10 ym in
the strip detector [140)].

Other important inputs to the track reconstruction are the LHC beam spot, i.e.
the 3-dimensional profile of the LHC luminous region, and an approximate posi-
tion of interaction vertices. These can be estimated using pixel tracks, i.e. tracks
reconstructed using only the information from pixel hits. Since pixel tracking re-
quires considerably shorter computing time than the full tracking, this technique
is particularly important in the context of b-tagging at the HLT, as discussed in
Section

The CMS tracking algorithm, called Combinatorial Track Finder (CTF), is based
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on the concept of iterative tracking. At each iteration, track seeds are formed using
a limited number of pixel hits, and an initial estimate of the track parameters is de-
rived. A track-finding algorithm follows, based on the method of Kalman filter [155].
The filter uses track seeds to extrapolate the trajectory of the track to subsequent
detector layers, taking into account the effect of multiple Coulomb scattering. At
each layer, compatible hits are added to the trajectory, the track parameters are
recalculated, and the resulting trajectory is extrapolated to the next layer. Finally,
tracks that do not satisfy goodness-of-fit criteria are discarded. Tracks that are
easier to reconstruct, e.g. those with large pr (and therefore less pronounced cur-
vature) and produced close to the interaction point, are reconstructed first. Hits
associated to these tracks are then removed, reducing the complexity of subsequent
iterations. A maximum of 6 iterations is performed, each time with decreasingly
stringent requirements on the track seeds. In particular, the last iterations are op-
timized to reconstruct tracks with lower pr or with larger displacement from the
interaction vertex. The efficiency of reconstructing tracks with pr > 1 GeV is found
to be larger than 99% for isolated muons over the entire coverage of the tracker,
while efficiencies for electrons and pions range between 80 and 99%, depending on
the track pseudorapidity. Fake rates are at the level of 5% in the barrel and of up
to 15% in the endcap and transition regions. The resolution on the track pr signif-
icantly depends on the pt and 7 of the tracks, and is below 1% for central muons
with pr between 1 and 10 GeV [154].

Interaction vertices are reconstructed using available tracks. High-quality tracks
compatible with originating in the beam spot are clustered on the basis of their
coordinates along the z-axis and of the distance of closest approach to the centre
of the beam spot. The coordinates of the vertices are then estimated using an
adaptive vertex fitter [I56]. Based on the coordinates of the tracks and vertices, a
probability for a track to belong to a particular vertex is calculated and assigned to
a track as a weight between 0 and 1. Vertex weights are then derived as the sum
of the weights of all associated tracks, and interaction vertices with weights below
predefined thresholds are discarded. The vertex reconstruction efficiency is found
to be close to 100% for vertices with more than two tracks, and is of about 98% for
vertices with only two tracks [I54]. The resolution in the vertex coordinates strongly
depends on the number of tracks associated to the vertex and on the average pr of

the tracks, ranging between 10 and 100 pm [I54].

3.2 The particle-flow algorithm

The particle-flow (PF) algorithm [152] is designed to provide a global event de-
scription by combining information from different subdetectors. The output of the
PF consists of a list of candidates classified as electrons, photons, muons, charged
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Figure 3.3: The particle-flow algorithm combines information from various subdetectors
to provide a global description of the event in terms of electrons, photons, muons, charged
hadrons, and neutral hadrons [157].

hadrons, or neutral hadrons, as illustrated in Figure [3.3l The algorithm improves
the performance in the identification of leptons, in the determination of the missing
transverse momentum, and in the identification of pileup tracks. The angular and
momentum resolution of jets is also significantly improved when combining infor-

mation from the tracker and the calorimeters [152].

The algorithm consists of two separate steps: the reconstruction of the PF el-
ements, and the link between the reconstructed elements. Particle-flow elements
include charged tracks, muon tracks, and calorimeter clusters. Muon tracks are
fitted by combining information from the muon chambers and from the tracking
system, while calorimeter clusters are formed using a dedicated reconstruction pro-
cedure that combines information from neighbouring calorimeter cells [152]. The
energy and position of the cluster are then estimated by means of a likelihood fit. In
the final step, tracks other than muon tracks are linked to calorimetric deposits in
order to create candidate electrons, photons, charged hadrons, and neutral hadrons.

3.3 Jet clustering and calibration

In CMS, jets are reconstructed using a sequential recombination algorithm known
as anti-kt [I58]. The algorithm is designed to be safe against infrared and collinear
singularities, i.e. insensitive to soft and collinear gluon emission, and collinear gluon
splitting. Particle-flow candidates are sequentially recombined following the proce-
dure described below. A distance d;; between entities (i.e. particles or combinations
of particles) ¢ and j is introduced together with a distance d;p between entity i and
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Figure 3.4: Representation of the jet energy calibration procedure in data and MC [164].

the beam. These two quantities are defined, respectively, as:
AR,

R2
dip = pr; 2, (3.2)

d;; = min(pr; %, pr;°) (3.1)

where AR?; = (An;;)*4(A¢q;)?, and pr, is the transverse momentum of entity . The
distance parameter R controls the size of the jet and can be chosen arbitrarily. In
CMS, jets are reconstructed using R = 0.4. The quantities d;; and d;p are calculated
for all possible combinations of entities in the event. If the smallest d;; is smaller
than the smallest d;p, entities ¢ and j are combined to form a new entity. Otherwise,
entity ¢ is removed and called a jet. The procedure is iterated until no particles are
left. The jet momentum is then defined as the vectorial sum of the momenta of all
particles in the jet. In order to mitigate the effect of pileup interactions, charged
particles associated to pileup vertices are removed prior to the jet clustering. This
procedure is knows as charged hadron subtraction [159].

The energy of the jets is calibrated using a factorized approach where subsequent
corrections that account for different effects are applied, as illustrated in Figure
First, the contribution from neutral pileup is subtracted based on the average pr
per unit area expected in pileup jets [I60HI62]. The pileup offset is determined
from simulation, and a correction is derived from data [I63]. Corrections to the
simulated jet response, i.e. the ratio between the momentum of a reconstructed jet
and the corresponding generated jet, are then derived as a function of the jet pr
and n and applied to both data and simulation. Here, generated jets are defined
at the particle level after hadronization, and neutrinos are excluded from the jet
clustering. These corrections are derived separately for jets initiated by quarks of
different flavours and for gluon jets. Finally, residual differences in the jet response
in data and simulation are estimated using Z+jets, multijet, and dijet events [160],
and correction factors are applied to the simulation. Similarly, the jet pr resolution
in the simulation is corrected to match the one in the data, using corrections derived
from dijet and y+jet events based on momentum conservation [160].
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Figure 3.5: Schematic representation of the properties of a b jet: b hadrons decay after
propagating from the primary vertex for up to a few cm, giving rise to secondary vertices
and displaced tracks [20]. In about 20% of the cases, the b hadron decay products include
a charged lepton.

3.4 Identification of jets originating from b quarks

The identification of jets originating from b quarks, also called b jets, is extremely
useful in physics analyses involving top quarks to discriminate the signal against
background processes. These techniques, commonly referred to as b tagging, also
played a crucial role in the recent observation of the coupling of the Higgs boson
to b quarks [37, B8] and are often used in searches for physics beyond the standard
model.

Jets originating from b quarks contain b hadrons, which have a lifetime of about
1.5 ps and mass of about 5 GeV. For this reason, b hadrons produced with momenta
sufficiently larger than their mass can propagate from the PV for up to a few cm
before decaying. This gives rise to secondary vertices (SVs) containing tracks dis-
placed from the PV, as illustrated in Figure 3.5 Such signatures are exploited by
b tagging algorithms in order to construct variables that provide optimal separation
between b jets and light jets, i.e. jets initiated by light (u,d,s) quarks or gluons. Jets
originating from ¢ quarks have intermediate properties between light jets and b jets,
and can be identified using dedicated ¢ tagging techniques [20].

One of the most important variables in this context is the track impact param-
eter (IP), defined as the distance of closest approach of each track to the primary
vertex (Figure . Conventionally, a positive sign is assigned to the IP if the angle
between the jet direction and the IP is smaller than 7/2, while a negative sign is
assigned otherwise. Tracks originating from SVs are expected to have mainly pos-
itive IP, while the IP values of tracks originating from the PV are expected to be
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Figure 3.6: Distribution of the 3D (left) and 2D (right) IP significance for jets of different
flavours in tt events with additional jets [20].

symmetrically distributed around zero, due to detector resolution effects. In order
to take the detector resolution into account, an additional variable referred to as
IP significance (IP/o) is introduced, defined as the ratio between the IP and its
uncertainty. The IP and its significance can be defined either in 3 dimensions (3D)
or in the plane transverse to the beam line (2D). Typical distributions of the 3D
and 2D IP significances are shown in Figure for jets of different flavours.

Additional useful information to identify b jets can be accessed by reconstructing
SVs. In CMS, SVs are reconstructed using the inclusive vertex finder (IVF) algo-
rithm [I65], which makes use of all available tracks in the event independently of the
jet clustering. The IVF is seeded with tracks exceeding predefined values of the 2D
IP significance and the 3D IP, and tracks are clustered on the basis of geometrical
criteria. A first fit of secondary vertices is then performed, after which tracks com-
patible with the primary vertex are removed. A second fit with the remaining tracks
follows, and selection criteria are applied to remove vertices that share a significant
number of tracks.

The distance of a SV from the PV is referred to as flight distance (FD), and
can be useful in order to identify b jets. As in the case of the IP, the FD can be
defined in 3D or in the plane transverse to the beam direction (2D). Similarly, the
FD significance is defined as the ratio between the FD and its uncertainty. Other
useful discriminating variables include the number of reconstructed SVs and their
corrected mass, which is an observable that estimates the mass of the decaying
hadron by correcting for the effect of particles that were not detected or associated
to the SV. The distribution of the corrected SV mass and of the 2D FD significance
for jets of different flavours are shown in Figure

The variables described above are used as inputs to the combined secondary
vertex (CSVv2) algorithm [20], a commonly used binary classifier based on a fully-
connected neural network with a fixed amount of input variables and a single output
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Figure 3.7: Distribution of the corrected SV mass (left) and of the 2D FD significance
(right) for jets of different flavours in tt events with additional jets [20].
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Figure 3.8: Left: vertex categories used for the training of the CSVv2 tagger [20]. The
pseudovertex category is defined by jets having two tracks with high IP significance, but
no reconstructed SV. Right: output of the CSVv2 tagger for jets of different flavour [20].
Here, jets with negative score are added to the first bin.

node. Jets with pr > 20 GeV and at least two high-quality tracks with pr > 1 GeV
are considered, and each jet is assigned a score between 0 and 1 that represents the
probability of the jet being a b jet. Instead, a score of -1 is assigned to jet that
do not satisfy the track requirements described above. The algorithm is trained in
categories of SV multiplicity, taking into account features of up to four tracks, ranked
by 2D IP significance. The different categories are then combined using a likelihood
ratio which takes into account the expected flavour composition in tt events, as show
in Figure (left). The full list of variables considered in the training can be found
in Ref. [20], and the output of the CSVv2 tagger for jets of different flavour is shown
in Figure (right).

Operating points, or working points, are recommended b jet selection criteria for
which data-to-simulation corrections are provided. Standard operating points for
the CSVv2 tagger are defined based on the probability of a light jet to be wrongly
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identified (misidentified) as a b jet. In particular, a loose, a medium, and a tight
working point are derived, corresponding to misidentification probabilities of about
10, 1, and 0.1%, respectively. The corresponding b tagging efficiencies are estimated
to be about 81, 63, and 41%, respectively, while the misidentification probability for
¢ jets are about 37, 12, and 2.2%, respectively. Data-to-simulation corrections to
the b tagging efficiency are derived using multijet events enriched in jets containing
soft muons and tt events. Since the probability of a b hadron to decay into a muon
is about 20% [5], muon-enriched multijet events are expected to contain a large
fraction of b jets. The measurements described in Chapters [4] and [6] make use of the
tight working point of the CSVv2 algorithm.

An improved version of the CSVv2 algorithm called DeepCSV [20] has also been
developed. The DeepCSV tagger is based on a deep neural network architecture
that further improves the performance of the classification [166]. In addition, unlike
CSVv2, DeepCSV is a multi-classifier trained to distinguish between five exclusive
jet flavour categories defined according to the jet content. The categories correspond
to jets containing exactly one b hadron (b), exactly two b hadrons (bb), exactly one
¢ hadron and no b hadrons (c), exactly two ¢ hadrons and no b hadrons (cc), or none
of the above (udsg). The probability for a jet to belong to the flavour category f is
indicated with P(f). The DeepCSV tagger uses the same input variables as CSVv2,
with information of up to six tracks. Unlike in the case of CSVv2, the DeepCSV
training is performed in all vertex categories simultaneously. It was demonstrated
that the best b tagging performance with DeepCSV can be obtained by using the
quantity P(b) 4+ P(bb) as binary classifier [20]. The distributions of the P(b) and
P(bb) outputs of the DeepCSV algorithm for jets of different flavours are shown in
Figure [3.9) Working points are defined as for CSVv2, and the corresponding b tag-
ging efficiencies are estimated to be about 84, 68, and 50% for the loose, medium,
and tight working point, respectively. A further improvement in the b tagging
performance has been achieved starting from the 2017 data taking thanks to the
upgraded tracking detector [I67] and the newly-developed DeeplJet tagger [168].

3.5 Identification of b jets at the high level trigger

The b tagging algorithms described in Section [3.4], CSVv2 and DeepCSV, are also
deployed at the HLT in order to select events containing b jet candidates. This is
particularly important in the context of analyses that require the presence of b jets in
fully-hadronic events, e.g. of tt measurements in which both W bosons are required
to decay into quarks. On the other hand, analyses requiring the presence of leptons
usually utilize leptonic triggers, which can achieve higher efficiency. In Run2, the
CSVv2 algorithm has been successfully used to collect data during 2016 and 2017,
and it was replaced with DeepCSV at the beginning of the 2018 data taking. The
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Figure 3.9: Distribution of the DeepCSV outputs P(b) (left) and P(bb) (right) for jets of
different flavours in tt events with additional jets [20].

necessary studies and developments for the transition were performed using 2017
data, with significant contribution from the author of this thesis to the coordination
of the effort.

At the HLT, two versions of each tagger are available: one, similar to the offline
version of the tagger, uses track candidates reconstructed with the PF algorithm; the
other, instead, utilizes tracks reconstructed using pixel hits which are then matched
to jets clustered using information solely from the calorimeters (called Calo jets).
The first version is referred to as PF b tagging, while the second one is called Calo
b tagging. The advantage of PF b tagging lies in the more precise reconstruction of
tracks and vertices, although at the cost of longer computing time, while Calo b tag-
ging is based an approximate but fast reconstruction of tracks. For these reasons,
Calo b tagging is often used to perform a first event selection which is then refined
using PF b tagging. In both cases, tighter track pr and IP selection criteria com-
pared to the offline algorithms are applied in order to reduce the computation time.
This leads to lower track reconstruction efficiency, especially in the region of high
track IP, which is one of the main limitations to the online b tagging performance.

In Calo b tagging, a first estimate of the position of the PV along the beam axis is
performed by the fast primary vertex (FPV) algorithm [20]. Pixel hits are associated
to Calo jets using angular information, and they are projected on the beam line
along the jet direction, as illustrated in Figure[3.10} In this procedure, only the four
jets with the highest pr are considered. The region along the beam axis with the
highest concentration of projected hits approximates the position of the PV with a
resolution of about 3 mm [20], as shown in Figure [3.11] (left). Tracks originating
close to the estimated PV position and compatible with one of the eight leading-pr
jets in the event are then reconstructed by means of an iterative procedure similar
to the one described in Section using at first pixel hits only (pixel tracks), and
subsequently using all hits in the tracker (full tracks). After each step, the position
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Figure 3.10: Illustration of the fast primary vertex reconstruction used to determine the
approximate position of the primary vertex along the beam line using pixel hits only [20].
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Figure 3.11: Resolution on the reconstructed position of the primary vertex along the
beam axis using the FPV algorithm (left) and after the HLT track fit (right) with pixel
and full tracks [20].

of the PV is refitted using available tracks. This method significantly improves the
resolution on the PV position, as shown in Figure m (right). The full tracks are
then used to reconstruct secondary vertices using the IVF algorithm, as described
in Section [3.4l

Figure [3.12] compares the performance of the online CSVv2 and DeepCSV tag-
gers, both in the PF and Calo versions, to that of the corresponding offline taggers.
The results are obtained using a simulation of tt events with 2017 detector condi-
tions. As expected, better b tagging performance is obtained with the PF version
of both the CSVv2 and DeepCSV tagger. Furthermore, the online DeepCSV tagger
outperforms the online CSVv2 tagger with an increased efficiency of about 10% in
absolute terms, compared at the same misidentification probability. However, sig-
nificantly better performance is achieved by the offline version of the tagger, which
can rely on a more efficient track reconstruction. Nonetheless, the transition to the
DeepCSV algorithm represents a significant improvement for the b tagging at the
HLT, from which several analyses can benefit.
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Figure 3.12: Light jet misidentification probability as a function of the b-tagging efficiency
for the online versions of the CSVv2 (dashed lines) and DeepCSV (solid lines) taggers,
both with Calo b tagging and PF b tagging, and for the offline taggers [21].

