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Zusammenfassung

In dieser Arbeit wird die Messung der assoziierten Produktion eines W+ Bosons und
eines Charm-Quarks in Proton-Proton Kollisionen am LHC bei einer Schwerpunktsen-
ergie von 13 TeV vorgestellt. Der Datensatz der in dieser Analyse verwendet wird,
wurde durch das CMS Experiment am CERN LHC aufgezeichnet und entspricht einer
integrierten Luminositit von 35.7 fb~'. Die W* Bosonen werden durch das Vorhan-
densein eines Myons und eines Neutrinos im Endzustand identifiziert, wobei sich
die Prisenz des Letztgenannten aus dem fehlenden Transversalimpuls innerhalb eines
Events ableiten ldasst. Charm-Quarks werden durch die vollstandige Reconstruktion von
D*(2010)* Mesonen identifiziert, welche dem Zerfallskanal D*(2010)* — D° 4 7+ —
KT + 7% 4+ 7% folgen. Der Phasenraum dieser Messung ist durch den Transversalimpuls
des Myons p/. > 26 GeV, die Pseudorapiditiit des Myons |n*| < 2.4 und den Transver-
salimpuls des Charm-Quarks p$ > 5 GeV bestimmt. Die Messung wird sowohl inclu-
siv, als auch differentiell, als eine Funktion der absoluten Pseudorapiditit des Myons aus
dem Zerfall des W+ Bosons, durchgefiihrt. Die Ergebnisse werden mit theoretischen
Vorhersagen verglichen, bei denen verschiedene Sets an Parton-Verteilungsfunktionen,
eng. parton distribution functions (PDF) verwendet werden. In einer anschlieenden
QCD-Analyse wird der Strange-Quark Anteil im Proton bestimmt und die Auswirkung
der neuen Messung auf die Unsicherheiten der Partonverteilung untersucht. Die daraus
resultierende Strange-Quark Verteilung des Protons wird mit jenen verglichen, die in
globalen PDF Fits aus den Daten von Neutrino-Streuexperimenten bestimmt wurden.
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Abstract

This thesis presents the measurement of of associated production of a W= boson and a
charm quark (W + c) in proton-proton collisions at a center-of-mass energy of 13 TeV.
The data used in this analysis has been recorded by the CMS experiment at the CERN
LHC and corresponds to an integrated luminosity of 35.7fb~!. The W™ bosons are
reconstructed by the presence of a muon and a neutrino, with the latter indicated by
the missing transverse momentum in an event. Charm quarks are identified by the
full reconstruction of D*(2010)* mesons decaying via D*(2010)* — D° + 7% —
KT + 7% 4 7*. The fiducial phase space of the measurement is defined by the muon
transverse momentum p/. > 26 GeV, muon pseudorapidity |7*| < 2.4 and the charm
quark transverse momentum p§ > 5 GeV. The measurement is performed inclusively
and differentially as a function of the absolute pseudorapidity of the muon from the W=
boson decay. The results are compared to theoretical predictions using different PDF
sets. A subsequent QCD analysis is performed to extract the strange quark content of
the proton and assess possible improvements in the uncertainties associated with the
distribution by including the new measurement. The extracted strange quark distribu-
tion is compared to distributions obtained in global PDF fits, which utilize the results of
neutrino scattering experiments.
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Chapter 1

Introduction

Improving the understanding of the fundamental particles of matter and their interac-
tions is one of the driving forces of physics research. For this purpose a variety of
experimental measurements are conducted to test predictions based on the Standard
Model of particle physics or search for novel phenomena. Despite advancements in
the accuracy of theoretical calculations, important aspects of matter description, such
as the proton (nucleon) structure, cannot be derived from first principles but have to be
determined from experimental data. Theoretical predictions describing the interaction
between quarks and gluons, are to a large extend calculated pertubatively (pQCD) via an
expansion of the strong coupling (ag). This provides an approximate solution to QCD
at large energy transfers between the colliding partons, where «ag is sufficiently small.

The cross section of many processes observed in hadronic collisions can be cal-
culated via QCD factorization, which is a convolution of the partonic cross section,
determined in pQCD, and parton distribution functions (PDFs). PDFs are defined as the
probability of a parton to carry the fraction x of proton momentum and are determined
phenomenologically in QCD analyses. There, theoretical calculations at a fixed order of
pQCD are quantitatively compared to the results of measurements, sensitive to different
quark flavours inside the nucleon. QCD analyses that are using a large variety of datasets
from many different experiments are generally referred to as Global PDFs. These are
provided by dedicated PDF groups, such as ABMP, CTEQ, MMHT or NNPDF, with
each group differing in the used datasets, statistical approaches or model assumptions.
Due to the limited number of measurements directly sensitive to the strange quark con-
tent of the nucleon, the s-quark distribution is least constrained among the light quarks.
Many results used to determine this distribution are from charged current deep inelastic
scattering (DIS) in (anti)neutrino-iron experiments and probe strangeness via charm-
dimuon production.

At hadron colliders, such as the Tevatron at Fermilab or the Large Hadron Collider
(LHC) at CERN (Conseil Européen pour la Recherche Nucléaire), the measurement
of the associated production of a W boson and a charm quark (W + c¢) may provide



important information about the strange quark in the nucleon. The process is directly
sensitive to the strange quark content of the proton, as it is predominantly produced
by the hard scattering of a strange quark and a gluon (g + 85 — W* +¢ + X) at the
leading order of pQCD (O(«as)). The data used for the measurements presented in this
thesis were recorded at the LHC, at a centre-of-mass energy of /s = 13TeV. This
is the highest energy reached with a circular hadron collider to date, making it ideal
for precision test of the Standard Model, as well as searches for new phenomena. The
collision data is recorded with dedicated detectors, capable of measuring the trajectories
and energy of the particles produced with high precision.

One of the detectors that are installed around the interaction points of the LHC, is the
Compact Muon Solenoid (CMS). It is a general purpose detector, which can determine
the energy and momentum of particles over a broad range with good accuracy. By
combining the signals of different detector modules, particles such as muons or electrons
can be identified with high purity. The first measurement of W 4 c at the LHC was
performed by the CMS collaboration at a center-of-mass energy of /s = 7TeV with
a focus on c-jets, using different charm identification techniques using a data sample
corresponding to 5 fb™!.

In this thesis, the cross section of W + c is determined using the pp-collision data
collected by the CMS experiment in 2016, at a center-of-mass energy of /s = 13 TeV,
corresponding to an integrated luminosity of 35.7 fb~!. The W+ bosons are identified
by their leptonic decay to a muon and a neutrino and the charm quarks are tagged via
the full reconstruction of D*(2010)* mesons via the decay D*(2010)* — D® + 7% —
KT + 7% + 7%, The measurement is performed in the fiducial phase space defined by
the transverse momentum p/. > 26 GeV and pseudorapidity |n*| < 2.4 of the muon
and by the transverse momentum of the charm quark pS > 5GeV. The cross section
is determined both inclusively and as a function of the absolute pseudorapidity of the
muon from the W* boson decay and compared to theoretical calculations combined
with different PDFs.