The online b tagging performance is also studied in data by selecting a sample
enriched in b jets content, obtained by selecting tt event candidates in the final state
with one electron and one muon of opposite charge. Each event is required to have
an electron of pr > 30 GeV and a muon of py > 20 GeV, both within the acceptance
of the tracker. To further increase the purity of the selected events, the jet with
the second highest pr in the event is required to pass the tight working point of the
offline DeepCSV algorithm. The leading jet in the event, which is a b jet with high
probability, is then used to study the b tagging performance at the HLT. In the
following, this jet is referred to as the probe jet. The studies presented in this thesis
are obtained with the 2017 data set, using the 2017 version of the online CSVv2 and
the 2018 version of the online DeepCSV.

Figure |3.13| shows the distribution of the online CSVv2 and DeepCSV scores for
the probe jet with PF and Calo b tagging. In all cases, good agreement between
the data and the simulation is observed. The simulation is split by jet flavour, and
the contribution from c jets is found to be negligible. It can be noted that, unlike
in the case of the offline taggers, a negative score is assigned to a significantly large
fraction of jets. This is a consequence of the lower tracking efficiency at the HLT
compared to offline tracking.

The usage of online b tagging in a physics analysis often requires the optimization
of the online working points according to the analysis needs. In order to facilitate
the process, the efficiency of the online taggers relative to the offline working points
are provided to the analysers as a function of the online selection. This quantity
is defined as the probability for a jet that passed a given offline working point to
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Figure 3.14: Efficiency of the online PF CSVv2 (left) and DeepCSV (right) relative to the
offline operating points as a function of the online selection in 2017 data (full markers)
and simulation (hollow markers) [21].

pass a certain online selection. The results obtained for the PF versions of CSVv2
and DeepCSV are shown in Figure for the three offline working points. The
observed differences between CSVv2 and DeepCSV have been explained on the basis
of the different correlations between the respective online and offline versions of the
taggers, which is found to be larger in the case of CSVv2.

3.6 Commissioning of the double-b tagger

Searches for physics beyond the standard model often face challenges related to the
reconstruction of the decay products of massive bosons produced with large pr. In
fact, when the pr of the heavy boson is significantly larger than its mass, its decay
products merge in a single wide jet and cannot be resolved using standard recon-
struction techniques. This is the case, e.g. of searches for heavy resonances decaying
into a pair of Higgs bosons. Given the large branching ratio of the H — bb decay
channels (~ 58% [0]), these analyses often exploit b tagging techniques to discrimi-
nate the signal against background processes [169]. Jets from merged boson decays
are typically reconstructed using larger distance parameters, e.g. of 0.8. Addition-
ally, information on the jet substructure can be exploited to discriminate these jets
against those initiated by single partons. A typical example of a boosted b tagging
algorithm is the double-b tagger [20], which makes use of substructure, lifetime and
vertex information to tag the wide jet as a whole.

Since the mass of jets arising from the decay of an electroweak or Higgs boson
is usually larger than the mass of a jet initiated by a single parton, the jet mass
represents an important observable to discriminate against background processes.
However, contributions from pileup, underlying event, and initial-state radiation
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cause the reconstructed mass of single-parton jets to be significantly larger than the
mass of the initial parton. The effect is mitigated using a technique known as jet
pruning [I70], which is designed to remove the soft and large-angle components from
jets, thus preserving the mass of jets originated by heavy bosons while significantly
reducing the mass of other jets. The invariant mass of the remaining tracks in the
jet is referred to as pruned mass.

Another useful variable, designed to quantify the likelihood of a jet to be origi-
nated by N partons, is commonly referred to as N-subjettiness [I71]. It is a jet shape
observable calculated under the assumption that a jet is made up of N subjets, and

is defined as:

1 .
TN = C_l ; ka mln(ARLk, AR2,]€J ceey ARN»]C) (33)

where k runs over all the jet constituents, d = >, pry, R is the jet distance param-
eter and AR, j is the distance between the k™" constituent and the n'* subjet axis.
Although 7y can be calculated with respect to any set of N axes, the subjet axes are
defined as those that minimize 7y, and are referred to as 7-axes. The N-subjettiness
is expected to be small if the jet is consistent with the hypothesis of having N or
fewer subjets. Therefore, the variables 7;/7; are often used to discriminate between
jets originated by ¢ prongs and j prongs.

The double-b tagger is a boosted decision tree (BDT) that combines information
from track IP, SVs, and jet substructure to optimally identify wide jets arising from
the H — bb decay. SVs are associated to jets within a cone of AR < 0.7 around
the jet axis, and each SV is matched to the closest 7-axis as shown in Figure [3.15
The N-subjettiness and the jet mass are not included in the training of the BDT,
since they can be used at the analysis level to create control regions to estimate
backgrounds. The full list of input variables can be found in Ref. [20]. The double-
b tagger can achieve an efficiency of up to 80% for a misidentification probability
from light jets of about 10% [20]. Four working points are derived, corresponding
to about 75, 65, 45 and 20% signal efficiency for jets with transverse momentum of
about 1 TeV. These working points are referred to as loose (L), medium 1 (M1),
medium 2 (M2), and tight (T), respectively.

One of the main backgrounds to boosted H — bb reconstruction is represented by
merged decays of W bosons, especially in the W — ¢s and the suppressed W — bc
decay channels. The results presented below represent the first commissioning of
the double-b tagger with merged W decays, obtained using proton-proton collisions
recorded by CMS in 2016. These results have been obtained in the scope of this
thesis, and are documented in Ref. [20]. A pure sample of boosted W boson decays is
obtained by selecting tt candidate events in the channel where one W boson decays
into a muon and a neutrino, while the other decays into a jet of wide area. The event
selection requires that the final state contains one isolated muon with pr > 50 GeV
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Figure 3.15: Schematic illustration of the double-b tagger. Secondary vertices are re-
constructed independently of jet clustering and matched to subjets. A boosted decision
tree is then trained to achieve optimal discrimination against background processes [20)].
The wide jet reconstructed with the anti-ko algorithm with a distance parameter of 0.8 is
referred to as AKS jet.

and |n| < 2.1. The selected muon is then used to define two asymmetric hemispheres
in the event: the one satisfying the condition |¢ — ¢,| < 27/3, where ¢,, is the polar
angle of the muon, is called leptonic hemisphere, while its complement is referred to
as the hadronic hemisphere. Jets reconstructed with the anti-kr algorithm with a
distance parameter of 0.4 (0.8) are referred to as AK4 (AK8) jets. Each hemisphere
is required to contain at least one AK4 jet with pr > 30 GeV within the acceptance
of the tracker, which represent the b quarks from the decays of the top quarks or
additional initial and final state radiation. To ensure high signal purity, at least
one AK4 jet in the leptonic hemisphere is required to pass the loose working point
of the CSVv2 tagger. In addition, it is required that the hadronic hemisphere
contains at least one AKS8 jet with pr > 250GeV, |n| < 2.4, and pruned mass
between 50 and 200 GeV, which represent the merged decay of the W boson. To
ensure that the AKS8 jet is compatible with a 2-prong decay, it is required that the
condition on the subjettiness ratio 7o/7 < 0.6 is satisfied. If more than one such
jet is found, the one with highest transverse momentum is considered. Backgrounds
to this selection consist of single-top and W+jets production. Selected events in
simulation are normalized to their predicted cross sections, and the total number
of selected events in simulation is scaled to match the one in data. The resulting
distributions of the double-b discriminator and of the pruned mass of the AKS jet
are shown in Figure 3.16f A good level of agreement between the data and the
simulation is observed. It can be noted that, unlike for CSVv2 and DeepCSV, the
output of the double-b tagger ranges between -1 and 1, and higher scores represent
higher probability of a jet to be originated by a H — bb decay. Furthermore, the
distribution of the pruned mass of the AKS8 jet in Figure (right) exhibits a
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Figure 3.16: Distributions of the double-b tagger score (left) and of the pruned mass of
selected AKS jets (left) [20]. The simulation is normalized to the data, and the error bars
represent the statistical uncertainty in the data.

pronounced peak around the mass of the W boson, indicating that a pure sample of
merged W boson decays is selected.

Data-to-MC scale factors (SFs), defined as the ratio between the efficiency of the
tagger in data and MC, are derived based on this event selection. For each working
point, the efficiency in data is estimated as

Ndata _ \pbeMC

tagged tagged
€data = 3.4
data ™ T nrdata _ prbeMC (3-4)

all all

where Ng;t;ed is the number of tagged events in the data, N3 is the total number
beMC

tagged 18 the number of tagged background events

of selected events in the data,
as estimated from the simulation, and N;%’MC is the total number of selected back-
ground events as estimated from the simulation. Similarly, the efficiency in the tt
simulation is defined as eyc = Nggged /N%  where Nggged is the number of tagged
tt events and N is the total number of selected tt events. The scale factor is then
defined as SFiop = €data/€nc. A systematic uncertainty on €qae, is derived by vary-
ing the background normalization by 30%, while the main uncertainty on ey arises
from the modelling of the top quark pr in the MC simulation, and is estimated as
explained in Chapter[d Given the small size of the selected sample, other systematic
uncertainties are found to be negligible with respect to the statistical uncertainty
of the data. The measured scale factors as a function of the jet pr are shown in
Figure for the loose and tight working points. The central values of the SFs
are found to be compatible with unity, which reflects the good agreement between

data and simulation.
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Figure 3.17: Data-to-simulation scale factors for the double-b tagger misidentification
probability from merged W boson hadronic decays in semileptonic tt events [20]. The
vertical error bars correspond to the statistical uncertainty in the data, while the hatched
bands represent the combination between the statistical and the systematic uncertainties.
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Chapter 4

Simultaneous measurement of the
top quark pair production cross

section and the top quark mass

This chapter describes a measurement of the inclusive top quark-antiquark pair (tt)
production cross section at the centre-of-mass energy of 13 TeV, determined simul-
taneously with the top quark mass in the simulation. The measured cross section is
then used in Chapter 5| to extract the strong coupling constant and top quark mass
in different renormalization schemes. This chapter is structured as follows: the anal-
ysis strategy is described and motivated in Section [4.1 where a common procedure
used to measure cross sections is also outlined. The criteria used to select the events
of interest are discussed in Section [4.2] and the treatment of the relevant sources of
systematic uncertainties is described in Section [£.3] The statistical procedure used
to extract the parameters of interest and the extrapolation of the measured cross
section to the full phase space are discussed in Sections and respectively.
The results of the measurement are then presented in Section (1.6} Finally, Sec-
tion illustrates detailed studies of the impact of the statistical uncertainty in the
simulation, performed in the scope of this measurement. This analysis was entirely
developed for this thesis following and extending the approach of Ref. [172], and is
documented in a paper published in the European Physics Journal [22].

4.1 Measuring the top quark pair production cross section

The production cross section ¢ of a certain process can be experimentally determined
by counting the number of observed events for that process, assuming the integrated
luminosity £ of the considered data set is known. In a physics analysis, the geometric
acceptance of the detector and the event selection criteria define the visible (fiducial)
phase space of the measurement, outside of which events are not detected. Therefore,
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the cross section is only measured in the visible phase space, and is referred to as
the visible (fiducial) cross section, oVis.

Identification criteria are also applied to final-state objects reconstructed in the
fiducial phase space in order to reduce the contribution from misreconstructed ob-
jects, which further reduces the number of selected events. The probability for an
event in the fiducial phase space to pass the full event selection is referred to as selec-
tion efficiency, €. The fiducial cross section for a given process can be determined

experimentally as:
_ Ndata - Nbg

€sel £

where Nyata is the number of selected events in data and Ny, is an estimate of the

vis

, (4.1)

number of selected background events, which can be determined using simulation.
The difference between these two quantities estimates the number of events in data
of the process of interest. The integrated luminosity is measured as described in
Chapter [2, and the selection efficiency can be estimated using simulation. In the
case of tt production, the total cross section is then obtained by extrapolating the
visible cross section to the full phase space, using the relation:

vis
o

R — 4.2
7 Asel BR ’ ( )

where BR is the branching ratio of the considered final state and A is the accep-
tance of the selection, defined as the probability for an event to be produced within
the visible phase space. The quantity Ag, can only be determined using simulation,
and is therefore sensitive to the theoretical assumptions in the MC. This introduces
a stronger dependence on the modelling uncertainties (Section , which can be
significantly reduced by maximizing the acceptance of the selection.

In physics analyses involving top quarks, the acceptance of the selection also
depends on the top quark mass parameter used in the simulation, mM© [173, 174].
In most analyses, e.g. [175], [I76], the cross section is measured at a fixed value of
mMC. In this analysis, instead, the dependence on mMC is consistently taken into
account by performing a simultaneous measurement of the inclusive tt cross section,
o, and mMC, following and extending the method developed in Ref. [I72]. In this
way, oy is determined at the optimal value of mM© and the correlation between o

and mM¢ is properly taken into account.

4.2 Data set, event selection, and Monte Carlo simulation

The measurement is performed using proton-proton collisions data at a centre-of-
mass energy of 13 TeV recorded by the CMS detector in 2016, corresponding to an
integrated luminosity of 35.9 fb~'. Candidate tt events are selected in the final
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Jul-14 23:45:11.547328 GMT
Run / Event / LS: 276811 / 2968707874 / 1776

Figure 4.1: Display of one of the selected events in the x —y plane. The event contains one
electron (green) and one muon (red) of opposite charge, two jets with large pr (orange),
and missing transverse energy (purple). The interaction of the reconstructed objects with
the CMS detector is also illustrated [LI77].

state where one W boson decays into a muon and a neutrino while the other one
decays to an electron and a neutrino. Experimentally, the final state is identified
by the presence of an electron and a muon of opposite charge, two b jets, missing
transverse energy, and possibly additional jets from QCD radiation. However, in
order to maximize the acceptance, events are selected based on requirements on final
state leptons only. A display of one of the selected events is shown in Figure 4.1|

During the data taking, events are collected using a combination of dilepton and
single-lepton triggers that require, respectively:

e one electron with pr > 12 GeV and one muon with pt > 23 GeV
e one electron with pr > 23 GeV and one muon with pr > 8 GeV
e one electron with pt > 27 GeV

e one muon with pr > 24 GeV.

All leptons are also required to be within the acceptance of the tracker. The single-
lepton triggers are used to recover the inefficiency on the second lepton in dilepton
triggers, and increase the overall efficiency from about 90% to almost 100% [I7§].
All the triggers used in this analysis are not prescaled.

Events selected by the trigger are then reprocessed and further analysed offline.
In these events, the presence of an electron and a muon of opposite charge is required,
with 1] < 2.4 and pr > 25(20) GeV for the leading (subleading) lepton. In events
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with more than one electron or muon, the two leptons of opposite charge with
the highest pr are considered. If those are both electrons or muons, the event is
discarded. Furthermore, since the electron reconstruction performs poorly in the
transition region between the barrel and endcap calorimeters, electron candidates
are rejected in the range 1.4442 < |n| < 1.5660. Additionally, the invariant mass
of the two leptons is required to be larger than 20 GeV in order to suppress the
contamination from the QCD multijet background.

Selected leptons are then required to satisfy identification and isolation criteria
aimed at reducing the lepton misidentification probability. A relative lepton isolation
variable, I, is defined as the ratio of the scalar sum of the pr of the neighbouring
particle-flow candidates to the pr of the lepton. This variable is expected to be
small for true, isolated leptons, while it is large for non isolated leptons, e.g. those
arising from meson decays in jets. Neighbouring candidates are considered within
a radius of AR < 0.3(0.4) of the electron (muon), which is regarded as isolated
if I, < 0.06(0.15). The efficiency for a lepton to pass identification and isolation
requirement in simulation is corrected to match the one observed in data by means
of data-to-MC scale factors derived using Z — ¢¢ events. In addition, all leptons are

required to be consistent with originating from the primary vertex in the event.

Jet candidates are reconstructed and calibrated as described in Chapter 3] In
this analysis, jets with pr > 30GeV, |n| < 2.4, and a distance AR > 0.4 from
every isolated lepton are considered. However, no requirement on the number of
jets is applied. Instead, the jet multiplicity is used to categorize selected events,
as discussed in Section [4.4] Similarly, b jets are identified, or tagged, using the
CSVv2 algorithm [20] described in Chapter |3, and the multiplicity of b tagged jets
is used to classify events. A high-purity (tight) working point is chosen for the
algorithm, with an average b tagging efficiency in tt events of 41%, corresponding
to a misidentification probability of 0.1% and 2.2% for light-flavour jets and ¢ jets,
respectively [20]. The b tagging efficiency in simulation is corrected to match the one
in data using flavour-dependent scale factors measured as a function of the jet pr.
The b tagging scale factors are determined in a muon-enriched QCD sample, while
light-jet misidentification corrections are obtained using inclusive QCD events [20)].
The b-tagged jet multiplicity in simulation is corrected by using event-by-event
weights defined as the ratio of the probability of a given configuration in data (Pjaga)
to the probability of the same configuration in MC (Py¢). These two quantities can
be calculated in terms of the b tagging efficiencies in simulation and the measured
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SF's as:

Pc= II II don II |1-dwn). (4.3)

f=flavour i=tagged j=untagged
Puwa= [[ I SF 0@ ] [1 —SF/(pr)ef(pr)| . (44)
f=flavour i=tagged j=untagged

where ¢ (pr) and SF/(pr) are the b tagging efficiency in MC for jet i and the
corresponding scale factor, respectively. These two quantities are determined as a

function of the pr and the flavour f of the jet.

The distributions of the pr and 7n of the selected leptons, and the jet and b-
tagged jet multiplicity after the event selection are shown in Figure for data
and simulated events. Background processes include single-top production in the
tW channel, Drell-Yan (DY) events, semi-leptonic tt events (tt other), W+jets, and
diboson production. The tW process is characterized by the same final state as
tt, and is therefore an irreducible background. The DY contribution is represented
mainly by leptons originating from Z — 777~ decays, while the contamination from
semileptonic tt and W+jets mainly arises from lepton misidentification. Selected
diboson (VV) events can be either WW, WZ, or ZZ events, and are mainly char-
acterized by leptonic decays of the W and Z bosons. The contribution from QCD
multi-jet production, instead, was found to be negligible. The tt, tW, and DY
processes are simulated at NLO using the POWHEG program, as described in Chap-
ter [Il In the tt and tW simulations, the value of mMC is set to 172.5GeV. The
Wjets events are simulated at NLO using MG5_AMC@QNLO v2.2.2 [179, [180],
while diboson events are generated at leading order using PyTHIA v8.2 [12§]. In all
simulated samples, the interaction of the final-state particles with the material of the
CMS detector is simulated using the GEANT4 software [I81HI83]. The signal and
background simulations are normalized to their predicted cross sections. The dis-
tribution of the number of pileup vertices in simulated events is corrected to match
the one in the data, which is estimated from the measured instantaneous luminos-
ity assuming a total inelastic pp cross section of 69.2 mb [184]. The bottom-left
and bottom-right plots in Figure 4.2/ show that background events are characterized
by lower jet and b-tagged jet multiplicities: this fact is used to simultaneously con-
strain signal and background contributions, as discussed in Section[4.4 Overall good
agreement between data and simulation is observed within systematic uncertainties.

The considered sources of uncertainty are described in the following section.
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(points) and the predictions for the signal and various backgrounds from the simulation
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ity distributions. The vertical bars on the points represent the statistical uncertainties in
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the statistical uncertainty in the MC simulation [22].

66



4.3 Systematic uncertainties

The hatched bands in Figure represent the effect of systematic uncertainties on
the considered final state distributions, which propagates to the final uncertainty in
the measured oy and mM©. In this analysis, three kinds of systematic uncertainties
are considered: experimental uncertainties, which arise from the calibration of the
final-state objects used in the analysis; modelling uncertainties, which are related
to the assumptions in MC simulation; and background normalization uncertainties,
which affect the predicted number of background events. The uncertainty in the
centre-of-mass energy was demonstrated to be negligible [I85], and is not taken into
account in this measurement.

Calibrations of final-state objects are obtained by means of ancillary measure-
ments in which data-to-simulation scale factors (SFs) are determined. These scale
factors are used to correct the simulation, and their uncertainty directly propagates
to the final result. To assess the impact of these uncertainties, the event selection
is repeated after varying the SFs by one standard deviation in both directions. The
main sources of experimental uncertainty are described below.

The uncertainty in the jet energy scale (JES) calibration is split into 19 inde-
pendent sources [160], related, e.g. to the dependence of the calibration on the jet
flavour, the MC generator used, the data taking period, the different calibration
methods, the modelling of the pileup, and the extrapolation to large jet pr. The
effect of the JES uncertainties is evaluated by varying the pr of each reconstructed
jet within uncertainties, in bins of jet pr and 7. The jet energy resolution (JER) is
also corrected by means of n-dependent SFs [I806], and the corresponding uncertainty
is estimated in the same way. When performing such variations, the reconstructed
missing transverse energy is recalculated accordingly. A similar procedure is used
for the energy scale and resolution of the leptons.

The main uncertainties affecting the signal and background normalization are
related to the integrated luminosity and the lepton identification and isolation scale
factors. The uncertainty in the integrated luminosity is measured to be 2.5% [151],
while that in the lepton identification is about 1.5% for electrons and 1.2% for muons.
A minor source of normalization uncertainty is represented by the corrections to the
trigger efficiency, which are determined in bins of lepton pr and 7 [I7§].

Finally, the uncertainties related to the b tagging calibration are estimated by
varying the b jet and light jet SF's within their uncertainties, independently. In this
analysis, the uncertainty in the b jet SFs is split into 16 different sources, mainly
related to the modelling of the soft non-isolated muon used to tag the b jet in the
SF measurement [20].

Depending on the source, modelling uncertainties are estimated either by varying

the parameters in the simulation, or by comparing the nominal simulation to alter-
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native phenomenological models. To estimate the impact of higher-order effects in
the NLO MC, a matrix element (ME) scale uncertainty is obtained by varying the
renormalization and factorization scales in the POWHEG simulation of tt, tW, and
DY. The scales are varied independently by a factor of two up and down [I87, [18§],
avoiding combinations for which ps/pu, = 1/4 or 4. In addition, in order to assess
the impact of the choice of the NLO generator, the POWHEG simulation of the tt
signal is replaced with a sample generated with the MG5_AMC@NLO program
with FxFx matching [189].

Similarly, uncertainties related to the parton shower (PS) generator in tt and tW
events are estimated by varying the initial-state radiation (ISR) and the final-state
radiation (FSR) scales by a factor of two [95]. An uncertainty is also assigned to
the matching between the ME and the PS, obtained by varying the hgamp parameter
in POWHEG within its uncertainty, as determined in the MC tuning [129]. Further-
more, an uncertainty related to the UE tuning is estimated by varying the tuning
parameters within their uncertainties [129], while an uncertainty related to the mod-
elling of the number of pileup interactions is obtained by changing the inelastic pp
cross section by +4.6% [184].

The assumed b hadron branching fraction (BF) and b quark fragmentation func-
tion can affect the reconstructed b jet momentum, and hence the measurement of
mMC. The uncertainty in the BF is estimated by varying its value by —0.45%
and +0.77% [5]. For the fragmentation, the parameters of the Bowler-Lund func-
tion [100] determined using LEP data [190, [191] are varied within their uncertainties.
An additional uncertainty is obtained by comparing the Bowler—Lund parametriza-
tion to the Peterson fragmentation function [101].

Since the uncertainties provided for the NNPDF3.0 PDFs set, which is used to
simulate tt events, are based on MC replicas and are therefore statistically correlated,
PDF uncertainties are estimated using the eigenvectors of the CT14 PDF set [85].
The estimated uncertainty is then scaled from the 95% confidence interval of the
provided eigenvectors to a 68% interval.

Previous analyses, e.g. the one described in Ref. [192], indicated that the choice of
the colour reconnection (CR) model can have a large effect on direct measurements
of the top quark mass. In this analysis, uncertainties on the CR are estimated
by comparing between different models. An uncertainty is obtained by enabling
early resonance decays (ERD) in PyTHIA, which allows the colour reconnection to
happen after the decay of the top quark. Additional uncertainties are obtained by
comparing to the “gluon move” model [97], which allows gluons to move between
different strings, and the “QCD inspired” model [98], which takes into account effects
beyond the leading colour.

Furthermore, an empirical uncertainty is introduced in order to take into account
the difference between the top quark pr spectrum in data and simulation observed
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in previous analyses [I93HI95]. The uncertainty is estimated as the difference be-
tween the spectrum generated with the POWHEG simulation to the one obtained by
reweighting the simulation to the data. The reweighting is performed by means of
a smoothly falling exponential function, with parameters determined using results

of previous measurements.

The variations relative to the ISR and FSR scales, the matching scale between
ME and PS, the UE event tune, the CR model, and the ME generator are estimated
by means of dedicated MC samples, while all other variations are obtained by ap-
propriately reweighting the nominal simulation. Furthermore, an additional JES
correction is applied to the sample with varied FSR scale in order to account for
the different jet response. The same is done for b jets when varying the parameters
of the b hadron fragmentation function. In addition, for each systematic variation,
the b tagging SFs are corrected by a factor ef°™/e™, where eg°™ and € are the
pr-dependent b tagging efficiencies in the nominal and varied simulation, respec-
tively. This ensures that the quantity SF - ¢, in Eq. approximates the b tagging
efficiency in data, irrespective of the systematic variation.

Finally, a 30% normalization uncertainty is conservatively assigned to each back-
ground process independently [196]. Since PS scale variations are not available for
the utilized DY samples, additional uncertainties are assigned to the jet multiplicity
in the DY simulation. In particular, an uncertainty of 5, 10, 30, and 50% for events
with exactly 0, 1, 2, and 3 or more jets, respectively, are considered. The first three
values are estimated by performing parton shower scale variations in a W+jets sim-
ulation at NLO precision, whereas the last one is assigned conservatively [22]. In
addition, in order to mitigate the dependence of the result on the b-tagged jet multi-
plicity in the DY simulation, the normalization uncertainty is applied independently
in DY events with different b jet multiplicity.

4.4 The fit procedure

The parameters of interest, oz and mM, are determined by means of a maximum-

likelihood fit to multidifferential distributions of final state observables, where sys-
tematic uncertainties are treated as nuisance parameters. In the likelihood, the
observed number of events in each bin of any observable is assumed to follow a
Poisson distribution. The expected number of events in bin ¢ can be expressed as a

function of the parameters of the fit as:

Vi = Si<0tfa mltvIC7 X) + Z bg<wj7 X) ) (45)
J

69



where s; is the expected number of signal events in the bin, and depends on oy,
mMC and the nuisance parameters X, while bg is the number of expected events of
background j in that bin, and depends on the nuisance parameters and on the back-
ground normalization parameters w;. The expected number of tW and semileptonic
tt events also depend on mMC, although this is not explicitly indicated in Eq.
The likelihood function is defined as:

—_— e_ViV,L'ni
L(og,m° X,a) =[] T 7O ] 7iw)) (4.6)
m J

i

where n; is the observed number of events in bin ¢, and ,,(\,,) and 7;(w;) are pri-
ors for the nuisance and normalization parameters, respectively. In this analysis, all
nuisance and normalization parameters are assigned a Gaussian prior, with a width
of the size of the input uncertainty, while the uncertainty in the integrated lumi-
nosity is not included in the likelihood and is estimated separately. The likelihood
is maximized with respect to the parameters of interest, the nuisance, and the nor-
malization parameters. This allows the systematic uncertainties to be constrained
using data, hence reducing the resulting uncertainty in o and mM¢. The values
of the parameters that maximize the likelihood are determined by minimizing the
quantity —21In L using the MINUIT program [197]. The MINOS algorithm [197]
is then used to estimate the uncertainties on the parameters of interest by scanning

the value of the likelihood function around its minimum.

In order to constrain the b tagging efficiencies and systematic uncertainties af-
fecting the jet multiplicity (such as the PS scales), events are split into exclusive
categories of jet and b-tagged jet multiplicities. Events are classified as having other
one, two, or any other number of b-tagged jets. In each of these categories, events
are further classified as having zero, one, two, or more than two non-b-tagged jets.
This also allows to create signal- and background-enriched regions that can be used
to optimally determine the normalization of the various processes. In each subcat-
egory, a suitable final-state distribution is chosen as input to the fit, as shown in
Figure 4.3 The pr of the softest selected jet is chosen as observable in events with-
out b-tagged jets and with at least one non-b-tagged jets. This distribution is used
to constrain the JES uncertainties at low pr, where the systematic uncertainties are
the largest. In categories without additional non-b-tagged jet and in the category
with 2 b-tagged jets and at least 3 additional jets, the event yield is used as input
to the fit. This choice is made either to reduce the impact of backgrounds or due
to limited statistics in the simulation (Section , depending on the category. For
all other categories, the mJ™ distribution is used as input: this variable is defined
as the minimum invariant mass that is found when combining a b-tagged jet with
a lepton. This distribution is known to be sensitive to the value of the top quark
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mass at its end point [I72], and is used in this analysis to constrain mM®. The
effect on the mi® distribution of a £3 GeV variation in mM° can be found in Ap-
pendix [A] The binning of the distributions is chosen in order to minimize the effect
of the MC statistical uncertainty (Section while preserving the sensitivity to
the parameters of interest. The impact of the main modelling uncertainties on the
fit distributions can be found in Appendix [A]

In each category of b-tagged jet multiplicity, the effect of the systematic uncer-
tainties on the signal normalization is parametrized by expressing the number of
events in the different categories in terms of multinomial probabilities. Based on
the fact that two b jets are expected in every tt event, the following parametrization

is obtained [174]:

Sty = LAwogen2e,(1 — Crey),
Sop, = LApogeneiCh,

Sother = LAuogew [1— 26,1 — Che) — 6,C) - (4.9)

Here Sy, Sap, and Syiner denote the number of events with one, two, or a different
number of b-tagged jets, respectively, £ indicates the integrated luminosity, and Ay
is the acceptance of the selection defined by the kinematic cuts in pr and 7 on the two
leptons described in Section[d.2] Unlike in the case of Ag in Section [4.1] the quantity
Ay incorporates the branching ratio of the considered final state, which includes
eTu® decays via intermediate 7 leptons. Furthermore, €y denotes the efficiency
for events in the visible phase space, i.e. within the acceptance of the selection, to
pass the full event selection described in Section [4.2] €, is the b-tagging efficiency,
and the quantity C}, corrects for any small correlations between the tagging of two
b jets in an event. In the fit, the parameters Ay, €y, €,, and C}, are expressed in
terms of X, @, and mMC. Therefore, with this parametrization, the dependence of
the selection acceptance on mM¢ is fully taken into account. The remaining effects
of the systematic uncertainties on the signal simulation are then treated as shape
uncertainties, and the quantities s; in Eq. are estimated based on the signal
shape and normalization in the corresponding category of b-tagged jet multiplicity.
The signal shape is defined as s;/S},, where Sy, is either Sy, Sop,, Or Sother, depending
on the b jet category.

The quantities Ay, €, €,, Ch, si/Sp, and bf and their dependence on the pa-
rameters of the fit are estimated using simulation. Templates of the expected final
state distributions are obtained for the nominal simulation and for each systematic
variation, and are used to estimate the quantities above. A continuous dependence
of these parameters on X and @ is then derived by interpolating between values ob-
tained with the nominal and varied simulation. Similarly, the dependence on mM¢

in the tt and tW simulations is estimated using dedicated samples generated with
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Figure 4.3: Comparison of data (points) and pre-fit distributions of the expected signal
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and backgrounds from simulation (shaded histograms) used in the simultaneous fit of o
and mMC in the eTp® channel. In the left column events with zero or three or more
b-tagged jets are shown. The middle (right) column shows events with exactly one (two)

b-tagged jets. Events with zero, one, two, or three or more additional non-b-tagged jets
are shown in the first, second, third, and fourth row, respectively. The hatched bands
correspond to the total uncertainty in the sum of the predicted yields. The ratios of data
to the sum of the predicted yields are shown in the lower panel of each figure. Here, the

solid grey band represents the contribution of the statistical uncertainty [22].
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Figure 4.4: Illustration of the process of template morphing. The impact of a systematic
uncertainty on the templates is estimated by varying the corresponding nuisance parame-
ter by one standard deviation (left). A continuous dependence of the considered variable
is then obtained by interpolating between the three points by using a second-order poly-
nomial (right) [198].

mMC = 172.5 £ 3GeV. A second-order polynomial is used for the interpolation in
the case of two-sided variations, while a linear function is used for one-sided varia-
tions. This process, also called template morphing, is illustrated in Figure[4.4] Since
the parameters Ay, €4, €,, and C}, are less subject to statistical fluctuations than
the bin contents s;, a more precise parametrization of the signal normalization with
respect to X, @, and mMC is obtained with this method. The values of the efficien-
cies and correlations for the nominal signal simulation are found to be €, = 0.49,
€, = 0.30, and C, = 1.00. The value of Ay is found to be 1.61%, which corresponds
to Ay =~ 80%.