The results from the 13 TeV W + c analysis are subsequently used, in combination
with other relevant CMS results and the most precise HERA DIS data, to perform a QCD
analysis at next-to-leading order (NLO) to probe the strange quark content of the proton.
The impact of the experimental uncertainties connected with the measurements on the
extracted PDFs is evaluated using two different methods. The resulting strange quark
distribution and suppression, with respect to the other light sea quarks, is compared to
the distributions published by well-established PDF groups.

This thesis is organized as follows: An introduction to the Standard Model of particle
physics with a focus on QCD factorization and the proton structure, is given in Chap-
ter[2l The experimental setup of the LHC and the CMS detector is described in Chap-
ter[3] The reconstruction of events from the detector data is explained in Chapter 4] The



measurement of the W + ¢ cross section in 13 TeV pp-collisions is presented in Chap-
ter [5| and the interpretation of the results in terms of a QCD analysis to determine the
strange quark content of the proton is shown in Chapter [6l A summary and discussion
of the results is presented in Chapter [7|



Chapter 2

Theoretical Overview

This chapter presents the theoretical basics necessary for the extraction of the strange
quark content of the proton, which is the main motivation for the measurement of the
W —+ ¢ production cross section. Here, the Standard Model of particle physics is pre-
sented with the forces it describes, the proton structure and measurements capable of
probing it, as well as an overview on techniques used in theoretical predictions. Fur-
thermore, the QCD analysis tools used to extract the proton structure, are discussed.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics describes the fundamental constituents of matter
and their interactions. The elementary particles, called fermions (spin-% particles) and
gauge bosons (spin-1 particles) [l1}, 2], show different symmetry properties, according
to their quantum numbers. While fermions make up all visible matter in the universe,
bosons are the mediators of the strong, electromagnetic and weak interactions, as well
as the interaction responsible for particle mass generation. Based on current knowledge,
both particle types are considered elementary, meaning they do not have a substructure
of their own [3]]. The properties of the fundamental particles, such as charge, spin and
mass are listed in figure

Different types of fermions are referred to as flavours and are categorized into three
generations consisting of two guarks and two leptons each, with the particle masses in-
creasing with generations. A corresponding anti-particle with the same mass, but oppo-
site charge exists for each type of fermion, and is conventionally denoted by an overbar.
One of the quarks is of up type (up, charm, top), with a +2/3'|charge, and one of down
type (down, strange, bottom), with a charge of —1/3. Lepton generations consist of
one charged particle (e, p, 7) and one corresponding neutrino (v, v, ;). The mass of

Iwith respect to the elemental charge of an electron



Standard Model of Elementary Particles

three generations of matter
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Figure 2.1: Fundamental particles of the Standard Model with their quantum properties
and masses [4].

the neutrino is the smallest among all fundamental particles and therefore difficult to
determine, although it can be probed via neutrino oscillation measurements.

The mathematical formulation of the Standard Model follows the Lagrangian for-
malism, where all dynamics of a system are described by a single function. It is based
on quantum field theory with a SU(3) x SU(2) x U(1) gauge symmetry. The parti-
cles of the Standard Model are treated as quantum fields, represented by wave functions
with different transformation symmetries, depending on their type. Fermions are an-
tisymmetric under the exchange of two particles and their evolution in space-time is
described by the Dirac equation, describing particles with spin 1/2. The solution of this
equation is invariant under the Lorentz transformations of special relativity and pro-
vides two solutions, one with positive and one with negative energy, with the negative
solution being interpreted as the corresponding anti-particle. Bosons are symmetric un-
der the same transformation and their space-time evolution follows the Klein—-Gordon
equation for spin 1 particles.

Interactions between particles are often visualized by so called Feynman diagrams,
in which the vertices represent the couplings of the interactions and antiparticles are
shown as arrows pointing backwards in time. Open lines correspond to initial state or
final state particles, whereas closed lines represent virtual particles that are created and



reabsorbed. The boson mediating the reaction can be a virtual particle, meaning that it
does not carry the same mass as the real particle and therefore cannot be observed.

The Standard Model describes the electromagnetic, weak and strong interactions,
whose phenomenological and mathematical properties are illustrated in more detail in
the following sections. To this date, the Standard Model does not include gravity. How-
ever, due to its relatively weak interaction strength between two elementary particles,
the gravitational interaction is presumed to have no significant effect on the experimen-
tal results at current particle collision energies and can therefore be neglected.

2.1.1 The Electromagnetic Interaction

The electromagnetic interaction couples to all electrically charged particles, and is de-
scribed by the theory of Quantum Electrodynamics (QED). It’s mediator particle is the
photon, a massless and neutral gauge boson. Since photons do not carry charge them-
selves, a self-coupling is not possible. This property, and the fact that photons are
massless particles, leads to an infinite reach for the EM interaction, with its strength
decreasing with the distance between the interacting particles.

The coupling strength of the EM interaction is given by the so called fine structure
constant:

e? 1
dmeghc T 137
where e is the electric charge of the electron, and € the vacuum permittivity. It’s value
increases at short distances or for interactions taking place at high energy scales. This
effect is caused by vacuum fluctuations producing and re-absorbing virtual ete™ pairs
that surround the interacting particles. Therefore, the ner-charge experienced in the
interaction deviates from the charge carried by the real particles alone. This property is
also known as the charge-screening effect.

Mathematically, QED is an abelian gauge theory with a U(1) symmetry and its
Lagrangian density can be written as follows:

2.1

QM =

1 X y .
’CU(l)EM = - TMF;VF;’M + ¢(27”Du - ch)gZ; (22)
with:  F,, = 0,4, — 0, A,
D, =0, —ieA,

Here, 1 and v represent the quantum fields of the interacting charged particles. D,
is the covariant derivative, v are the gamma-matrices and F),, is the electromagnetic
tensor. The four-vector potential A* is chosen such that the Lorentz condition 0, A* = 0
can be applied as a gauge fixing condition.



2.1.2 The Weak Interaction

All quarks and leptons are weakly interacting and in the case of neutrinos it is the only
interaction they participate in. The weak interaction is mediated by three carrier parti-
cles of which two are charged (W', W™) and one is neutral (Z°). The particles have
large masses with 80.4 GeV [3] for the W* bosons and 91.2 GeV for the Z° boson,
leading to an extremely short interaction range of ~ 2 - 10~ m.

The Z° boson mediates processes such as electron-neutrino scattering (e~ + v, —
v,), while the W* boson exchange is responsible for the S-decay, which is powering
the nuclear reactions in the sun.

2.1.3 Electroweak Interaction

The weak and the electromagnetic interaction can be seen as two aspects of the same
theory and that the main differences are related to the large masses of the W+ and
Z° bosons. Both interactions can be described within a common non-abelian gauge
theory with a SU(2),, x U(1)y symmetry, referred to as electroweak (EW) theory. Its
Lagrangian density can be written as follows:

7. ]- Z v 1 l v
Lsvexvqy = i D' — 2B, B — 2 W, WE (2.3)
wit: D, =0, +ily B, +i%rwe

: n= 0Ty p Tl TalVy

B,, =08,B, — 0,B,
Wi, =0,W, — 0,W, — geij WIW)

Here, 1 is the quantum field of a fermion, D, the covariant derivative, v* are the
gamma-matrices, g and ¢’ represent the gauge coupling of the SU(2) and U(1) fields,
and W, and B,,, the respective field strength tensors. Y is the hyper charge operator,
defined as Y = 2((Q) — I3) and I3 is the third component of the weak isospin, which is a
conserved quantity in electroweak interactions. The weak isospin operator is related to
the Pauli matrices 7, like I* = 7,/2.

For left handecﬂ fermions, the third component of the weak isospin is I3 = +1/2
for up-types, I3 = —1/2 for down-types, and I3 = 0 for right handed particles. The
W boson couples with left handed particles exclusively. The three states of I3 form
a triplet W* with one positive, one negative and one neutral component (W+, W,
WY) for left handed particles and one electrically neutral singlet B is postulated for
interactions with right handed particles. The coupling strength ¢’ of the B° singlet is
not required to be equal to the coupling strength g of the W* triplet. While the W

’The helicity of a particle is referred to as left handed if the projection of the spin in the direction of
motion is negative, and right handed if it is positive.



and W states correspond to the observed W bosons, the neutral current mediators are
linear combinations of the W° and BY eigenstates, so that the photon remains a massless
particle:

[7) = sin(0w) W) + cos(bw) | B°) 24)
1Z°) = cos(Oyw) [W°) — sin(Ow) |BY) | (2.5)

with 0y as the electroweak mixing angle (also known as the Weinberg angle), which is
related to the coupling strengths g and ¢’ like tan(f,,) = ¢’/g and has to be determined
from experimental data.

Electroweak Symmetry Breaking and Mass Generation

From the pure considerations of the electroweak theory, the W= and the Z° boson are
required to be massless particles, as massive gauge fields would violate the condition
of local gauge invariance. However, it was shown by Higgs, Engler and Brout [6, [7]
that the local gauge invariance is preserved and the gauge bosons acquire mass if they
are interacting with a scalar field, called the Higgs field (V (¢)) and its mediator, the
Higgs boson. The Higgs field has a non-zero vacuum expectation value v, that causes
spontaneous symmetry breaking by choosing a vacuum state. As a result of the symme-
try breaking, the masses of the elementary particles are generated. The coupling to the
Higgs field (Yukawa coupling) for bosons reads:

_ 9 0 _
mwy = -V, my =

5 g*+9g?, (2.6)

v
2

and for fermions: .
mf:%gfy7 2.7

with g as the Yukawa coupling of a given fermion flavour.

Elektroweak Currents and Unification

Any process involving only charged particles in the initial and final state can be mediated
by either a Z° boson or a photon, with the Z’-induced reaction being suppressed at low
energy transfers, because of the particles large mass. These types of interactions are
referred to as neutral currents (NC). In SM, flavour change of the interacting particles
in NC reactions is forbidden.

Reactions that are mediated by W= bosons are called charged currents (CC) and
result in the change of the flavour of one of the involved particles. For leptons, flavour
change can only occur within the same generation, meaning that the lepton number of
each generation (+1 for particles, —1 for anti-particles) is a conserved quantity. Quark
wave functions are subject to the strong interaction, which is flavour blind, therefore

8



flavour changes across generations are possible. The weak eigenstates of quarks are
not equivalent to the mass-eigenstates and their mixing is represented by the Cabbibo-
Kobayashi-Maskawa (CKM) matrix:

d/ Vud Vus Vub d
s = Vea Ves Vi s (2.8)
v Via Vis Vi b

The CKM matrix is a 3 x 3 unitary complex matrix, where each V;; corresponds to
the coupling strength of an up-type quark with a down-type quark. The values of the
matrix elements can be determined experimentally [5] and are close to 1 for the diag-
onal elements. Off-diagonal terms, such as V,, or even V,;, contribute with small but
nevertheless non-zero values, thereby accounting for cross-generation decays. Similar
to the CKM matrix, the mixing of the neutrino flavour eigenstates (v, v, v;) with their
mass eigenstates (14, v, v3) 1s represented by the Pontecorvo-Maki-Nakagawa-Sakata
(PMINS) matrix.

Experimentally, the electroweak unification is demonstrated in the measurement of
the NC and CC cross section in e* p scattering at the HERA collider [8]. Figure
presents the differential cross section of charged and neutral currents as a function of
the momentum transfer Q?. For collisions with low ()? neutral current processes with
a photon as the mediator dominate over charged current processes, mediated by W+
bosons. But with increasing Q?, the distributions of both processes are moving closer
together, until they are almost equal above Q> = 10* GeVZ.

2.1.4 The Strong Interaction

The strong interaction is represented by the theory of Quantum Chromodynamics (QCD),
which describes the interactions and the structure of hadrons. The strong interaction acts
among quarks and is mediated by massless gluons. Quark combinations are forming
hadrons: mesons consisting of quark and anti-quark, or baryons which are composed
of three quarks. Experimental evidence of baryon states like A™" required the intro-
duction of a new degree of freedom (or quantum number), in addition to flavour, to the
wave function of a quark. Otherwise, the wave function of the three identical quarks in
AT would violate the Pauli principle. This new degree of freedom is called colour and
can be interpreted as a charge of QCD.

The theory of QCD belongs to the groups of non-abelian gauge theories with a
SU(3) symmetry [9,[10] and its Lagrangian density can be written as:
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1w -
e = = g FwFl + D s Dy = mo)iy
f

i = 0,G% — 0,67 — g finGLGE

Ai

2 G

(2.9

with F ;U being the field strength tensor of the gluon fields GL (¢t =1,...,8), gs as the
gauge coupling constant of the strong interaction and f;;;, the structure constants of the
Lie algebra. Note that the field strength tensor includes a self-interaction term, missing
in the EM field strength tensor. The corresponding generators A\’ are represented by
3 x 3 Gell-Mann matrices which satisfy the commutations relation:

[N, M) = 2ifipAF

(2.10)

In the second part of the equation D, is the covariant derivative of the quark fields ;.

The sum runs over the number of active flavours, represented by the index f.

10



When calculating the Feynman rules for QCD, its Lagrangian is often separated
into two parts. The first part £ includes all contributions from the free fields of the
participating particles:

Eguark — ,(Z(lﬁ . m)w (211)
ﬁgluon — _ i(aﬂGzV _ GVGL)(GMGW _ aVGiM) — %(aqu)Q (2.12)
E%host _ auxz* ,uXi (213)

The last term of Eq.[2.12]is the so called gauge fixing term which is required for dealing
with redundant degrees of freedom in the gluon propagator. Applying this particular
method of gauge fixing introduces additional fields, so called Faddeev-Popov ghosts
x [11], which are needed for a complete and consistent description of the theory.