The post-fit distributions of the observables used as input to the fit are shown in
Figure 1.5 Improved agreement between data and simulation is observed, and the
impact of systematic uncertainties is significantly reduced. The impact of the main
modelling uncertainties on the input distributions after the fit to the data are shown
in Appendix [A], and a closure test of the fit procedure can be found in Appendix [B]

4.5 Extrapolation to the full phase space

The total cross section is estimated by correcting the measured visible cross section
for the acceptance of the selection as discussed in Section 4.1} This procedure is
commonly referred to as extrapolation. In this analysis, the dependence of the ac-
ceptance on the nuisance parameters incorporated in the fit, where the parameters
X are constrained within the visible phase space. However, the validity of these
constraints outside the visible phase space cannot be assumed, and additional un-

certainties must be assigned to the extrapolation. The procedure used to estimate
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Figure 4.5: Comparison of data (points) and post-fit distributions of the expected signal
and backgrounds from simulation (shaded histograms) used in the simultaneous fit of o3
and mMC in the eTu® channel. In the left column events with zero or three or more
b-tagged jets are shown. The middle (right) column shows events with exactly one (two)
b-tagged jets. Events with zero, one, two, or three or more additional non-b-tagged jets
are shown in the first, second, third, and fourth row, respectively. The hatched bands
correspond to the total uncertainty in the sum of the predicted yields and include the
contribution from the top quark mass (AmMC®). The ratios of data to the sum of the
predicted yields are shown in the lower panel of each figure. Here, the solid grey band
represents the contribution of the statistical uncertainty [22].
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the extrapolation uncertainties is described in the following.

For each relevant source of modelling uncertainty, the acceptance as determined
in the fit is re-evaluated by varying the corresponding nuisance parameter by one
pre-fit standard deviation in both directions with respect to its pre-fit value, while
keeping all other nuisance parameters fixed to their post-fit values. The up/down
extrapolation uncertainty corresponding to source ¢, indicated with A;t, is then

estimated as:

-7

+ fit
A :‘ A : (4.10)

Oty

where Afi* is the acceptance evaluated at the best-fit value of all the nuisance pa-
rameters, and Af is the acceptance corresponding to the up/down variation of the
nuisance parameter corresponding to source i. The uncertainties relative to the dif-
ferent modelling uncertainties are then combined in quadrature. This method intro-
duces a partial double-counting of modelling uncertainties, and should be regarded
as a conservative but consistent approach to incorporate extrapolation uncertainties

in the fit. The effect of the extrapolation uncertainties on the measured oy; is shown
in Table 4.1l

4.6 Results
The values of o and mi\m as measured to be:

o = 815 £ 2 (stat) 29 (syst) £ 20 (lum) pb,
mMC = 172.33 4 0.14 (stat) 355 (syst) GeV,

and their correlation is estimated to be 12%. Here, the uncertainties indicate the
statistical, systematic, and luminosity uncertainty. The systematic uncertainty also
includes the contribution from the MC statistics, which is estimated as described
in Section [£.7] The result for oy represents one of the most precise measurements
obtained with CMS data at /s = 13 TeV. The result for mM¢ is the most precise
direct top quark mass measurement performed in the dileptonic channel, to date,
and has a similar precision to those obtained in the semileptonic [192] and fully-
hadronic [199] channels. The measured value of oy corresponds to a visible cross

section of:
oV = 12.86 + 0.03 (stat) 4 0.43 (syst) & 0.32 (lum) pb.

The normalized pulls and constraints on the nuisance parameters relative to the
modelling uncertainties are shown in Figure 1.6 while those on all other nuisance

parameters are shown in Figure [4.7] The constraint on a nuisance parameter is
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Figure 4.6: Normalized pulls and constraints of the nuisance parameters related to the
modelling uncertainties for the simultaneous fit of o,z and mM®. The markers denote the
fitted value, while the inner vertical bars represent the constraint and the outer vertical
bars denote the additional uncertainty as determined from pseudo-experiments. The con-
straint is defined as the ratio of the post-fit uncertainty to the pre-fit uncertainty of a
given nuisance parameter, while the normalized pull is the difference between the post-fit
and the pre-fit value of the nuisance parameter normalized to its pre-fit uncertainty. The
horizontal lines at &1 represent the pre-fit uncertainty [22].

the ratio between its post-fit and pre-fit uncertainty, while the normalized pull is
defined as the difference between its post-fit and pre-fit value in units of the pre-fit
uncertainty. The vast majority of the pulls is found to be smaller than one standard
deviation, and strong constraints are only observed for the nuisance parameters
related to uncertainties estimated using independent MC samples. This effect is
partly artificial, and is accounted for by the MC statistical uncertainty, as explained
in Section .7

The contributions of the different sources of systematic uncertainties to the total
uncertainty in o (and o%®) and mM© are shown in Tables and |4.2| respectively.
The impact of similar sources (e.g. the different sources of JES and b tagging uncer-
tainties, or the various PDF eigenvectors) are evaluated simultaneously by repeating
the fit while keeping the corresponding nuisance parameters fixed to their post-fit
values. The impact of the considered sources is approximated by the difference in
quadrature between the full uncertainty and the one obtained with this procedure.
In this estimate, the correlations between the considered subset of parameters are
taken into account. However, the sum in quadrature of the estimated contributions
does not correspond to the total uncertainty, as the different estimates are not sta-
tistically independent. The main sources of uncertainties in the measured o are
related to the lepton identification efficiency and the integrated luminosity, which
directly affect the normalization of the various processes. In the case of mMC, the
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Figure 4.7: The same as Figure 4.6/ but for JES (upper left), b tagging (upper right), PDF
(lower left), and other experimental uncertainties (lower right).

main sources of uncertainties are related to the JES and the MC statistics, which
mainly affect the shape of the considered distributions. The impact of each individ-
ual source of systematic uncertainty is summarized in Figures and for oy and
mMC, respectively. The contributions are estimated by varying the corresponding
nuisance parameters by one post-fit standard deviation, taking the correlations into
account. Also in this case, the estimates are not statistically independent and their
combination does not correspond to the total uncertainty.

The measurement of mM¢ is cross-checked by performing an alternative fit with-
out event categorization, where a single m#® distribution is used as input. In this
case, events are required to contain at least one b-tagged jet. The m%™ distribution
before and after the fit to the data is shown in Figure [4.10] and the measured value

of the top mass is:
mM® = 171.92 & 0.13 (stat) *378 (syst) GeV.

This result is compatible with the one of the nominal fit within the uncorrelated
part of the uncertainty, which is estimated to be at least 0.54 GeV. In this case,
the nuisance parameters are only mildly pulled or constrained, as shown in Fig-
ure [4.11] e.g. for the modelling uncertainties. Furthermore, the impact of the MC
statistical uncertainty is smaller than in the nominal fit, and amounts to 0.14 GeV.
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Table 4.1: The relative uncertainties in O'Zfis and o7 and their sources, as obtained from
the template fit. The uncertainty in the integrated luminosity and the MC statistical
uncertainty are determined separately. The individual uncertainties are given without
their correlations, which are however accounted for in the total uncertainty. Extrapolation
uncertainties only affect o;. For extrapolation uncertainties, the + notation is used if a

positive variation produces an increase in o, while the F notation is used otherwise [22].

Source Uncertainty [%]
Trigger 0.4
Lepton ident. /isolation 2.2
Muon momentum scale 0.2
Electron momentum scale 0.2
Jet energy scale 0.7
Jet energy resolution 0.5
b tagging 0.3
Pileup 0.3
tt ME scale 0.5
tW ME scale 0.7
DY ME scale 0.2
NLO generator 1.2
PDF 1.1
mMC 0.4
Top quark pr 0.5
ME/PS matching 0.2
UE tune 0.3
tt ISR scale 0.4
tW ISR scale 0.4
tt FSR scale 1.1
tW FSR scale 0.2
b quark fragmentation 1.0
b hadron BF 0.2
Colour reconnection 0.4
DY background 0.8
tW background 1.1
Diboson background 0.3
W+jets background 0.3
tt background 0.2
Statistical 0.2
Integrated luminosity 2.5
MC statistical 1.2
Total 02’1—35 uncertainty 4.2
Extrapolation uncertainties

tt ME scale F234
PDF +08
Top quark pr ig:?,)
tt ISR scale F32,
tt FSR scale +0.1
UE tune <0.1
e 733
Total oy uncertainty fig
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Table 4.2: The absolute uncertainties in m

MC
t

and their sources, from the simultaneous fit

of o7 and m%\/IC. The MC statistical uncertainty is determined separately. The individual
uncertainties are given without their correlations, which are however accounted for in the

total uncertainty [22].

Source Uncertainty [GeV]
Trigger 0.02
Lepton ident. /isolation 0.02
Muon momentum scale 0.03
Electron momentum scale 0.10
Jet energy scale 0.57
Jet energy resolution 0.09
b tagging 0.12
Pileup 0.09
tt ME scale 0.18
tW ME scale 0.02
DY ME scale 0.06
NLO generator 0.14
PDF 0.05
Ot 0.09
Top quark pr 0.04
ME/PS matching 0.16
UE tune 0.03
tt ISR scale 0.16
tW ISR scale 0.02
tt FSR scale 0.07
tW FSR scale 0.02
b quark fragmentation 0.11
b hadron BF 0.07
Colour reconnection 0.17
DY background 0.24
tW background 0.13
Diboson background 0.02
W+jets background 0.04
tt background 0.02
Statistical 0.14
MC statistical 0.36
Total m{v[c uncertainty fg:gg
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Figure 4.8: Contributions of the individual sources of systematic uncertainty to the total
uncertainty in oy;. The plots refer to modelling (upper left), JES (upper right), b tagging
(middle left), PDF (middle right), and other experimental uncertainties (lower). A positive
sign is assigned to the contribution if an increase in the corresponding nuisance parameter
determined an increase of oy, while a negative sign is assigned otherwise.
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Figure 4.9: The same as Figure
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Figure 4.10: The m@i® distribution used in the cross-check fit of mM¢ before (left) and
after (right) the fit. In this case, the distribution contains all events with at least one
b tagged jet, without categorization.
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Figure 4.11: The same as Figure [4.6] but for the cross-check fit of mM® obtained using a
single my min- distribution without event categorization.

This is expected, since a single differential distribution is used. As in the nominal
fit, the dominant systematic uncertainty is related to the JES, which amounts to
0.67 GeV, while other relevant sources of uncertainties include the JER (0.16 GeV),
the ME/PS matching (0.19 GeV), the modelling of the top quark pr (0.17 GeV),
and the statistical uncertainty of the data (0.13 GeV). The impact of the statistical
uncertainty is larger in this case, since less events are used in the fit due to the
requirement on the number of b-tagged jets. Further details on the result of the
cross-check fit can be found in Appendix [C]

82



“BBB” fluctuations

IIIIIIIII‘II\\II\Il‘ll\ll‘l\ll‘,-ll\llll T

05 0 05 1, a5 o o5 1

Figure 4.12: Bin-by-bin fluctuations (left) are often used to estimate the impact on the
final result of the statistical uncertainty in the templates, although they do not take into
account the uncertainty in the template morphing (right) [198].

4.7 Impact of statistical uncertainties in the MC simulation

Fits making use of MC templates, as the one described in this chapter, rely on
the shape and normalization obtained using simulations in order to constrain the
nuisance parameters and to determine the parameters of interest. Although in most
cases, including this analysis, the number of events in the simulation is sufficiently
larger than the one in data, the statistical uncertainty in the templates can alter
the shape of the predicted distributions and introduce significant uncertainties in
the template morphing. This can lead to unphysical constraints of the nuisance
parameters, resulting in an underestimation of systematic uncertainties. The impact
of the MC statistical uncertainty is often estimated by means of bin-by-bin (BBB)
fluctuations, which implies fluctuating the content of each bin according to Poisson
statistics. However, this procedure does not take into account the uncertainty in the
template morphing, as illustrated in Figure (left). A method to estimate this
uncertainty has been developed for the purpose of this analysis, and is presented in
the following.

Depending on the uncertainty source, the templates corresponding to a system-
atic variation (also called varied templates) are obtained in three different ways:

1. by replacing the nominal MC simulation with an alternative one, as in the case
of mM® CR models, PS scales, ME/PS matching, choice of NLO generator,
and UE event tune;

2. by varying the kinematic properties of reconstructed final state objects, as in
the case of JES and JER uncertainties and of the energy scale and resolution
of electron and muons, which are estimated by varying the reconstructed pr
of the object by the corresponding uncertainty;
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Figure 4.13: Best-fit values of o3 (left) and mMC (right) obtained using toy templates. The
spread in the obtained distributions represents the impact of the statistical uncertainty in
the simulation.

3. by reweighting events, as in all other cases.

In the last case, the nominal and varied templates contain the same events,
although with different weights. Provided that the weights do not differ significantly,
as in the case of this analysis, the statistical uncertainties in corresponding bins can
be considered as fully correlated and the template morphing is almost exact. In the
first case, instead, the templates contain events generated independently. Therefore,
the statistical uncertainties in corresponding bins are fully uncorrelated and the
template morphing is only approximate, as illustrated in Figure [£.12] (right). In the
second case, instead, variations of the kinematic properties of final state objects can
introduce event migrations across the different bins, and the statistical uncertainty in
the nominal and varied templates are only partially correlated. In order to minimize
the migrations, and hence maximize the correlations, a coarse binning is chosen for
the distributions used in this analysis, as shown in Figure 4.3| For this reason, the
nominal and varied templates are assumed to be fully correlated in the case of JES,
JER, and lepton energy scale variations.

In this analysis, the impact of the uncertainty in the template morphing is es-
timated by means of a toy-experiment procedure. Toy templates are generated by
fluctuating the bin content of each distribution according to Poisson statistics, based
on the number of simulated events in that bin. The templates obtained by event
reweighting or by varying the kinematic properties of the final state objects are
fluctuated consistently with the nominal template, while those derived from the al-
ternative samples are fluctuated independently. In this way, the correlation between
the nominal template and the varied ones is taken into account. At each iteration,
the template dependencies are re-derived, and the fit to the data is repeated. Fur-
thermore, in order to take into account the impact on the correlations between the
systematic uncertainties, all templates are fluctuated simultaneously.

At each iteration, the best-fit values of all the parameters in the fit are recorded.
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The distributions of the values of o and miVIC obtained after 30 thousand itera-
tions are shown in Figure |4.13] and exhibit a quasi-Gaussian shape centred at the
measured values of o and mMC. The root mean square (RMS) of the distribu-
tion estimates the uncertainty due to the limited MC statistics, and is added in
quadrature to the total uncertainty obtained in the fit. In this way, the effect of any
possible unphysical constraint is consistently estimated and corrected for. As shown
in Tables and , the effect is found to be significant in the case of mM®, which
is determined from the shape of final state distributions, while it is less pronounced
for o, which mainly depends on the overall normalization.

Similarly, the RMS of the best-fit value of each nuisance parameter is added in
quadrature to its post-fit uncertainty, and is represented by the outer vertical bands
in Figures [£.6] and .71 A non-negligible impact is also observed for the nuisance
parameters related to uncertainties determined by event reweighting, although the
effect is less significant compared to the other cases. This is due to the fact that the
statistical uncertainty in the templates also affects the measured correlations, and
the effect propagates to all the parameters of the fit. The distributions of the pulls
and constraints on the main modelling uncertainties obtained using toy templates

can be found in Appendix [D]
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Chapter 5

Extraction of the top quark mass

and the strong coupling constant

In this chapter, the inclusive tt cross section measured in Chapter |4/ is used to
extract the strong coupling constant and the top quark mass in the MS and on-shell
schemes. The strategy used for the so-called QCD analysis is outlined in Section 5.1}
while details on the theoretical predictions used are given in Section [5.2} Finally,
the results of the extraction of ag and m; are discussed in Sections and [5.4]
respectively. All the results presented in this chapter have been obtained for the
purpose of this thesis, and are documented in a paper published in the European
Physics Journal [22].

5.1 The QCD analysis

The inclusive tt production cross section can be calculated in perturbative QCD, as
described in Chapter (I The result of the calculation depends on the values of the
fundamental parameters of the QCD Lagrangian, in particular ag and my, and on the
proton PDFs. Therefore, the comparison between data and theoretical calculations
can be used to experimentally determine the QCD parameters. However, ag and m;
cannot be extracted simultaneously from a measurement of the inclusive oz, since a
change in one parameter can be compensated by an appropriate change in the other.
For this reason, when one parameter is extracted, an assumption on the other one
has to be made.

Theoretical predictions at a fixed order in perturbation theory are performed in
a well-defined renormalization scheme, and QCD parameters extracted using these
calculations can be interpreted unambiguously. This is especially important in the
case of my, as the result of direct measurements lack a clear theoretical interpreta-
tion. However, as discussed in Chapter [l the measured value of oy; has an intrinsic
experimental dependence on the value of m; used in the simulation, mM® which
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affects the acceptance of the selection [I73] [174]. In a QCD analysis, this depen-
dence has to be estimated and taken into account, and an assumption in the relation
between mM© and m; has to be made. In particular, it is commonly assumed that
mMC = mP® + 1GeV [173, 174], which introduces an undesired additional uncer-
tainty. On the opposite, the experimental dependence of the measured o on ag is

known to be negligible [173], 174].