The second part, £; represents the interaction terms that include the three-gluon
coupling, the four-gluon coupling, the quark-gluon coupling and a gluon-ghost inter-
action. When expressing the scattering amplitude of a process as a Feynman diagram,
these terms correspond to the vertices:

L8 = — gfijk (0uGiv — 0,Giy) G G, 214

2
L:é} gluons _ gZ fijm Frtm G, Gjy Gg Gé* (2.15)
ﬁ(}uark gluon —g 'IL ,yu )\z w G; (216)
£§host gluon _ g fijk (8;¢Xi*)Xiju 2.17)

Since gluons carry colour-charge themselves, they are self interacting, which can be

seen in the equations and

Perturbative QCD and Renormalization

The calculations of QCD observables are often computed as a perturbative expansion
in the strong coupling constant ag and the theory is therefore referred to as perturba-
tive QCD (pQCD) [1} 9} [10]. In pQCD, any observable O can be approximated by a
truncation of the power series, as long as ag takes on small values.

O:co+clas+c§a§+... (2.18)

Similar to the fine structure constant of QED, the strong coupling is related to the gauge
coupling like ag = ¢?/4m and the coefficients are derived from the Feynman rules.
However, the calculation of contributions beyond the leading order includes loop dia-
grams which make the momentum of a particle within the loop go to infinity and are
therefore called ultraviolet divergences. The responsible terms in the calculation are
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handled by introducing suitable counter-terms, thereby renormalizing parameters like
the strong coupling constant or the quark masses to their effective values. This proce-
dure leads to the absorption of the infinities into the renormalized parameters and intro-
duces a renormalization scale p? for the observables. The choice of the renormalization
scale is arbitrary. However, this does not apply to the fixed order calculation, introduc-
ing significant uncertainty in the theoretical prediction for an observable at (low) fixed
perturbation order.

The dependence of a renormalized parameter on y, is given by the Renormalization
Group equations, though the parameters particular value at a scale p? has to be deter-
mined from experimental data. For ag, which is needed to calculate the matrix elements
for the process under observation, this dependence is expressed by the 3(ag) function:

80&3
2
Blas) = u; o
= — as (b + bias + b + O(ad)) (2.19)
; 33 — 2N ; 153 — 19N; 77139 — 15099N; + 325N
07 1o YT o4 0 P T 345673

Here, the factor N corresponds to the number of quark flavours whose masses are be-
low the scale (). The factors b; and b, depend on the employed renormalization scheme
and the ones quoted here are taken from the minimal-subtraction MS renormalization
scheme [12, [13]. At leading order, the solution of equation [2.19] can also be written
relative to the value of ag at a scale 2

2 as(43)

) = 2 s ) 220
The scale at which ayg is determined is often chosen as the mass of the Z° boson. The
current world average for the strong coupling constant is ag(my) = 0.1181+0.0011 [3].
The results of several measurements sensitive to ag at different values of ? are pre-
sented in figure @ and include measurements from the HERA collider, the Tevatron
and the CMS experiment at the LHC covering a large range in (Q*. Taking the increase
of ag towards lower values of Q2 into consideration, equation can also be written
as:

9 1
= 2.21
as(p:) bo l”(ﬂ?/Aécﬁ ( )

where Agcp marks the threshold under which the perturbation ansatz is no longer ap-
plicable and the theory formally diverges. For five active flavours it corresponds to ap-
proximately 214 MeV. Below this scale the perturbative approach breaks down because
ag becomes too large.

Due to the negative sign of the S-function (Eq. [2.19), the strong coupling constant
ag 1s very low at short distances or high energy scales and grows exponentially at large

12



=
w

—— CNSinclJet, i3 = BTsY, agfl ) =0.1164777"
—=— CMS Incl.Jet, fs = 8TaV
—=— CMSR,,, {s=7TeV
CMS Inel.det , 5 =TTV
—¥— CMS i, f5=7TaV
CMS 3-Jst Mass , V5 = 7TaV

a(Q)

0.22

C
0.18 :— &— DO Incldet
- D0 Angular Correlation
0.16[— H
C +— ZEUS
o014 Waorld Avg ug(M) = 0.1181 = 0.0011
D12
0.1
0.08—
: L 11 11 I L L L L 11 11 | 1 1 L 1 | I | 1
67810 20 30 40 100 200 300 1000 2000
Q (GeV)

Figure 2.3: The strong coupling constant ag as a function of (), as determined from the
measurements by different experiments [[14].

distances or low energy scales, which leads to an effect called asymptotic freedom. In
contrast to the screening effect observed for the electromagnetic interaction, it is referred
to as anti-screening, and it is the reason why quarks cannot be observed as free parti-
cles. This phenomenon is called confinement. If two quarks are separated by more than
10~'°m, the typical size of a hadron, the energy between them is sufficient to produce
new hadrons. The flavour or momentum of these emerging hadrons cannot be derived
from first principles but needs to be modelled phenomenologically (see section[2.3.3).

Quark masses are fundamental parameters of the Standard Model. However, the
bare masses appearing in the Lagrangian need to be adjusted by an infinite renormaliza-
tion contribution to give a physical value and the choice of the renormalization scheme
affects the value of the mass obtained. Depending on the renormalization scheme, var-
ious definitions of the quark mass exist, which require different treatments in pQCD
calculations. One commonly used definition is the so called pole mass, which is defined
as the location of the pole in the propagator [[15] of the quark if it were observed as a
free particle. It is well defined at each finite order of perturbation theory, though due to
non-perturbative infrared effects in QCD, it retains an intrinsic uncertainty of the order
of AQCD/WLQ (Q = C, b, t). L

The running mass, defined in the MS scheme explicitly depends on the renormaliza-
tion scale p, and provides an improved stability of the perturbative series as compared
to the result in the pole mass scheme, as is demonstrated for the top quark mass in
Ref. [16]. The relation between the pole mass m¢ and the MS mass 7 is known up to
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four loops [17-21] and takes on the following form at one-loop order:

M} (2.22)

mQ = mQ(mQ) |:1 + 3

As free quarks are unobservable, their masses cannot be determined via direct mea-
surements but are derived from other mass-dependent observables. For example the
charm quark mass and its scale dependence has been determined from charmed hadron
production cross sections measured in e*p-DIS experiments at HERA [22-26]. The
running mass of the bottom quark has been evaluated using multi-jet events in e*e™-
collisions at LEP [27] as well as b-quark production cross sections measured in e*p-
DIS experiments at HERA [26], 28]]. The recent measurements of the pole and MS mass
of the top quark in proton-proton collisions are presented in Refs.[29,30].

2.2 The Proton Structure

Protons are the lightest baryons with a mass of mp = 938.3 MeV [5] and are considered
stable particles. Experiments like Super Kamiokande have investigated energetically
allowed decays to lighter particles [31] and conclude that the protons lifetime is more
than 1.6-10%* years for the decay channel p — e +7" and 7.7- 103 years for p — u*+

7 (90% CL). The three valence quarks, two up and one down quark, are responsible
1
2

momentum, P = parity). However, the masses of the valence quarks alone (m, =
2.2 + 33 MeV, myq = 4.7 & 53 MeV) cannot account for the full mass of the proton
and therefore its structure must be more complex.

for the quantum numbers of the proton [(JF) = <%+> (I = isospin, J = angular

2.2.1 Deep Inelastic Scattering

The proton structure was extensively investigated in Deep Inelastic Scattering (DIS)
experiments at fixed target and at the HERA e* p-collider, where the cross sections of
NC and CC processes were measured for a large variety of final states. The Feynman
diagrams of NC and CC in e*p collisions are presented in figure 2.4|and their kinematics
can be described by a set of variables ﬂ

3The names of the four-vectors of the incoming and outgoing particles correspond to those in Fig.
V =~/7°, W+
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Figure 2.4: Diagrams of neutral current (left) and charged current (right) processes in
e* p collisions. The label X denotes the hadronic final state and the four-momenta of
the incoming and outgoing particles are indicated in brackets [32].