A different approach is followed in this analysis, based the method proposed
in Ref. [I9]. The value of oy used as input to the QCD analysis is measured si-

multaneously with mMC (Chapter {). In this way, the dependence of o on mMC

is mitigated, and no prior assumption on the relation between mM® and m, has
to be made [19]. Furthermore, the correlation between oy and mMC is properly
taken into account in the measurement, and the uncertainty in o incorporates the

experimental dependence on mM¢,

5.2 Theoretical predictions

The strong coupling constant evaluated at the mass of the Z boson, ag(my), is
extracted using theoretical predictions in the MS scheme at NNLO, obtained using
the HATHOR 2.0 software [121I]. The same calculations are also used to determine
the top quark mass in the MS scheme, my(m,), while the top quark pole mass, mP*'®,
is extracted using predictions in the on-shell scheme performed at NNLO+NNLL
precision using the TopP++ 2.0 program [109]. In both cases, the renormalization

and factorization scales are set to the value of the top quark mass.

The calculations are interfaced with the most recent available sets of NNLO
PDFs: ABMP16 [86], CT14 [85], MMHT14 [84], and NNPDF3.1 [87]. Unlike in
the case of the other PDFs, in ABMP16 the heavy quark masses are treated in
the MS scheme. As summarized in Table , different assumptions on the QCD
parameters are made in the determination of the considered PDF sets. In the
MMHT14, CT14, and NNPDF3.1 PDFs, the world average value is assumed for

ag(myz), which corresponds to 0.118, while different assumptions are made on m{’Ole.
In ABMP16, instead, ag(myz) and my(m;) are determined simultaneously with the
PDFs: this approach has the advantage of taking into account the correlations

between the PDFs and ag.

Furthermore, while CT14 does not use any tt data in the PDF determination,
several Tevatron and LHC results are used in the other PDFs. Although this could
potentially introduce undesired correlations in the context of this analysis, it was

demonstrated that the used tt data have only marginal impact on global PDF fits [85]
80].

88



Table 5.1:  Values of the top quark pole mass m} °le and strong coupling constant ag(myz)

used in the different PDF sets. Also shown are the corresponding my(my) values obtained
using the RUNDEC conversion, the number of loops in the conversion, and the ag range
used to estimate the PDF uncertainties [22].

ABMP16 ~ NNPDF3.1 CT14 MMHT14
mP° [GeV] 170.37 1725 173.3 174.2
RUNDEC loops 3 2 2 3
me(my) [GeV]  160.86 162.56 163.30 163.47
ag(myz) 0.116 0.118 0.118 0.118
aig Tange 0.112-0.120 0.108—0.124 0.111—0.123 0.108—0.128

5.3 Extraction of the strong coupling constant

The value of ag(myz) is obtained via a x? fit of theoretical predictions to the mea-
sured oi. The fit is performed using the open-source QCD analysis framework
XFITTER [200], which implements the x* definition from Ref. [82]. The definition
includes the uncertainty in the measured oy (fit) and in the PDFs. In the HATHOR
calculation, the value of my(my) is set to the one utilized in the considered PDF
set. The values of mP used in NNPDF3.1, CT14, and MMHT14 are converted to
my(my) using the RUNDEC code [201}, 202], following the prescription provided by
the corresponding group. Since the choice of ag(my) significantly affects the PDF
determination, PDFs obtained with a series of values of ag(myz) are provided by
each PDF group. The ranges of the variation for the considered sets are listed in
Table .1}, and the value of as(mz) in the calculation is varied consistently with that
in the PDFs.

The PDF uncertainties are estimated by using the provided PDF eigenvectors.
The quoted uncertainties correspond to a 68% confidence interval, which in the case
of CT14 is scaled down from the 95% confidence interval of the provided eigenvectors.
For the ABMP16 and NNPDF3.1 sets, the full estimate of the PDF uncertainties
is performed for each value of the ag(my), while the uncertainties relative to the
CT14 and MMHT14 sets are only provided for the nominal PDF obtained with
as(myz) = 0.118. In this case, the uncertainty of the nominal PDF is used for all
values of ag(myz). The resulting x? profiles as a function of ag(mz) are shown in
Figure (left) for the considered PDFs.

The best-fit value of ag(mz), indicated with o@'", is extracted by parametrizing
the x? profiles with the function:

min \ 2
2 2 ag — Qg
X (ag) = Xaim + (—min > , 5.1
(as) b (5.1)

where §(ag'") represents the combined fit+PDF uncertainty in of'™. In Figure
(right), the results obtained for the different PDF sets are compared to the 2018
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Figure 5.1: Left: x? versus ag obtained from the comparison of the measured oy value
to the NNLO prediction in the MS scheme using different PDFs (symbols of different
styles). Right: ag(myz) obtained from the comparison of the measured o value to the
theoretical prediction using different PDF sets in the MS scheme. The corresponding value
of m¢(my) is given for each PDF set. The inner horizontal bars on the points represent
the experimental and PDF uncertainties added in quadrature. The outer horizontal bars
show the total uncertainties. The vertical line displays the world-average ag(myz) value,
with the hatched band representing its uncertainty [22].

PDG world average [5]. The uncertainty due to missing higher order corrections is
estimated by varying the renormalization and factorization scales in the calculation
by a factor of two up and down, avoiding cases in which p,/pu¢ = 4 or 1/4. The
difference between the envelope of the resulting values of ag(myz) and its nominal
best-fit value is taken as the corresponding scale uncertainty. The values of the
extracted ag(myz) and their uncertainties are summarized in Table 5.2l The results
are found to be in good agreement with each other, and represent the most precise
determination of ag(my) at a hadron collider, to date. It can be noted that the
most precise result is obtained with the ABMP16 PDF set. This can be attributed
to the fact that the correlation between ag and the gluon PDF is to large extent
taken into account in the determination of this PDF.

The dependence of the extracted values of ag(myz) on the assumed value of
m¢(my) in the calculation is shown in Figure for the considered PDFs. In this
case, the value of my(my) is varied only in the calculation. This dependence is found
to be less pronounced in case of the ABMP16 set, due to a partial decorrelation of
the two QCD parameters through their simultaneous extraction in the ABMP16 fit.

Finally, the values of ag(my) obtained with the different choices of the renormal-
ization and factorization scales are shown in Figure for the considered PDFs.
The result is found to be sensitive to the choice of the renormalization scale, while
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Table 5.2: Values of ag(my) with their uncertainties obtained from a comparison of the
measured o value to the NNLO prediction in the MS scheme using different PDF sets.
The first uncertainty is the combination of the experimental and PDF uncertainties, and
the second is from the variation of the renormalization and factorization scales [22].

PDF set ag(mg)
ABMP16  0.1139 + 0.0023 (fit + PDF) 30001 (scale)
NNPDF3.1  0.1140 + 0.0033 (fit + PDF) 130027 (scale)
CT14 0.1148 + 0.0032 (fit + PDF) 50005 (scale)
MMHT14  0.1151 + 0.0035 (fit + PDF) *{(053 (scale)
CMS 35.9fb™ (13 Tev)
?0.125 —
A [£262] NNPDF3.1
° " EEg cTi4
0.12 - MMHT14
| E=] ABMP16
0.115 -
0.11 -
0.105 -
o b b Lo b b v L v iy

159 160 161 162 163 164 165 166
m,(m,) [GeV]

Figure 5.2: Values of ag(myz) obtained in the comparison of the oy measurement to the
NNLO prediction using different PDFs, as a function of the my(my) value used in the
theoretical calculation. The results from using different PDFs are shown by the bands
with different shadings, with the band width corresponding to the quadratic sum of the
experimental and PDF uncertainties in ag(my). The resulting measured values of ag(mz)
are shown by the different style points at the my(my) values used for each PDF. The inner
vertical bars on the points represent the quadratic sum of the experimental and PDF
uncertainties in ag(my), while the outer vertical bars show the total uncertainties [22].
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the dependence on the factorization scale is found to be negligible. For illustration,
Figure compares the scale dependence of the values of ag(my) extracted using
NNLO calculations in the MS and on-shell schemes, performed with the HATHOR
software interfaced to the ABMP16 PDFs. A significantly larger effect is observed
in the latter case, which reflects the faster convergence of the perturbative series in
the calculation using the top quark mass defined in the MS scheme, as discussed in
Chapter

5.4 Extraction of the top quark mass

The same procedure is also used to extract the value of my(my) using different PDFs.
In this case, the value of ag(mz) in the calculation is set to that of the considered
PDF set, and the x? profiles are scanned as a function of m(m;) in steps of 0.5 GeV.
In the case of ABMP16, my(my) is varied between 158 and 163 GeV, while it is varied
between 162 and 167 GeV for the other PDFs. Since the impact of the choice of
m¢(my) on global PDF fits is not expected to be significant, the value of mg(my)
is not varied in PDFs. In addition to the uncertainties described in the previous
section, the uncertainty in the value of ag(my) is propagated to m¢(m;). In the case
of ABMP16, where ag is determined simultaneously with the PDFs, this uncertainty
is incorporated in the PDF eigenvectors. For the other sets, instead, the uncertainty
is evaluated by using alternative eigenvectors where the value of ag(my) is varied
by £0.001, which corresponds to the uncertainty in the world-average value [5].

The y? profiles obtained with the considered PDF sets are shown in Figure
and the extracted values of m¢(m;) are shown in Figure and summarized in
Table [5.3] These results represent the most precise determination of my(my), to
date. It can be noted that, although the uncertainties are of similar size, the value
of my(my) obtained with ABMP16 is lower than the others. This is due to the
fact that the value of ag(myz) determined in the ABMP16 fit, and therefore used
in the calculation, is lower than the one used in the other PDF sets (Table [5.1).
The lower value of ag(my) is therefore compensated by a lower value of my(my), as
expected from Figure This effect can be mitigated by performing a simultaneous
determination of m; and as, as done, e.g. in Ref. [I15].

The values of my(m;) obtained with different choices for the renormalization and
factorization scales are shown in Figure As in the case of ag, the dependence
on the factorization scale is found to be small, and the scale uncertainty is mainly
determined by the variation of the renormalization scale.

Finally, the value of mP® is determined using theoretical predictions obtained
with the TorP++ program, following the procedure used for the extraction of
my(my). The resulting values of mP® and their uncertainties are summarized in
Table for the considered sets of PDFs. It can be noted that, despite the inclu-
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Figure 5.3: Extracted value of ag(my) as a function of the choice of the renormalization
and factorization scales, using the ABMP16 (upper left), NNPDF3.1 (upper right), CT14
(lower left), and MMHT14 (lower right) PDF sets.

Table 5.3: Values of m(m) obtained from the comparison of the oy; measurement with
the NNLO predictions using different PDF sets. The first uncertainty shown comes from
the experimental, PDF, and ag(myz) uncertainties, and the second from the variation in
the renormalization and factorization scales [22].

PDF set mi(my) [GeV]

ABMP16  161.6 + 1.6 (fit + PDF + ag) "¢ (scale)
NNPDF3.1  164.5 + 1.6 (fit + PDF + ag) ™ (scale)
CT14 165.0 + 1.8 (fit + PDF + ag) *9 (scale)
MMHT14  164.9 + 1.8 (fit + PDF + ag) ™1 (scale)
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Figure 5.4: Extracted value of ag(myz) as a function of the choice of the renormalization
and factorization scales in HATHOR NNLO calculation in the MS (left) and on-shell (right)
renormalization schemes, interfaced to the ABMP16 PDF set.
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Figure 5.5: Data-to-theory x? as a function of m¢(m;) for different sets of PDFs.
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Figure 5.6: Values of my(my) obtained from comparing the o measurement to the the-
oretical NNLO predictions using different PDF sets. The inner horizontal bars on the
points represent the quadratic sum of the experimental, PDF, and ag(my) uncertainties,
while the outer horizontal bars give the total uncertainty [22].
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Table 5.4: Values of mfde obtained by comparing the o measurement with predictions
at NNLO+NNLL using different PDF sets [22].

PDF set mP® [GeV]

ABMP16  169.9 + 1.8 (fit + PDF + asg
NNPDF3.1 173.2 & 1.9 (fit + PDF + ag
CT14 173.7 + 2.0 (fit + PDF + asg
MMHTI14  173.6 & 1.9 (fit + PDF + ag

A~~~ Y~ I/~
— — — —

sion of NNLL corrections, the impact of scale uncertainties is larger than in the case
of my(my). This demonstrates once more the faster perturbative convergence of the
calculations performed in the MS scheme.
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Chapter 6

Measurement of the running of

the top quark mass

The first measurement of the running of the top quark mass, developed and per-
formed in the scope of this thesis, is presented in this chapter. This measurement
represents an experimental investigation of the validity of perturbative QCD up to
scales of the order of 1 TeV, and is documented in a paper published in the Physics
Letters journal [23]. The chapter is structured as follows: the analysis strategy is
discussed in Section [6.1], the measurement of the differential tt cross section used
for the QCD interpretation is described in Section [6.2] and the extraction of the top
quark mass running in the MS scheme is presented in Section .

6.1 Analysis strategy

Beyond leading order in perturbation theory, the parameters of the QCD Lagrangian
undergo renormalization. However, as discussed in Chapter [I| the choice of the
renormalization scheme is not unique. In the MS scheme, the strong coupling con-
stant and the quark masses depend on the renormalization scale. The scale evolu-
tion, or running, of ag and my is described by the renormalization group equations
(RGEs) of Egs. and respectively. The RGEs can be solved in perturbation
theory by expanding the § function and the anomalous mass dimension in powers of
as. At one-loop precision, an analytical expression for the running of the top quark

mass can be obtained:

i) = (o) [1 = st ()] (61)

Here, pg is the initial scale at which my is evaluated, p denotes an arbitrarily chosen
renormalization scale, and m () is the MS mass of the top quark evaluated at the
scale y. In order to ensure the validity of perturbation theory, the scales p and pg
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are required to be significantly larger than Agcp.

In a theoretical calculation, the renormalization scale is usually identified with
the physical scale of the process ). Therefore, the running of a QCD parameter, e.g.
as, can be experimentally determined by extracting the value of ag from a sensitive
observable measured as a function of the scale (). From a practical point of view,
as can be determined at a fixed reference scale, e.g. 1 = my, and then evolved
to the scale @ using the corresponding RGE [203]. Since the RGEs are implicitly
assumed in theoretical calculations, this approach is equivalent to determining as(Q)
directly, e.g. as in Ref. [204]. Furthermore, the order at which the running of a QCD
parameter is determined depends on the order of the calculation.

The same procedure can be used to extract the running of the mass of a heavy
quark, e.g. as described in Ref. [15] for the charm quark mass. While in the case of
as the reference scale is often chosen as the mass of the Z boson, the quark masses
are usually evaluated at the scale of the quark mass itself.

In this analysis, the running of m, in the MS scheme is determined at one-loop
precision from a measurement of the differential tt cross section as a function of the
invariant mass of the tt system, m;. The top quark mass is extracted as a function of
my; using NLO theoretical predictions of do; /dmy; where the heavy quark masses are
treated in the MS scheme [122]. In order to compare the result of the measurement
to fixed-order calculations, the differential cross section is determined at the parton
level, before parton-shower radiation.

6.2 Measurement of the differential cross section

The measurement of doy/dmy; is performed by extending the method presented
in Chapter The analysis also makes use of the same data set, MC samples,
and event selection as the one presented in Chapter [4] and the same sources of
systematic uncertainties are considered. In this case, however, the uncertainty in the
integrated luminosity is profiled in the likelihood together with the other systematic

uncertainties.

reco
tt

an analytical reconstruction of the top quark and antiquark kinematic variables

In addition, in order to reconstruct the invariant mass of the tt system, m

is performed in events with at least two jets, using the algorithm described in
Refs. [193], 205]. The goal of the kinematic reconstruction is to infer the momenta of
the neutrinos originating from the decays of the W bosons using information about
the reconstructed final-state objects and the missing transverse energy. The algo-
rithm explores all possible combinations of leptons and jets and solves a system of
equations that relate the four-momenta of the decay products of the tt pair under
the following assumptions: the missing transverse energy arises uniquely from the
two neutrinos originating from the decays of the W bosons; the invariant mass of
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the reconstructed decay products of each W boson corresponds to the W boson
mass, which is assumed to be 80.4 GeV; and the invariant mass of the decay prod-
ucts of the top quark and antiquark corresponds to a predefined value of the top
quark mass, denoted with m¥™. In this way, the eight unknown variables related to
the neutrino momenta are constrained by four kinematic assumptions, leaving the

kinematic equations with a four-fold ambiguity. In this analysis, mi® is set to the

value of the top quark mass used in the simulation, mM®, which in the nominal tt
sample corresponds to 172.5 GeV. In order to account for detector effects, solutions
are looked for by smearing the reconstructed momenta of the leptons and jets ac-
cording to their resolution. Similarly, the width of the W boson is accounted for by
smearing the mass of the W boson according to a Breit-Wigner distribution. Over
100 smearings are performed for each considered combination of leptons and jets.
In order to maximize the correct assignments, the solution that yields the smallest
value of my; is chosen [206]. A weight is assigned to each selected solution based on
the expected spectrum of the invariant mass of the lepton and jet originating from
the same top quark. For each combination, a total weight is defined as the sum of
the weights assigned to the individual smearings. If different possible combinations
are found, the one that includes the largest number of b-tagged jets is chosen, and
if more than one solution with the same number of b-tagged jets are found, the one
with the highest total weight is selected. For the chosen combination, the kinematic
properties of the tt system are estimated as the weighted average of the solutions
obtained in the various smearings. The efficiency of the kinematic reconstruction is
found to be about 90% [193], while the resolution in m[® is estimated to be about
13%.