Q?=1-0 boson virtuality (2.23)
s= (I+ P)? e p centre-of-mass energy? (2.24)
W? = (P +q)? V-p centre of mass energy> (2.25)
y= (P-q)/(P-1) inelasticity (2.26)
r= Q?/(2P - q) Bjorken-z (2.27)

While /s is given by the experimental setup, the other variables need to be determined
from measurements of the outgoing particles. The virtuality () indicates the resolution
capabilities of the process, meaning that with rising () more of the proton structure
can be resolved. The inelasticity y corresponds to the momentum transferred from the
scattering lepton to the hadronic system in the proton rest frame, and x represents the
proton’s momentum fraction which is participating in the reaction.

The differential cross sections of NC (Eq. [2.28) and CC (Eq. [2.29) in DIS can be
expressed in terms of three structure functions F5, F7, and Fj, which depend on = and
o

d2oNC _ 2magy
dzdQ? Qi

d?0°C B G% M,

dzd@Q?  4mz (Q% + MY)

Vi FYC(, Q%) — *FL (2, Q) FY_F%(2,Q%)]  (2.28)

Vi By (2, Q) = y*F (2, Q%) F Y- F; (2, Q)]

(2.29)
Here, Y. = 14 (1 —y)?, and agy is the electromagnetic coupling constant. The Fermi
constant G can be expressed as:
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Gp = . 2.30
r V2 sin? H%Vmw ( )

2.2.2 Quark Parton Model

Before QCD was fully established, the simpler quark parton model (QPM) was the
prevailing theory, which stated that the proton consists of charged, pointlike particles
that do not interact with each other, so called partons. The concept of valence quarks had
already been suggested independently by Gell-Mann and Zweig in 1964 [33] to explain
the different hadron flavours. However, the term parton in the QPM also includes so
called sea-quark pairs with no overall flavour.

In QPM, the proton structure function F; can be written as:

Fy =Y e [zqi(x) + 2q;(v)] | (2.31)

with e; as the electric charge of the parton with flavour ¢ and ¢; (g;) corresponding
to a probability for a parton ¢ to carry the = fraction of the proton momentum. The
prediction was in agreement with the observations from DIS experiments, performed at
SLAC [34]] in the late 1960s, which measured F3 and found that the structure function
was independent of Q? (Bjorken scaling) [33] for x = 0.3.

Later, it was found that only about 50% of the protons total momentum could be
accounted for [36]. Therefore, another type of parton, which does not interact weakly
or electromagnetically, was needed to explain the missing momentum. The existence
of such a particle, the gluon, was discovered at PETRA collider in 1979 at DESY [37].
Furthermore, later experiments performed at the CERN SPS or HERA collider have
demonstrated the Q? dependence of the structure functions (scaling violation), related
to the quark-gluon and gluon-gluon interactions, and to the gluon content of the pro-
ton [38]].

2.2.3 Parton Distribution Functions and Factorization

In the QCD picture, the proton structure is expressed in terms of parton distribution
functions (PDF) with the probability functions ¢; from Eq.[2.3TJmodified as probabilities
to find a parton 7 within the fraction range Ax of the proton momentum, as resolved at
the scale 2. The PDFs are considered as universal, i.e. intrinsic property of the nucleon,
being process independent. They cannot be derived from first principles but need to be
determined in QCD fits to measured cross sections, taking advantage of the concept
of Factorization. For example, the cross section for a process in pp-collisions at a
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scale where ag takes on small values can be calculated using the collinear Factorization
theorem [39-41]]:

1
Opp—X — Z/O dl‘adflfb/fgl(xa,uf)féu(ffb,ﬂf) da—ab—m(ufa,ur) (232)
a,b

1
1
= Z/ dxadxb/d(Pnf:l(wa,Mf)fng(xbaMf)2_§|Mab—>n|2(q>>ﬂfaur)
a,b 0
(2.33)

Here, z,,, are the momentum fractions carried by the partons a and b, whereas f;/; (Za.p, u)
are the PDFs of the partons concerned in the production process and &4, (14t f4r) TEP-
resents the partonic cross section of the process a + b — n. The latter is a combination
of the matrix element M, describing the interactions between the particles, the particle
flux 1/25 = 1/(x,xps) with s as the centre of mass energy, and an integration over the
phase space d® of the final state particles n.

Factorization requires the introduction of a new scale, the so called factorization
scale pg, which is needed to handle infrared divergences, arising from this approach.
Infrared divergences occur, when final state quarks radiate soft gluons or a high mo-
mentum gluon is emitted collinear with a low momentum quark. Therefore, factoriza-
tion can also be described as the separation of the hard and soft regime of a collision. In
many calculations the factorization scale i it is set equal to the renormalization scale
1, Which is typically chosen close to the energy involved in the hard scattering process.
For DIS experiments this corresponds to the virtuality (%, whereas processes that in-
volve the production of heavy particles (i.e. W*/Z° bosons, heavy quarks), it is often
set to the mass of the heaviest particle or the transverse mass Mt = /m?2 + p.

2.2.4 Evolution of PDFs

The dependence of the PDFs on the factorization scale p can be derived from the
renormalization group equations and expressed as so called PDF evolution formalisms
which differ in the ordering of their parton emissions. The Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations [42-47], belong to the collinear formalisms
and the emissions are ordered by their longitudinal momenta. In the DGLAP equations,
the quark and gluon distributions are coupled:

%(’:;)) “/: % [Q(z,M?)qu (g) +9(%, 1) Pag (g)} (2.34)
2 1
88%511:(’%) . / dgz [Q(zau?)qu (%) +9(2, 1) Pyg (%)] (2.35)
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Figure 2.5: Illustration of the leading order splitting functions for the DGLAP evolution
equations [48].

Here, Pj; (i,) = q,g) are the splitting functions, which represent the probability that a
parton ¢ radiates parton j, with j carrying the fraction z of 7’s original momentum. The
corresponding Feynman diagrams of the leading order splitting functions are presented
in figure[2.5] These can be calculated as a perturbative expansion of g and take on the
following form at leading order:

Py(2) =6 ((1 _ZZ)+ + 1;’" a(l—2)+ (%—%)) +%ﬁoé(1—z)
(2.36)
Po(z) = % (% 4 ; 5(1 — z)) (2.37)
Py(2) = % (=*+(1-2)%) (2.38)
Pyg(2) = % (M) : (2.39)

with N. = 3 corresponding to the number of colours, 5y = 11 — 2/3 Ny and Ny as
the number of quark flavours. Using the DGLAP equations, it is possible to evolve the
PDFs from an initial scale ;3 to any (high enough) values of p?. The scheme is appli-
cable in the medium to high x region. However, the = dependence of the PDFs cannot
be calculated from first principles and therefore has to be extracted from experimental
data. This is performed by confronting the measurements of the proton structure func-
tions or of the cross sections of NC and CC to the theoretical predictions, using the
factorization theorem. At the starting scale z3, an initial shape of the PDFs as a function
of x is assumed and the DGLAP equations are used for the ;2 evolution. As additional
constraints on the z-dependence of the PDFs, the QCD sum rules are applied:

The momentum sum rule states that the sum of all momentum fractions carried by the
different quark flavours f; and gluons g constitutes the total momentum of the proton:

1 1
Ei: /0 drxf;(z) + /0 drzg(r) =1 (2.40)
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Figure 2.6: Parton distributions functions, obtained at NLO for the scales of u2 =
1.9 GeV? (left) and u? = m%v [49]. The different contributions to the PDF uncertainties
are indicated by bands of different colours.

Two additional sum rules can be derived by considering the valence quark content of
the proton. As it contains two up and one down quark, the net content of both particles
with regard to their anti-particles is given by:

1 1
/ druy (z, 1?) = / dz [u(z, p*) — a(z, p*)] =2 (2.41)
0 0

1 1
/ dxd,(x, p*) = / dx [d(x, p?) — d(z, /12)} =1 (2.42)
0 0

An example of the proton’s PDFs is shown in figure [2.6] where the valence quark, sea
quark and gluon distributions are presented as a functions of z, evaluated at the scales
p? = 1.9GeV? and p? = m¥;. The gluon and sea quark distributions are scaled down
by a factor of 20 for demonstration purposes.

Other PDF evolution formalisms like the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [50,
J1] are more suited to handle the evolution of PDFs in the low-x region. The BFKL
scheme uses so called unintegrated PDFs (uPDF) to evolve PDFs from an initial value
T to lower values at a fixed scale p2, usually chosen as the hard scattering scale. The
scheme is using the longitudinal momentum fraction x to order the emissions and is
explicitly depending on the transverse momentum of the partons. The CCFM [521535]
evolution formalism aims to combine the DGLAP and BFKL approaches and applies
a strong angular ordering of the emissions. Using this scheme also requires the use of
transverse momentum dependent PDFs.
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Figure 2.7: Feynman diagram of a v/, induced Charged Current charm di-muon produc-
tion [59].

2.2.5 Strange Quark Content of the Proton

The strange quark distribution is the least constrained PDF among the light quarks. For
measurements like the determination of the W* boson mass at hadron colliders [56]],
uncertainties from PDFs, especially the strange quark distribution, are still a dominant
source of uncertainty. Results constraining the s-quark distribution stem, for a large part,
from the analysis of charm production in charged current deep-inelastic (anti)neutrino-
nucleus scattering. In these measurements, the cross section of oppositely-charged di-
muon production in (anti-)neutrino-nucleon DIS was determined by the CCFR, NuTeV
and NOMAD collaborations [S7-59]. The Feynman diagram of the investigated process
is presented in figure The muon carrying the higher p. is considered to originate
from the neutrino scattering, whereas the oppositely charged muon is assumed to be a
decay product of the charmed particle (i.e. D*, D, A,).

Additionally, the cross section of inclusive charm production from neutrino and anti-
neutrino charged-current in nuclear emulsions was measured by the CHORUS collabo-
ration [60]. In this experiment it was possible to separate the contributions from differ-
ent charmed particles by measuring the flight length and the momentum of the hadrons,
thereby extracting the charmed particle production fractions. The cross sections ex-
tracted by CHORUS are complementary to the aforementioned experiments, as they do
not depend on the branching ratio B(c — u).

All of the v-scattering measurements have a high sensitivity to the strange quark
content of the nucleon sea, since the contribution from d-quarks to charm production is
Cabibbo suppressed. PDFs extracted from v-DIS experiments have to take the nuclear
corrections of the target into account, which introduces additional sources of uncertain-
ties. However, using the ratio of charm-dimuon to the full CC production cross section,
which is provided by both NOMAD and CHORUS, largely cancels nuclear corrections
in the extracted PDFs.

The strange quark distribution is often presented relative to the PDFs of the other
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light sea quarks via the so called strangeness suppression r:

s(z, 1) + S(z, 1?)
W, 2) + (%)
The corresponding strangeness suppression factor ~ is the integral of 7 over the full
x-range, evaluated at a chosen scale 2. It has been determined by the NOMAD collab-
oration at the scale of 2 = 20 GeV? as x = 0.591 4 0.019.

The data of all three experiments is used in various QCD fits to determine the strange
quark content of the proton. Due to the much larger statistics of the NOMAD measure-
ments, the uncertainty in the strange quark distribution extracted is a factor 2 lower than
for analyses using the CCFR or NuTeV data alone [59]]. The impact of the NOMAD
and CHORUS results on the strange quark distribution has been investigated [61] using
the ABM12 PDF set [62] as a baseline, which already includes the CCFR and NuTeV
data. The NOMAD and CHORUS datasets are added to the fit individually, as well as
together, and it was found that adding only the NOMAD data pulls the strange quark
distribution somewhat down, whereas using the CHORUS data has the opposite effect.
Including both datasets simultaneously results in a strange sea distribution that is in good
agreement with the baseline of using the CCFR and NuTeV data alone, as both dataset
compensate the pulls on the distribution. Among the currently available PDF sets, only
the ABMP16 [63]] PDF sets include the latest NOMAD results and therefore show the
most precise strange quark distribution. The CT14nlo [64] PDF set only includes the
NuTeV and CCFR data, whereas MMHT 14nlo [65] additionally includes the CHORUS
measurements. The NNPDF3.1nlo [[66] set uses the NuTeV and CHORUS results, as
well as the 7 TeV measurement of W + c, performed by the CMS collaboration [67].
The strange quark distribution and strangeness suppression at the scale of pZ = mi;
of the global PDF sets ABMP16nlo, CT14nlo, MMHT14nlo and NNPDF3.1nlo are
presented in figure and are in good agreement with each other. In addition, the dis-
tributions from the ATLASepWZ16nnlo analysis are also shown in figure 2.8 and do
not agree with the global PDFs, showing an unsuppressed strange quark distribution.
The details are discussed in the following.

At hadron colliders, such as Tevatron or the LHC, the inclusive production of elec-
troweak bosons (Drell-Yan processes, DY) provides constrains for all types of light
quarks and is therefore indirectly sensitive to the strange quark distribution in the pro-
ton. The total cross sections of W* and Z° receive contributions from strange quarks
through processes like u +5 — WT, i +s — W~ and s +§ — Z". The contributions
of different quark-quark hard scattering processes in W* and Z° production in hadron
collisions are illustrated in figure The differential cross sections of W= and Z° pro-
duction can be determined with good accuracy and theoretical predictions are available
at NNLO precision in programs like DYNNLO [68,169] or FEWZ [70].