The kinematic reconstruction introduces an additional undesired dependence on

mi®. In this analysis, the effect is estimated by repeating the event selection and

the kinematic reconstruction with three different values of mk®, corresponding to
169.5, 172.5, and 175.5GeV, and the value of mM€ is varied accordingly. In this
analysis, therefore, m¥™ and mMC are considered the same parameter. As in the
measurement described in Chapter [4] the dependence on the top quark mass is fully
incorporated in the fit, where mMC is treated as a free parameter.

The differential cross section is determined directly at the parton level by means
of a maximum-likelihood fit to distributions of final-state observables. This method
is known as maximum-likelihood unfolding and, unlike other unfolding methods,
allows the systematic uncertainties to be constrained together with the parameters
of interest. In order to perform the unfolding, the tt sample is split into subsamples
in intervals of parton-level m corresponding to the desired bins in doy;/dmg;. Each
subsample is then treated as an independent signal, and represents the tt production
cross section at the physical scale py, defined as the centre-of-gravity of bin £ in

m;. However, the results presented in Section do not depend on the exact
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Table 6.1: Bins of mg, the corresponding fraction of events in the POWHEG simulation,
and the representative scale py, [23].

Bin my; [GeV]  Fraction [%] i [GeV]

1 <420 30 384
2 420-550 39 476
3 550-810 24 644
4 >810 7 1024
CMS 35.9 fb™ (13 TeV)

¢ Data B signal 1)
Bl signal (1) [signal (u,)
] signal (H,) [ ]Background
Syst+Am{"'c

Events / GeV

P I ST NS RN RN P TR T R P |
400 600 800 1000 1200 1400 1600 1800 2000
m[fec‘“ [GeV]

Figure 6.1: Distribution of m3® after the fit to the data, with the same binning as used
in the fit. The hatched band corresponds to the total uncertainty in the predicted yields,
including the contribution from mM® (AmMC) and all correlations. The tt MC sample
is split into four subsamples, denoted with “Signal (ux)”, corresponding to bins of my;
at the parton level. The first and last bins contain all events with m$° < 420 GeV and

mi®® > 810 GeV, respectively [23].

choice of py, provided that it represents the physical energy scale of the process in
that bin. In the figures, the subprocess corresponding to bin k is indicated with
“Signal (px)”. The bin boundaries, the fraction of events in each bin, and the
scales i as determined using the nominal POWHEG simulation are summarized in
Table . The bin widths AmF. are chosen taking into account the experimental
resolution in my. The distribution of m$® after the fit to the data, obtained with the
binning of Table [6.1], is compared to the data in Figure 6.1} The same distribution
with finer binning can be found in Figure|6.2] where the post-fit distributions of the
pr of the reconstructed top quark, antiquark, and tt system are also shown.

The same likelihood function as the one defined in Chapter {4 is used. In this

case, however, the expected number of events v; can be expressed as:

4

=3 o m, )+ 3t ). 62
J

k=1
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Here, s¥ is the expected number of signal events in bin k, bg is the expected num-
ber of background events from source j, at(# K — (dogi/dm) AmE is the integrated
cross section in bin k of m;, and X and w; represent the nuisance and background
normalization parameters, respectively. Due to the kinematic reconstruction, the
background and data distributions also depend on mMC. Since Eq. relates the
parton-level cross sections at(g )
structed distribution, the response matrix and its dependence on the fit parameters

to the observed number of events in each recon-

are incorporated in the likelihood function, and the maximization of the likelihood
provides results that are automatically unfolded to the parton level. Having chosen
a very coarse binning in myg, the unfolding problem is found to be well conditioned,
and no regularization is necessary. In particular, the condition number of the re-
sponse matrix is estimated to be about 3.

Events are categorized according to their b-tagged jet multiplicities, and the
number of events in each category is parametrized following the method described
in Chapter [l In this case, the parametrization is derived for each bin k of my;

independently:
Sty = Loy Afyel2e5(1 — Clel),
85, = Loy Afely Ol (})’, (6.3)
Shiner = LoE Afyefy [1 = 2ef(1 — Clief) — Cli(ef)’] -

In order to effectively constrain each individual o, events with at least two jets

reco
tt

than two jets are instead assigned to separate subcategories. In each subcategory, a

are split in subcategories of m;<°, using the same binning as for m. Events with less

suitable observable is chosen as input to the fit. The event yield is fitted in events

reco
tt

than two b-tagged jets. Depending on the category, this choice is made either to

with less than two jets, in the last bin of m;2°°, and in subcategories with zero or more

mitigate the sensitivity to the backgrounds or to reduce the impact of the statistical

min

uncertainty of the simulation. In other categories with one b-tagged jet, the mjp
distribution is used to constrain mMC, while the pr of the softest reconstructed jet
is used in remaining categories with two b-tagged jets in order to constrain the jet
energy scale uncertainties. The choice of the input distributions is summarized in
Table 6.2

The efficiency of the kinematic reconstruction in the simulation is corrected in
order to match the one observed in data. In a dedicated study, the difference between
the efficiency in data and MC was found be about 0.2% [193]. An uncertainty of 0.2%
in the kinematic reconstruction efficiency is assigned to each signal independently.
The same uncertainty is assigned to all tt events with one or two b-tagged jets,
independently, while an uncertainty of 0.5% is conservatively assigned to other tt
events. This approach allows any small dependence of the kinematic reconstruction
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Table 6.2: Input distributions to the fit in the different event categories. The number
of jets, the number of b-tagged jets, the number of events, and the pr of the softest

min»

jet are denoted with Njets, Ny, Nevents, and “jet pp™”, respectively, while the category
corresponding to bin k& in m{z® is indicated with “mg® k" [23].

Nb =1 Nb =2 other Nb
]Vjets < 2| Nevents n.a. Nevents
m%eco 1 m?ﬁ,in jet p%ﬁn Nevents
M 2 | B et PR Neyents
m{%m m?%)m jet p$m Nevents
mzfeco 4 Nevents  Nevents Nevents

on the event topology or on the number of b-tagged jets to be taken into account in

the fit. Furthermore, an additional uncertainty of 1% is assigned to the sum of the

reco

background contributions in each category of m{t*°, independently.

The input distributions after the fit are compared to the data in Figure 6.3, and
good agreement is observed. The pulls and constraints of the nuisance parameters
corresponding to the modelling and all other uncertainties are shown in Figure (6.4
and [6.5] respectively. No pull significantly beyond one standard deviation is ob-
served, and moderate constraints on the nuisance parameters are obtained.

In the fit, the values of at(g ©) are measured to be:

o) = 255 4 11 (syst) =+ 2 (stat) pb,
o) = 315 4 15 (syst) =+ 2 (stat) pb,
o'#9) = 181 + 9 (syst) + 1 (stat) pb,
o) = 50 + 3 (syst) £ 1 (stat) pb,

and their correlations including all experimental and modelling uncertainties are
given in Table [6.3] The impact of the various sources of uncertainty on the mea-
sured at(g k), estimated as explained in Chapter |4| is given in Tables to . It
can be noted that, although the total uncertainties are of similar size, the impact
of JES and PDF uncertainties is larger compared to the one on the inclusive cross
section measured in Chapter [l This is due to the fact that these uncertainties can
introduce significant migrations between the bins of m;. As expected, the uncer-
tainty in the modelling of the top quark pr is found to have a more significant effect
at high values of my;. This analysis represents the first example of an application of
the maximum-likelihood unfolding method to a top-quark related measurement, and
provides results with significantly improved precision with respect to those obtained
by performing unfolding as a separate step, e.g. the ones of Ref. [193].
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Figure 6.3: Comparison between data (points) and post-fit distributions of the expected
signal and backgrounds from simulation (shaded histograms) used in the fit of do;/dm;;z.

In the left column events with zero or three or more b-tagged jets are shown. The middle

(right) column shows events with exactly one (two) b-tagged jets. Events in the first,

second, third, and fourth bin of m[¢® are shown in the first, second, third, and fourth
row, respectively, while events with less than two jets are shown in the fifth row. The
hatched bands correspond to the total uncertainty in the sum of the predicted yields and

tt

include the contribution from the top quark mass (AmMC). The ratios of data to the sum

of the predicted yields are shown in the lower panel of each figure. Here, the solid grey

band represents the contribution of the statistical uncertainty [23].
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Figure 6.4: Normalized pulls and constraints of the nuisance parameters related to the
modelling uncertainties. The pulls, defined as the difference between the post-fit and pre-
fit values of a nuisance parameter in units of the corresponding pre-fit uncertainty, are
represented by the points, while the constraints, defined as the ratio between the post-fit
and pre-fit uncertainties on a nuisance parameter, correspond to the inner vertical bars.
The horizontal lines represent the pre-fit uncertainty, and the outer vertical bands indicate
the additional uncertainty due to the limited statistics in the simulation, as determined
using pseudo-experiments [23].

Table 6.3: Correlations between the measured U(“ k), including all systematic uncertain-
ties [23].
UE%LI) O.t(étz) OE%L:&) Gt(%ux)
o | 1.00
o2 | 0.64  1.00
o) | 072 0.60 1.00
o) | 032 0.65 047 1.00

In the fit, the top quark mass in the simulation is measured to be:
mMC = 172.40 + 0.18 (stat) £55% (syst) GeV,

in good agreement with the result of Chapter [4] within the uncorrelated part of the
uncertainty, which is estimated to be of at least 0.27 GeV.

In Figure the measured at(g “) are compared to the corresponding NLO the-
oretical predictions obtained assuming different values of my(my). The calculations
are performed using a version [122] of the MCFM v6.8 program [123] [124] where
the heavy quark masses are treated in the MS scheme. The calculation is interfaced
to the ABMP16 NLO PDF set [207], in which the correlation between ag and the
gluon PDF is taken into account. In the calculation, the value of ag(myz) is set to
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Figure 6.5: The same as Figure

but for the JES (upper left), b tagging (upper right),

PDF (middle left), kinematic reconstruction (middle right), and other experimental un-

certainties (lower).
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Table 6.4: The relative uncertainty in at(%'“ VY and its sources, as obtained from the likelihood

fit. The MC statistical uncertainty is determined separately using pseudo-experiments.
The individual uncertainties are given without their correlations, which are however ac-

counted for in the total uncertainty. For the extrapolation uncertainties, the 4+ notation

(p1)

is used if a positive variation produces an increase in o;’, while the F notation is used

otherwise [23].

Source Uncertainty [%]
Jet energy scale 1.0
PDF 1.1
Lepton ID /isolation 2.2
Electron energy 0.5
b quark fragmentation 1.1
b tagging 0.2
Colour reconnection 0.7
Kinematic reconstruction 0.4
DY ME scale 0.4
Jet energy resolution 0.2
Muon energy scale 0.1
Pile-up 0.5
tW FSR scale 0.2
tW ISR scale 0.2
tW ME scale 0.2
mMC 0.5
Top quark pr 0.7
Trigger 0.3
b hadron BF 0.1
tt FSR scale 0.7
tt ISR scale 0.3
ME/PS matching 0.2
tt ME scale 0.3
UE tune 0.3
DY background 0.9
tW background 0.6
W+jets background 0.1
Diboson background 0.6
tt background 0.3
Integrated luminosity 2.6
Statistical 0.7
MC statistical 1.5
Extrapolation uncertainties

tt ISR scale +0.2
tt FSR scale +0.1
tt ME scale +0.1
UE tune :Fé(l)'l
PDF +38
Top quark pr +591
Total U,ES 1) uncertainty fjﬂ
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Table 6.5: The same as Table but for 0(“ 2).

tt

Source Uncertainty [%]
Jet energy scale 1.3
PDF 1.0
Lepton ID /isolation 2.3
Electron energy 0.4
b quark fragmentation 1.0
b tagging 0.5
Colour reconnection 1.0
Kinematic reconstruction 0.4
DY ME scale 0.2
Jet energy resolution 0.5
Muon energy scale 0.2
Pile-up 0.2
tW FSR scale 0.2
tW ISR scale 0.2
tW ME scale 0.2
mMC 0.4
Top quark pr 0.4
Trigger 0.4
b hadron BF 0.2
tt FSR scale 1.5
tt ISR scale 0.3
ME/PS matching 0.8
tt ME scale 0.8
UE tune 0.2
DY background 1.2
tW background 1.1
W+jets background 0.2
Diboson background 0.3
tt background 0.2
Integrated luminosity 2.6
Statistical 0.6
MC statistical 1.8
Extrapolation uncertainties

tt ISR scale F32
tt FSR scale F591
tt ME scale FJ4
UE tune Fo44
PDF +98
Top quark pr +0.1
Total at(%‘ 2) uncertainty fi:g

108



tt

Table 6.6: The same as Table but for 0(” 3).

Source Uncertainty [%]
Jet energy scale 1.8
PDF 1.2
Lepton ID /isolation 2.2
Electron energy 0.5
b quark fragmentation 1.1
b tagging 0.7
Colour reconnection 0.7
Kinematic reconstruction 0.3
DY ME scale 0.1
Jet energy resolution 0.1
Muon energy scale 0.1
Pile-up 0.3
tW FSR scale 0.1
tW ISR scale 0.1
tW ME scale 0.1
mMC 0.6
Top quark pr 1.2
Trigger 0.4
b hadron BF 0.1
tt FSR scale 0.5
tt ISR scale 0.5
ME/PS matching 0.5
tt ME scale 0.7
UE tune 0.2
DY background 1.2
tW background 0.9
W+jets background 0.1
Diboson background 0.3
tt background 0.1
Integrated luminosity 2.6
Statistical 0.8
MC statistical 1.4
Extrapolation uncertainties

tt ISR scale +5-2
tt FSR scale +92,
tt ME scale F34
UE tune 40.1
PDF +3-2
Top quark pr :I:g:?1
Total Jt(g 3) uncertainty fi:g
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Table 6.7: The same as Table but for 0(“ 4).

Source Uncertainty [%]
Jet energy scale 2.2
PDF 1.5
Lepton ID /isolation 2.0
Electron energy 0.4
b quark fragmentation 0.9
b tagging 1.2
Colour reconnection 14
Kinematic reconstruction 0.6
DY ME scale 0.4
Jet energy resolution 0.8
Muon energy scale 0.4
Pile-up 0.4
tW FSR scale 0.4
tW ISR scale 0.4
tW ME scale 0.4
mMC 0.4
Top quark pr 3.5
Trigger 0.5
b hadron BF 0.4
tt FSR scale 1.3
tt ISR scale 0.4
ME/PS matching 1.0
tt ME scale 1.8
UE tune 0.8
DY background 1.6
tW background 1.0
W+jets background 0.5
Diboson background 0.4
tt background 0.4
Integrated luminosity 2.6
Statistical 1.8
MC statistical 2.5
Extrapolation uncertainties

tt ISR scale F38
tt FSR scale +92,
tt ME scale 798
UE tune 491
PDF +42
Top quark pr £99
Total at(%‘ 4) uncertainty fg:g
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Figure 6.6: Measured values of a(“ 2 (points) and their uncertainties (vertical error bars)

compared to NLO predictions in the MS scheme obtained with different values of my(my)

(br)

(horizontal lines of different styles). The values of ot are shown at the representative
scale of the process uy, defined as the centre-of-gravity of bin k in my;. The first and last
bins contain all events with m; < 420 GeV and m; > 810 GeV, respectively [23].

0.1191, which corresponds to the value determined at NLO in the PDF fit [207]. The
renormalization and factorization scales are both set to m¢, and five active flavours
(ny = 5) are assumed both in the calculation and in the PDFs. It can be noted
from Figure that the sensitivity to the top quark mass is higher at low values
of myz, while it decreases at higher m where m; becomes negligible with respect to
the scale of the process.

The measurement presented in this section is cross-checked by performing the
analysis using an alternative kinematic reconstruction algorithm that does not de-
pend on the parameter m¥". The results, presented in Appendix |F l are found to be
in agreement with the ones presented in this chapter, although with slightly larger
uncertainties.