The ATLASepWZ12 [72] and ATLASepWZ16 [/3] analyses explore the indirect
sensitivity of the inclusive W+ and Z° production to the strange quark content of the

rs(x> :uz) = (243)
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Figure 2.8: The strange quark distribution (upper) and strangeness suppression (lower)
as a function of z obtained at the scale pu?
LASepWZ16nnlo, CT14nlo, MMHT 14nlo and NNPDF3.1nlo PDF sets. The PDF un-
certainties, resulting from the experimental uncertainties of the input datasets are eval-

uated using the Hessian method.
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Figure 2.9: LO quark-quark processes (lines of different colour) contributing to the W=
and Z°/~* cross sections (black line) as a function of the boson rapidity [71].

proton, in combination with the e*p scattering cross-sections from HERA. Predictions
for these measurements are available at next-to-next-to-leading order (NNLO) and the
ATLAS results of inclusive W and Z° production are measured at 7 TeV with a preci-
sion of 1.8%. It was observed that the strange quark distribution extracted in the ATLAS
analyses [72, 73] is unsuppressed, indicating an almost symmetric flavour composition
of the light quark sea in the kinematic range of x > 0.01.

The possible reasons for the enhanced strange quark distribution observed by AT-
LAS have been investigated in Refs. [61,[74]]. The influence of the parametrization and
used datasets on the strangeness suppression and isospin asymmetry have been studied
separately to determine the source of the deviation in the strange quark distribution with
regard to other, global PDF sets. All QCD analyses of this study have been performed
at NNLO accuracy, using the ABMP16 setup with a starting scale of ;1 = 3 GeV and
the ny = 3 flavour scheme. The ABMP16 parametrization has a total of 25 free param-
eters, whereas the parametrization employed by ATLAS has 15 free parameters, and
is based on the HERAPDF [8] QCD analyses, with the restrictions of A; = Aj and
By = B3 = Bs. Both parametrizations are used in fits to the same datasets, based on a
selection of the ABMP16 PDF set, though the DY datasets from the LHC and Tevatron
were replaced with deuteron DIS data. It has been shown that the replacement datasets
are in agreement with the W* and Z° boson collider measurements after the deuteron
corrections are taken into account, and provide constrains on light quark PDFs in the
high-x region, where the enhancement is observed.

Figure 1 of Ref. [74] presents the strangeness suppression and isospin asymmetry of
the ABMP16 PDF set, the results of the fit using the ABMP16 parametrization, and the
results of the fit using the ATLAS parametrization. The strangeness suppression of the
fit performed with the ABMP parametrization is in good agreement with the nominal
ABMPI16 distribution in the region of x > 0.01, but deviates towards lower values
of z due to the missing constrains provided by DY collider data. The QCD analysis
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performed with the ATLAS parametrization shows an enhancement of r in the region
2 > 0.01. When comparing the isospin asymmetry of the different analyses though, it is
observed that the ATLAS distribution is significantly lower than the ones obtained with
the ABM parametrizations in the region of 0.02 < x < 0.1, meaning that the observed
strangeness enhancement is compensated by a suppression of the down quark sea.

In turn, the influence of the datasets used in ATLASepWZ16nnlo analysis was in-
vestigated by fitting the same datasets, but using the ABMP16 parametrization. An en-
hancement at large x, with regard to the nominal ABMP16 PDF set is observed, through
this effect is largely mitigated when the fixed target DY data, measured by the E866 [/5]
experiment is included in the fit. The study [74] concludes that the strangeness enhance-
ment observed in the ATLASepWZ12nnlo and ATLASepWZ16nnlo PDF sets is due to
the limited flexibility of the chosen parametrization.

Probing the Strange Quark Distribution in Proton-Proton Collisions: W + charm

The production of a W boson associated with a single charm quark has been suggested
as a suitable process to study the strange quark distribution at hadron colliders early
on [[/6-79]. This process probes the strange quark content of the proton, as W + c is
dominantly produced by the hard scattering of a strange quark and a gluon at leading
order s+ g — W~ 4+ cand s + g — W™ + ¢. The two Feynman diagrams contributing
to the cross section at leading order are presented in figure Like in the case of
v-scattering experiments, contributions from d quarks are expected as well, though at a
much smaller rate. In all diagrams presented in this section, the strange quark can be
substituted for a d-quark and due to the presence of a d-valence quark in the proton, a
small asymmetry between the W + ¢ and W~ + ¢ cross sections is expected.

Figure 2.10: Feynman diagrams of W + ¢ production at the LHC at LO in pQCD.
Diagrams made by MADGRAPHS5_aMC@NLO [_80]
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The first measurements of W + ¢ were performed at the Tevatron pp-collider at a
centre-of-mass energy of /s = 1.96 TeV, by both the CDF [81}, 82] and DO [83] col-
laborations. The W= bosons and charm quarks were reconstructed via their leptonic
decays, resulting in an event signature with two oppositely charged muons, of which the
one originating from the charm decay is contained in a jet. In these measurements, the
inclusive cross section of W + ¢, as well as the ratio of (W + ¢)/o(W* + 1 jet) has
been determined with an uncertainty of 20 — 30%, which is dominated by the statistical
uncertainty.

At the LHC, the measurement of W + ¢ was first performed by the CMS collab-
oration at a centre-of-mass energy of /s = 7TeV [67]. The analysis strategy for the
measurement is similar to the ones employed at the Tevatron, though additional methods
of charm tagging were utilized. These included the reconstruction of charmed mesons
contained in a jet via the hadronic decays of D*¥ — KF7*7* and D*(2010)* — D%+
with D? — K¥7*. The fiducial W + ¢ cross section was measured inclusively, and as
a function of the pseudorapidity of the lepton, originating from the W+ boson decay,
which is presented in figure 2.11

The ATLAS collaboration also determined the W + c-jet cross section at /s =
7TeV [84] as a function of the lepton pseudorapidity. In this analysis, the recon-
struction of D*(2010)* mesons also included the D° decays D° — KFx*7rTn* and
DY — KFzr*x0 In addition to the W + c-jet cross section, the cross section of
o(W + D*(2010)*) and o(WT + D*) was determined. Though these measurements
are quite precise, they are performed at particle level only, and are therefore not used in
any global QCD analysis.

An NLO QCD analysis, including the CMS results of W + ¢ at 7 TeV, was per-
formed to assess the constraining power of that measurement on the s-quark distribution
of the proton [49]. There, the results of [67] were used in a QCD analysis together with
the measurements of NC and CC DIS cross section at HERA [88]] and the CMS re-
sults for the lepton charge asymmetry in W+ boson production at 7 TeV. The extracted
strange quark distribution and strangeness suppression at the scales 2 = 1.9 GeV? and
u? = mi; are presented in figure The strangeness suppression factor of this QCD
analysis has been determined at the same scale as the one published by the NOMAD col-
laboration (12 = 20 GeV?), and a value of x = 0.527012 (exp.) 7592 (model) ¥ 13(param.)
was extracted. Both results are compatible within uncertainties.
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Figure 2.11: Differential fiducial cross section of W + ¢ as a function of |n!| (left) and
|n*| (right) in /s = 7 TeV pp-collisions, determined by CMS [67]. The measured val-
ues are presented as filled circles, with black error bars (shaded bands) indicating the
statistical (total) uncertainty of the measurement. The results are compared to predic-
tions calculated with MCFM [85H87]] in combination with different PDF sets, presented

as symbols of different styles and colors.
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Figure 2.12: The strange quark distribution (upper panel) and strangeness suppression
(lower panel) as a function of x, obtained at the starting scale u? = 1.9 GeV? (left) and
pz = mi; (right). The full band represents the total uncertainty, while the contributions
from different uncertainties are represented by the bands of different colours [49].
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2.3 Theoretical Predictions

In the following, the calculation of fixed order predictions and Monte Carlo event simu-
lations are described. Full event simulations include matrix element calculations, deter-
mined at a particular order of pQCD and approximations of non-perturbative effects that
require phenomenological modelling, as well as a simulation of the detector response.
They are used for comparisons with experimental data or to simulate the performance
of future experiments. However, since not all functionalities are available for every
calculation or simulation, dedicated programs exist for each of the different steps and
can be interfaced with other. Figure [2.13]illustrates the different steps in simulating
proton-proton collisions.