6.3 Extraction of the running

The measured Ut(f—f ©) and the theoretical predictions described in the previous section
are used to extract the running of m(u) as a function of © = my;. In each bin of my;
independently, the value of my(m) is extracted by means of a x? fit of the theoretical
predictions to the measured cross section. A signed y? that takes into account any
asymmetry in the input uncertainties is used, defined following Ref. [208]:

Ok O O,
2 2
Xz(my) = p 1—2A4; p +5A; ( Uk) . (6.4)
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Table 6.8: Extracted values of m¢(m¢) in the different bins of m; and their conversion to
m¢(pr) obtained using RGE solutions at one-loop precision with five active flavours. The
reported uncertainties in my(m¢) and m¢(ug) include the fit uncertainties only.

i [GeV] my(my) [GeV]  mi(uy) [GeV]

0.75 0.75
384 164.41 i0.77 155.44 irojg
476 161.9 & 3.0 150.9 29
644 162.0 +47 148.2 *32
1024 153.6 +9-1 136.4 133

Bk)
t

Aoy, = (Ao; + Aoy )/2 is the average between the upper (Ao}) and lower (Ao}))
uncertainty in ot(g ¥ and Ay = (Ao —Ao;)/(Aoy +Ao;) is the relative asymmetry

Here, §;, = dx(my) is the signed difference between the predicted and measured O'E

in the uncertainty. With this definition, the sign of \/X—% corresponds to the sign
of 0;. The extracted values of m(my) and their uncertainties are then evolved to
the corresponding scale p; using RGE solutions at one-loop precision with ny = 5,
using the CRUNDEC v3.0 program [202]. In the conversion, the value of ag is set
to the one used in the calculation. The values of \/X_i in the different bins of mz
obtained as a function of m(m;) are shown in Figure where the dependence
is parametrized using a fourth-order polynomial function. The best fit values of
my(my) correspond to the values for which \/X_i = 0, while their uncertainties are
determined by the condition \/? = +1. The extracted values of my(my) and their

conversion to the corresponding my(py) are summarized in Table In the table,
(1)
tt *

in the visible phase space, which are referred to as fit uncertainties. The values of

the uncertainty only includes the experimental and modelling uncertainties in o

m¢(my) extracted in the different bins of m are found to be in good agreement
with each other. Since the fit uncertainties are found to be largely symmetric, their
values are symmetrized as the average of the up and down uncertainties.

The impact of PDF and extrapolation uncertainties on the extracted masses is
estimated using the PDF eigenvectors of ABMP16 and the results of Section (6.2
respectively. The up and down variations are separately summed in quadrature to
yield the total uncertainties. As noted in Chapter[5] the eigenvectors of the ABMP16
PDF set incorporate the uncertainty in ag. The impact of the ag uncertainty on
the CRUNDEC conversion is estimated by varying the value of ag(myz) extracted
in the ABMP16 fit within its uncertainty [207], and was found to be negligible.
In Figure the extracted values m¢(uy) are compared to the value of my(my)
obtained from the inclusive cross section measured in Chapter 4 using NLO HATHOR
predictions and the ABMP16 PDF set, which is indicated with mi"!(m,). The scale
uncertainties are estimated by varying the renormalization and factorization scales
in the calculation by a factor of two, avoiding cases for which p,/ps =4 or 1/4. In
Figure , good agreement between the extracted values of my(py) and the evolved
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Figure 6.7: Values of 1/ x? as a function of m¢(my) for the first (upper left), second (upper
right), third (lower left) and fourth (lower right) bin in m. Only the fit uncertainties are

included in the definition of the x2. The horizontal lines represent the conditions X2 =0

and y/x? = =£1, which are used to determine the extracted values of m¢(m;) and their

uncertainties, respectively.
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Figure 6.8: Values of my(uy) extracted from the measured do;/dmy; (points), compared
to the value of mg(my) extracted from the inclusive o; (square). The inner vertical bands
correspond to the combination of fit, extrapolation, and PDF uncertainties, while the
outer vertical bands include the contribution of the scale uncertainties [23]. In this plot,
the RGE evolution is calculated from the initial scale pg = mi*(m;) = 163 GeV.

uncertainty band of mi®?!(my) is observed. However, it should be noted that the value

of mlncl(

my) is determined using the same data set. As expected, the sensitivity on
my decreases with increasing myg, resulting in higher uncertainty in the extracted

mass. The numerical values of my () are determined to be:

my (1) = 155.4 4+ 0.8 (fit) = 0.2 (PDF+ag) £ 0.1 (extr) T52 (scale),
my(12) = 150.9 & 3.0 (fit) 751 (PDF+ag) T3 (extr) 32 (scale),
my(us) = 148.2 + 4.6 (fit) >0 (PDF+ag) 99 (extr) 73 (scale),
mi(pg) = 136.4 £ 9.0 (fit) T35 (PDF+ag) T35 (extr) T2, (scale),

while the value of mi"(m,) is found to be:

m™(m,) = 162.9 4+ 1.6 (fit-+extr+PDF+ag) 27 (scale).

In order to benefit from the cancellation of correlated uncertainties in the ex-
tracted my (), the running is determined with respect to a reference scale fier. The
slope of the scale dependence of my, defined as (1) = my (1) /my (pref), is interpreted
as the running of the top quark mass. The reference scale is arbitrarily chosen to be
tref = p2, and the quantities ryo = my(ug)/my(pe) are experimentally determined.
This choice of s was found to minimize the correlations between the extracted
ratios. However, the result of the measurement does not depend on the choice of
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the reference scale. Another advantage of this approach is that the quantity r(u),
unlike my(u), solely depends on the solution of the RGE, and not on the absolute
value of the top quark mass. Furthermore, scale uncertainties are not considered in
the determination of 7.9, since the running is investigated at a fixed order in per-
turbation theory. In fact, scale variations are normally used to estimate the effect
of higher order corrections, and therefore not applicable in this case.

In order to determine the ratios 74, the correlations between the values of my (1)
have to be estimated and taken into account. The correlations introduced by the
extrapolation and PDF uncertainties are automatically accounted for by performing
simultaneous variations of the Jt(é" ©) and PDFs. The resulting up and down uncer-
tainties in each 7o are then summed in quadrature to yield the total extrapolation
and PDF uncertainties. The correlations introduced by the fit uncertainties, instead,

), according to the full co-

are estimated by generating pseudo-experiments of O't(g .
variance matrix. With this procedure it is verified that the correlations between the
extracted my(puy) correspond to those in the measured at(g ¥} (Table .

The extracted ratios are compared to the corresponding RGE solution for () in
Figure[6.9) and to the value of mi*!(m;) /my(j2) in Figure[6.10] Here, the uncertainty

in mi"(m,) includes fit, extrapolation and PDF uncertainties, while the value of

m¢(po) in the ratio mi™(my)/mq(us) is taken without uncertainty. In both cases,
good agreement with the RGE prediction is observed over the investigated range.

The values of the ratios are determined to be:

ri2 = 1.030 £ 0.018 (fit) T000e (PDF+as) T (extr),
3o = 0.982 4 0.025 (fit) T0008 (PDF+ag) 4 0.004 (extr),
4o = 0.904 +0.050 (fit) T0019 (PDF+as) 1915 (extr).

The impact of the most significant sources of systematic uncertainty on the measured
ratios is summarized in Table [6.9] These quantities are estimated by varying the

corresponding nuisance parameters in the fit by their post-fit uncertainty, taking
(k1)
tt *
uncertainty play a significant role, since they can introduce migrations between the

the correlation between the ot into account. As expected, the JES and modelling
myz bins. Systematic uncertainties related to the normalization of the processes,
such as the integrated luminosity and the lepton identification and isolation scale
factors, are also found to play a significant role. This is explained considering that
the uncertainties in the different m(uy) vary significantly as a function of my, and
only part of the uncertainty cancels in the ratios. The impact of the extrapolation
uncertainties on the extracted ratios is shown in Table [6.10.

The correlations between the extracted ratios introduced by the fit uncertainties
are estimated with the same pseudo-experiment procedure used for the m ().
The obtained correlation plots are shown in Figure [6.11 Having defined p;;, as the
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Figure 6.9: Extracted running of the top quark mass m (1) /M (firef) (filled points) com-
pared to the RGE prediction at one-loop precision with ny = 5 (line), evolved from the
initial scale pp = prer = 476 GeV (open point) [23].
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Figure 6.10: The result of Figure is compared to the value of mi™(my)/my(jiret)
(square), where mi"!(my) is the value of my(my) extracted from the inclusive cross section
measured in Chapter 4, which is based on the same data set. The uncertainty in mi*!(my)
is evolved from the initial scale pg = my = 163 GeV using the RGE prediction at one-loop

precision with ny =5 [23].
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Table 6.9: Most relevant contributions to the total uncertainty in the extracted rpo. The
sources are grouped in energy scales and resolutions, overall normalization, modelling, and
background normalization uncertainties.

Source AT12 [%] AT32 [%] A’I“42 [%]
Jet energy resolution 0.19 0.10 0.59
JES Fragmentation 0.08 0.44 0.09
JES Relative JER EC1 0.38 0.71 1.42
JES Relative pr BB 0.08 0.20 0.78
JES Relative pr EC1 0.09 0.33 0.02
JES Relative Stat FSR 0.07 0.24 0.79
JES Single pion HCAL 0.16 0.32 0.66
Electron energy resolution 0.20 0.43 0.26
Electron ID/isolation 0.56 0.44 1.02
Muon ID/isolation 0.39 0.24 0.31
Integrated luminosity 0.78 0.64 1.47
CR ERD on 0.39 0.01 0.52
CR Gluon move 0.02 0.20 1.10
CR QCD-inspired 0.27 0.03 0.05
mMC 0.20 0.56 0.36
Top quark pr 0.22 0.65 3.25
b quark fragmentation 0.30 0.26 0.22
Peterson fragmentation 0.11 0.06 0.81
tt FSR scale 0.54 0.29 0.63
tt ISR scale 0.07 0.42 0.08
ME/PS matching 0.34 0.64 0.71
tt ME scale 0.33 0.15 1.42
UE tune 0.09 0.07 0.74
PDF 22 0.07 0.17 0.66
tW background 0.40 0.12 0.54
DY background (0 b jets) 0.41 0.26 1.04

Table 6.10: Impact of extrapolation uncertainties on the extracted ratios. The &+ notation
is used if an up variation of the corresponding nuisance parameter results in an increase
in the extracted ratio, while the F notation is used otherwise.

Source Aria[%]  Arze[%]  Arg[%)
tt ISR scale F399 F0.15 +0.7
tt FSRscale | Fooi  Floor  Foos
tt ME scale Foos  *Tols  Tom
UE Tune 005 Foos  Foos
PDF 037 F0I Foos
Top quark pr | 002 Fos1  Fiis
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Figure 6.11: Plots used to estimate the correlations between 12 and 732 (upper left), 12
and 742 (upper right), and 732 and r42 (lower), obtained using pseudo-experiments.

correlation between r;5 and rio, the correlations are found to be:

p13 = 0.13,
P34 = 011,
P14 = —0.45.

Finally, the agreement of the result with the RGE prediction and the significance
of the observed running are quantified by parametrizing the extracted ratios with

the function:
fla ) =zlr(p) -1+ 1, (6.5)

which interpolates between the RGE prediction r(u) and a hypothetical no-running
scenario, i.e. 7(u) = 1. In fact, the function in Eq. 6.5 corresponds to r(u) for z = 1,
and to 1 for x = 0. The best-fit value of z, indicated with &, is determined via a x>
fit of the function f(z, ) to the measured ryo, taking all correlations into account.
As in the determination of mq(uy) and rge, the x? definition only includes the fit
uncertainties, while extrapolation and PDF uncertainties are estimated separately.
The x? profile as a function of x is shown in Figure[6.12, and the best-fit value of =
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Figure 6.12: The x? profile as a function of the parameter z defined in Eq.
parametrized with a second-order polynomial function. The horizontal line represents
the minimum value of the x? + 1, which defines the fit uncertainty.

is determined to be:
& =2.0540.61 (fit) 702} (PDF + ag) 753 (extr).

Based on this result, the observed running is found to be in agreement with the one-
loop RGE prediction within 1.1 standard deviation, and excludes the no-running

hypothesis at above 95% confidence level.
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Summary and conclusions

Several new results related to the tt production cross section and the top quark mass
are presented in this thesis. The measurements are performed using proton-proton
collision data at the centre-of-mass energy of 13 TeV collected by the CMS detector
at the CERN LHC in 2016, corresponding to an integrated luminosity of 35.9 fb!.
In this work, the inclusive tt production cross section is measured simultaneously
with mMC, and the result is used to determine the value of my(my), mP™, and
ag(myz) at NNLO. A similar method is then used to perform the first measurement
of the running of the top quark mass as defined in the MS renormalization scheme.

The simultaneous measurement of oy and miwc is performed by means of a

maximum-likelihood fit to multidifferential final-state distributions. The systematic
uncertainties are treated as nuisance parameters of the fit, and are constrained within
the visible phase space. Candidate tt events are selected in the final state with an
electron and a muon of opposite charge and are categorized based on the multiplicity
of jets and b-tagged jets. The dependence of the measured o on the value of mM¢

is mitigated in the fit, where mMC is treated as a free parameter. The value of mM¢

is constrained using the mj'

" distribution, i.e. the minimum invariant mass found
when combining a lepton with a b-tagged jets. A fully-consistent method to estimate
the impact of the statistical uncertainty in the simulation has been developed for
the purpose of this analysis. The effect is found to be large in the case of mMC,
which is determined from the shape of final-state distributions, while it is less severe
in the case of oy, which mainly depends on the normalization of the tt process. The
values of oy and m};\/IC are measured to be:
o = 815 £ 2 (stat) 29 (syst) £ 20 (lum) pb,

m'© = 172.33 + 0.14 (stat) +3% (syst) GeV.

The main sources of uncertainty in the measured o are related to the integrated
luminosity and the lepton identification efficiencies, while the measurement of mM¢
is limited by the jet energy scale and MC statistical uncertainties. The measured
value of mMC represents the most precise result obtained the dileptonic final state, to
date, and reaches a similar level of precision as the ones obtained in the semileptonic
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Figure 6.13: Values of ag(mgz) (left) and m¢(my) (right) determined via a x? fit of NNLO

theoretical predictions in the MS scheme to the measured oz, using different PDFs [22].

and fully-hadronic channels.

The measured oy is then used to extract ag(myz) and my(my) by comparing to
NNLO theoretical predictions in the MS scheme obtained with different sets of PDFs.
The results are shown in Figure and represent, respectively, the most precise
determination of ag(myz) at a hadron collider and the most precise determination
of m¢(my), to date. The same method is also used to extract the value of mP*® at
NNLO+NNLL precision. However, due to the slower perturbative convergence of
calculations of o in the on-shell scheme, larger uncertainties compared to mg(my)

are obtained, despite the inclusion of NNLL corrections. The results for oy, mM©,

ag(myg), my(my), and mP® are also documented in Ref. [22].

The method used to measure oy; is then extended to determine the differential tt
cross section as a function of the invariant mass of the tt system, my;. The differential
cross section do/dmy; is determined directly at the parton level by embedding the
response matrix in the likelihood function. In the analysis, the invariant mass of the
tt system is reconstructed using an analytical kinematic reconstruction method. The
fit is performed in categories of b-tagged jet multiplicity and bins of reconstructed
m. In Figure (left) the measured do/dmy; is compared to NLO theoretical
predictions in the MS scheme obtained with different values of my(m).

The measured do;/dmg; and the corresponding theoretical predictions are then
used to determine the value of m¢(my) in each bin of my, independently. The
extracted values of my(my) are converted to the corresponding my(ug) using one-
loop solutions of the RGE, where i is the representative energy scale of bin k in
myz. In this analysis, py is defined as the centre-of-gravity of bin k. However, the
final result does not depend on the exact choice of py, provided that it represents
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Figure 6.14: Left: measured do;/dm; compared to NLO theoretical predictions in the
MS scheme obtained with different values of my(m). Right: extracted running of the top
quark mass compared to one-loop solution of the corresponding RGE [23].

the physical energy scale of the process in that bin.

In order to benefit from the cancellation of correlated systematic uncertainties
in the extracted m¢(py), the running is determined with respect to a reference scale
Iref, Which is arbitrarily chosen to be e = o = 476 GeV. The quantities rp, =
my (g ) /me (1) are experimentally determined, and the results are compared to the
RGE prediction for r(u) = myg(p)/me(piwer). Another advantage of this method
is that the quantity r(u), unlike my(u), solely depends on the considered RGE.
The result is shown in Figure [6.14] (right). The measured running is found to be
compatible with the one-loop RGE solution within 1.1 standard deviations, and a
hypothetical no-running scenario, i.e. r(u) = 1, is excluded at above 95% confidence
level. This analysis, entirely developed and performed for the purpose of this thesis,
is also documented in Ref. [23]. The precision of the measurement is limited by
the uncertainties in the jet energy corrections, the integrated luminosity, the lepton
identification efficiency, and the modelling of the tt signal. The result could be
further improved by using theoretical calculations beyond NLO, which are currently
not available in the MS scheme.

In this thesis, the running of the top quark mass is investigated for the first time,
and is probed up to a scale of the order of 1 TeV. This result represents an important
proof of the validity of perturbative QCD, and complements the studies on running
of the bottom and charm quark masses performed at previous experiments. These
results can also be used to probe the validity of theories beyond the SM that imply
modifications of the RGE solutions, such as supersymmetric theories [6] or scenarios
where the fermion masses are generated dynamically [7].
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Appendix A

Impact of the modelling
uncertainties on the fit

distributions

In this appendix, the impact of the modelling uncertainties on the distributions used
as inputs to the fit of Chapter {4, before and after the fit, are shown. Each figure
contains three sets of plots: the upper one corresponds to the category with zero
or more than two b-tagged jets, the middle one to the category with one b-tagged
jets, and the lower one to the category with two b-tagged jets. For each category of
b-tagged jet multiplicity, subcategories of jet multiplicity are formed, as indicated
in the figures.

In the pre-fit plots, the black lines corresponds to the nominal template, while
the red and blue ones represent, respectively, the templates derived by an up and
down variation of the modelling uncertainty indicated in the caption. For one-sided
variations, the template corresponding to the down variation is identical to the
nominal one. The vertical bars represent the statistical uncertainty of the up and
down templates, while the grey band represents the statistical uncertainty of the
nominal template. In the post-fit distributions, the black markers correspond to
the fitted template, the red and blue templates correspond to the original up and
down variations, respectively, and the grey band represents the impact of the source
indicated in the caption after the fit.
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Figure A.5: Pre-fit distributions for b-hadron branching fraction.
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Figure A.7: Pre-fit distributions for the CR model with ERD.
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Figure A.9: Pre-fit distributions for the gluon move CR model.
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Figure A.10: Post-fit distributions for the gluon move CR model.
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Figure A.12: Post-fit distributions for the QCD-inspired CR model.
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Figure A.13: Pre-fit distributions for Bowler—Lund fragmentation function.
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Figure A.14: Post-fit distributions for Bowler—Lund fragmentation function.
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Figure A.15: Pre-fit distributions for Peterson fragmentation function.
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Figure A.16: Post-fit distributions for Peterson fragmentation function.
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Figure A.17: Pre-fit distributions for tt FSR scale.
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Figure A.18: Post-fit distributions for tt FSR scale.
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Figure A.19: Pre-fit distributions for tt ISR scale.
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Figure A.20: Post-fit distributions for tt ISR scale.
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Figure A.21: Pre-fit distributions for ME/PS matching.
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Figure A.22: Post-fit distributions for ME/PS matching.
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Figure A.23: Pre-fit distributions for tt ME scale.
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Figure A.24: Post-fit distributions for tt ME scale.
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Appendix B

Closure test of the simultaneous

fit of o7 and fm,}:vIC

The closure of the fit described in Chapter {4]is tested by performing fits where data
are replaced by the sum of the MC templates for the signal and the backgrounds. The
results obtained by replacing data with the nominal simulation can be interpreted as
the expected results of the fit, and are shown in Figure [B.1] The details of the pull
plots are explained in Chapter [ The pulls on all nuisance parameters are equal or
very close to zero, which indicates the good closure of the fit.

In all subsequent figures, the data are replaced by the sum of the nominal back-
ground templates and the tt templates corresponding to one of the modelling varia-
tions. In this case, the closure test is successful if the pull on the nuisance parameter
related to the considered variation is equal or close to +1 (—1) for up (down) and
one-sided variations, while the pulls on all other nuisance parameters are equal or
close to zero. Good closure is observed for all nuisance parameters, although the
strong correlation between the Bowler-Lund and the Peterson models can be ob-

served in the case of the b quark fragmentation.
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Figure B.1: Fit closure test and expected constraints on the nuisance parameters related
to modelling (upper left), JES (upper right), b tagging (middle left), PDF (middle right),
and other experimental uncertainties (lower). The constraints on the PDFs uncertainties
are due to the rescaling of corresponding variations from a 95 to a 68% confidence interval.
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Figure B.4: Closure test for ISR scale up (left) and down (right).
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Figure B.9: Closure test for Peterson fragmentation (left) and MG5_AMCQ@QNLO gener-
ator (right).
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Figure B.10: Closure test for the CR model with ERD (left) and QCD-inspired CR model
(right).
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Appendix C

Cross-check fit of m}:\/IC with a

single distribution

In this appendix, additional details on the result of the cross check fit of mM¢

described in Chapter (4] are provided. In particular, the pulls and constraints on the
nuisance parameters are shown in Figure (with the exception of those related to
the modelling uncertainties, which are given in Chapter {f), and the impact of the

various sources of systematic uncertainty on the measured m{”c is summarized in

Table The details of the plots and table can be found in Chapter [4]
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Figure C.1: Pulls and constraints on the nuisance parameters in the cross-check fit of
mMC. The plots refer to the JES (upper left), b tagging (upper right), PDF (lower left),
and other experimental uncertainties (lower right).
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Table C.1: The absolute uncertainties in m

cross-check fit of m

MC
t

and their sources, as determined in the

167

MC
b
Source Uncertainty [GeV]
Trigger 0.01
Lepton ident. /isolation 0.01
Muon momentum scale 0.04
Electron momentum scale 0.05
Jet energy scale 0.67
Jet energy resolution 0.16
b tagging 0.05
Pileup 0.01
tt ME scale 0.01
tW ME scale 0.01
DY ME scale 0.01
NLO generator 0.07
PDF 0.06
ot 0.07
Top quark pr 0.17
ME/PS matching 0.19
UE tune 0.08
tt ISR scale 0.09
tW ISR scale 0.01
tt FSR scale 0.06
tW FSR scale 0.01
b quark fragmentation 0.05
b hadron BF 0.05
Colour reconnection 0.08
DY background 0.02
tW background 0.02
Diboson background 0.01
tt background 0.01
W-+jets background 0.01
Statistical 0.13
MC statistical 0.14
Total mMC uncertainty 378
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Appendix D

Impact of MC statistical
fluctuations on the pulls and
constraints of the modelling

uncertainties

In this appendix, the effect of the MC statistical uncertainty on the pulls and con-
straints on the main tt modelling uncertainties is investigated. The distributions
are derived using the method described in Chapter The results show that the
constraints can be significantly affected by the uncertainty in the template morph-
ing. As in the case of oz and mMC the pull distributions exhibit a quasi-Gaussian
shape centred at the best-fit value of the nuisance parameters. A small secondary
structure is observed in the case of the UE tune, which is estimated using a sample
with very large statistical uncertainty. This is due to the fact that, in the presence
of large statistical fluctuations, different local minima can be found in the fit.
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Figure D.1: Distributions of the pulls (left) and constraints (right) on the tt ME scale
uncertainty obtained using toy templates.
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Figure D.2: Distributions of the pulls (left) and constraints (right) on the tt FSR scale
uncertainty obtained using toy templates.
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Figure D.3: Distributions of the pulls (left) and constraints (right) on the tt ISR scale
uncertainty obtained using toy templates.
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Figure D.4: Distributions of the pulls (left) and constraints (right) on the ME/PS matching
uncertainty obtained using toy templates.
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Figure D.5: Distributions of the pulls (left) and constraints (right) on the CR model with
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CR gluon move

35.9 fb™ (13 TeV)

=3
o
~

o
&
L A AN LA AR A RRR AR AN

o
=)
2

o
FrrTT

PRI

0
N

PR B
15 2

Normalized pull

model obtained using toy templates.

a.u.

Figure D.7: Distributions of the pulls (left) and constraints (right) on the CR (QCD-

CR QCD-inspired

35.9 fb™ (13 TeV)

0.

s

0.0:

®

=3
=)
>

=
SET T

-1

Normalized pull

S o024
<

022

0.2

018

016

014

012

04

008

006

004

0.02

CR ERD on 35.9 fb (13 TeV)

o'

a.u.

L L
0.1 .

0.2

T
03

TN BTN T B
0.4 0.5 0.6 0.7 0.8 0.9 1
Constraint

CR gluon move 35.9fb™ (13 TeV)

=)

S 022

0.

N

0.18
0.16
0.14
0.12

0.1}

=3
o
&

0.06
0.04

0.02

N SR A S
0.1 0.2 0.5 0.6 0.7 0.8 0.9 1

Constraint

CR QCD-inspired 35.9 fb™ (13 Tev)

=)

01 02 03 04
Constraint

inspired) uncertainty obtained using toy templates.

171



NLO generator 35.9 fb™ (13 TeV) NLO generator 35.9fb™ (13 TeV)

£ 5 =
E . 04—
© 018 © E
015i 0.35/—
014 03—
0.12— 0.25/—
o1 02
0.08— E
E 0.15—
0.06/— £
E 01—
0.04— =
o.ozi 0.05—

P B I N S e W I I oF I Lol b b b Lo Lew

-2 -15 -1 -05 0 05 1 15 2 0 01 02 03 04 05 06 07 08 09 1

Normalized pull Constraint

Figure D.8: Distributions of the pulls (left) and constraints (right) on the NLO generator
uncertainty obtained using toy templates.
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Figure D.9: Distributions of the pulls (left) and constraints (right) on the Peterson frag-
mentation uncertainty obtained using toy templates.
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Figure D.10: Distributions of the pulls (left) and constraints (right) on the Bowler-Lund
fragmentation uncertainty obtained using toy templates.
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Figure D.11: Distributions of the pulls (left) and constraints (right) on the top quark pr
uncertainty obtained using toy templates.
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Figure D.12: Distributions of the pulls (left) and constraints (right) on the UE tune
uncertainty obtained using toy templates.
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Appendix E

Cross-check measurement of the
differential tt cross section with

the loose kinematic reconstruction

The measurement of do;/dmy; presented in Chapter @ is cross-checked by repeating
the analysis using an alternative kinematic reconstruction algorithm which does
not depend on the parameter m¥". In this algorithm, described in Ref. [I15], the
momentum of the vv system is reconstructed rather than the momenta of each
neutrino. This information is sufficient to estimate the quantity m{;* and all other
variables related to the kinematics of the tt system as a whole.

The algorithm examines all possible combinations of leptons and jets with an
invariant mass lower than 180 GeV, which are then ranked according to the number
of b-tagged jets. If different combinations with the same number of b-tagged jets
are found, those with the jets of highest pt are chosen. The momentum of the vv
system is then estimated by assuming that its transverse component corresponds to
the missing transverse energy in the event and its longitudinal one to that of the
lepton pair. In addition, the invariant mass of the vv pair is required to be positive,
and that of the reconstructed WW™ system to be larger than twice the mass of
the W boson. The resolution and efficiency of this algorithm are found to be similar
to the one described in Chapter [6] [115].

The distribution of mif® after the fit to the data is shown in Figure [E.I The

tt

result for doy/dmg can be found in Figure , and the values of the Ut(%‘ ©) are
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Figure E.1: The same as Figure but for the cross-check measurement performed with
the loose kinematic reconstruction.

measured to be:

o) = 957 + 13 (syst) + 2 (stat) pb
(“2) = 308 &+ 17 (syst) £ 2 (stat) pb
(“3) =190 + 10 (syst) =+ 2 (stat) p

(“4) = 50 + 4 (syst) + 1 (stat) pb.

The results are found to be in agreement with those reported in Chapter [6] although
with slightly larger systematic uncertainties. For this reason, the full kinematic
reconstruction of Chapter [6]is used in the main result.

Finally, the pulls and constraints on the modelling and other nuisance parameters
are shown in Figures|[E.3and respectively. Most pulls and constraints are found
to be compatible with those obtained in Chapter [6]
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Figure E.2: The same as Figure but for the cross-check measurement performed with
the loose kinematic reconstruction.
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Figure E.3: The same as Figure but for the cross-check measurement performed with
the loose kinematic reconstruction algorithm.
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Figure E.4: The same as Figure but for the cross-check measurement performed with
the loose kinematic reconstruction algorithm.

178



List of publications

Main publications

CMS Collaboration, Running of the top quark mass from proton-proton collisions
at /s = 13TeV | Phys. Lett. B 803 (2020) 135263 [arXiv:1909.09193].

CMS Collaboration, Measurement of the tt production cross section, the top quark
mass, and the strong coupling constant using dilepton events in pp collisions at
Vs =13TeV | Eur. Phys. J. C'79 (2019) 368 [arXiv:1812.10505].

Conference proceedings

M. M. Defranchis [for the CMS Collaboration], First experimental investigation of
the running of the top quark mass, in 12 International Workshop on Top Quark
Physics (Beijing, China), September 2019, arXiv:2001.04685.

M. M. Defranchis [for the CMS Collaboration|, Probing QCD using top quark pair
production at /s = 13 TeV in CMS, in European Physical Society Conference on
High Energy Physics (Ghent, Belgium), July 2019, arXiv:2002.09288.

M. M. Defranchis [for the ATLAS and CMS Collaborations|, Measurements of the
inclusive tt production cross section at the ATLAS and CMS experiments, in 71%
International Workshop on Top Quark Physics (Bad Neuenahr, Germany), Septem-
ber 2018, arXiv:1901.10898.

Other publications

CMS Collaboration, Identification of heavy-flavour jets with the CMS detector in
pp collisions at 13 TeV, JINST 13 (2018) P05011 [arXiv:1712.07158|.

CMS Collaboration, B-jet trigger performance in Run 2, CMS Detector Performance
Note CMS-DP-2019-042 [http://cds.cern.ch/record/2708546].

179



180



Acknowledgements

I would like to express my gratitude to everyone at DESY and in CMS who con-
tributed, directly or indirectly, to the outcome of this work and to the development
my personal and scientific maturity during the years of my PhD. The biggest thanks
of all goes to my supervisor Katerina Lipka. Her wise and enthusiastic supervision
has been a guidance at all stages and in all aspects of my PhD. I am also grateful to
her for giving me the opportunity to develop my skills and career with a large degree
of independence, and for her tireless personal and professional support. I am also
grateful to Sven Moch, my second supervisor, for the useful theoretical discussions
and his essential contribution to this work, and to Jan Kieseler for his invaluable
support to this project. I would also like to thank Olaf Behnke for the vital help
with the statistical aspects of this work, Juan Fuster for the interesting discussions
on top quark mass measurements and for his essential support to the development
of my career, and Marcel Vos for reviewing this thesis.

I am also grateful to all the members of the DESY Top group who helped creating
a stimulating and friendly working environment, and in particular to Maria Aldaya
and Nadjieh Jafari for their wise and passionate leadership. I would also like to thank
Mykola Savitskyi and Till Arndt for their help at the beginning of my PhD, Petra
Van Mulders, who greatly contributed to the review of the differential measurement,
Martijn Mulders, who closely followed all the analyses presented in this thesis, and
everyone in the DESY and CMS Top groups who contributed to the review of these
results. I am also grateful to all the people in the b-tagging group, in particular Ivan
Marchesini, Kirill Skovpen, and Mauro Verzetti, who gave me the great opportunity
to take responsibility of the high-level trigger subgroup. I would also like to thank
my co-convener Luca Mastrolorenzo, the outgoing and incoming conveners Xavier
Coubez and John Alison, and everyone who contributed to the activities of the
group, in particular Marina Kolosova.

Finally, I would like to thank all my friends, old and new, my colleagues and
office mates, and everyone who helped making these years special. Their friendship,
company, and support have been invaluable. I would also like to remember my
friend Jihyun, knowing her has been an honour to me.

181



	Introduction
	The standard model of particle physics and the top quark
	The standard model of particle physics
	The unified theory of electroweak interactions
	The Higgs mechanism and quark mixing
	Quantum chromodynamics and renormalization
	QCD factorization and the evolution of parton distribution functions
	Monte Carlo simulation
	The top quark
	Fixed order calculations for t production
	Simulation of t events

	The LHC and the CMS detector
	The Large Hadron Collider
	The Compact Muon Solenoid
	The CMS trigger system
	Measurement of the integrated luminosity

	Event reconstruction in CMS
	Reconstruction of tracks and vertices
	The particle-flow algorithm
	Jet clustering and calibration
	Identification of jets originating from b quarks
	Identification of b jets at the high level trigger
	Commissioning of the double-b tagger

	Simultaneous measurement of the top quark pair production cross section and the top quark mass
	Measuring the top quark pair production cross section
	Data set, event selection, and Monte Carlo simulation
	Systematic uncertainties
	The fit procedure
	Extrapolation to the full phase space
	Results
	Impact of statistical uncertainties in the MC simulation

	Extraction of the top quark mass and the strong coupling constant
	The QCD analysis
	Theoretical predictions
	Extraction of the strong coupling constant
	Extraction of the top quark mass

	Measurement of the running of the top quark mass
	Analysis strategy
	Measurement of the differential cross section
	Extraction of the running

	Summary and conclusions
	Bibliography
	Impact of the modelling uncertainties on the fit distributions
	Closure test of the simultaneous fit of t and mtMC
	Cross-check fit of mtMC with a single distribution
	Impact of MC statistical fluctuations on the pulls and constraints of the modelling uncertainties
	Cross-check measurement of the differential t cross section with the loose kinematic reconstruction
	List of publications
	Acknowledgements