ME calculation Parton shower Detector simulation

. interaction with the detector
hadronisation

decay

parton
cascade

hard
scattering

i

| 7T
™ tracker calorimeter muon

hits deposits signals
protons initial state final state ,
partons partons baryons,
(+ISR) (+FSR) stable particles

Figure 2.13: Illustration of the different steps involved in the simulation of a full event,
using Monte Carlo methods [89]].

2.3.1 Matrix Element Calculations: MADGRAPH, POWHEG, MCFM

The parton level cross section of a process of interest (i.e. W 4 c¢) is determined using
the factorization theorem (see section[2.2.3)) which involves the calculation of the matrix
elements M, ., contributing at fixed orders of pQCD. The probability of two partons
interacting and their momentum in the initial hard scattering are defined by the PDF
set used in the simulation. The calculation of leading order matrix elements is largely
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automated at this point and has been implemented in several so called event generators,
such as PYTHIA [90] or MADGRAPH [91]].

Due to the large scale dependence of the LO calculations, NLO or even NNLO
generators are preferred, though the divergences arising from real and virtual corrections
make calculations beyond LO very complex. The strategies developed to deal with this
issue can be categorized into two general approaches [92]], the so called phase space
slicing method [93,, 94] and the infrared subtraction method [95H101]], with the latter
being the preferred tool in many current event generators. The subtraction method is
based on the observation that the soft and collinear divergences in the real corrections
‘R exhibit a universal structure, which can be calculated using a convolution of LO
(Born-level BB) matrix elements and splitting kernels S. The modified term for the real
emissions [R — B ® S] is infrared finite and can therefore be integrated over the full
phase space <i>n+1. Furthermore, the divergences arising in the calculation of the virtual
corrections )V possess the same structure as the ones for the real emission corrections,
but with an opposite sign. Therefore, the same subtraction terms can be added to the
virtual corrections, ensuring the cancellation with the real part of the calculation.

oNEO — / dPWB + ag / Ao [R —B® ] (2.44)
n n+1

+ ag / de(P) lv +B® / dégms]
n 1

Though is was originally only available for massless partons, the method has been
adapted to include massive fermions [96, 102]] in the calculations.

Among the NLO event generators, MADGRAPHS5_aMC@NLO [80] is capable of com-
puting tree-level and one-loop amplitudes for arbitrary processes at LO and NLO ac-
curacy, based on the Frixione, Kunzst and Signer (FKS) subtraction method [97, 98]].
Moreover, the generated events can include higher order corrections of a given pro-
cess in the form that additional real emissions are considered in the calculations. An-
other commonly used NLO event generator using the FKS subtraction formalism is
POWHEG [103H105], which provides calculations of heavy flavour productions in hadron
collisions at NLO accuracy. Both generators are widely used as the starting point of full
event simulations as they can be interfaced to other programs for parton shower and
hadronization and provide suitable matching and merging procedures for such cases.
Alternately, Monte Carlo for FeMtobarn processes (MCFM) [85-87] uses the sub-
traction formalism of Catani and Seymour [95] to calculate parton level cross sections.
MCFM is specialized in calculating production processes that include W+, Z° and H
bosons, as well as heavy quarks (c, b, t) in the final state. Most of the implemented
processes are available at NLO and include the spin correlations in the decays, though
several processes are also available at NNLO. In MCFM, the NLO corrections to W + ¢
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are calculated following the same strategy as was used for the associated production of
a W boson and a top quark (W + t) [106]. The massive quarks in the final state are
handled by using an extension of the CS dipole formalism [96]. The mass of the heavy
quark is treated in the pole mass scheme, whereas the strong coupling constant at the
renormalization scale is evaluated according to the MS scheme.

Fixed Order Calculations of W+charm Production

The first calculation of the NLO QCD corrections [[107,/108]] is based on the phase space
slicing method [93,, 94] developed for the calculation of jet cross sections with an arbi-
trary number of partons in the final state. It has been adapted to include massive quarks
by using the Collins-Wilczek-Zee [[109] scheme, where the heavy quarks decouple for
small momenta. In these calculations, charm quarks are not considered as an active
flavour of the proton, therefore diagrams with charm quarks in the initial state are not
included.

Singularities arising in the calculation are isolated by slicing up the phase space
and separating it into a hard region, containing no singularities, and a region in which
the final state parton is either soft or emitted collinear with one of the initial state par-
tons. Cases where the final state heavy quark is radiating a gluon exhibit no collinear
singularities because they are shielded by the presence of the heavy quark mass.

The hard region is constructed such that all partons are resolved as separate jets. A
small, but otherwise arbitrary theoretical cutoff value s,,,;, is defined and the invariant
mass calculated from the four-momenta of two neighboring partons s;; = 2P, - P;
must fulfill s;; > s,,;,. Here, it is possible to work in 4 dimensions and perform the
integration numerically. In the soft and collinear region, one or two of the s;; fall below
the cutoff threshold s,,;,. The integration is performed analytically in d dimensions.
Tests of the calculations where s,,,;,, was varied, show that the choice of the value has a
strong influence on the individual contributions from the hard and the soft- and collinear
regions, but almost no influence on the size of the cross section, as long as ,,;, is set to
reasonably small values.

Any singularities in the soft and collinear region, not covered by the renormaliza-
tion of the quark mass, factorize into a universal factor that is multiplied with the LO
diagrams:

N, M?
ozs8—7Tqu_>q(z) In (—) (2.45)

Here, M 1is the upper limit of the heavy quark (pair) invariant mass defining the collinear
region, m is the heavy quark mass, IV, is the number of colour states and P,,_,,(2) is
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Figure 2.14: Feynman diagrams of real (left) and virtual (right) loop corrections to the
g + s — W + c production process at next-to-leading order in pQCD.

Figure 2.15: Feynman diagrams of W + ¢ production at the LHC, not involving
g + s — W 4 c at next-to-leading order in pQCD. All diagrams made by MAD-
GRAPH5_aMC@NLO [_80].

the splitting function:

Pigsg(2) = lim2 (1 _ %) ((11+_f) (1 — 2 —8) + (g + 2ln(5)> 5(1 — z))
(2.46)

Examples for real and virtual one-loop contributions to the LO process of s + g —
W + c are presented in Figure Additional NLO tree diagrams for 2 — 3 processes
involving g + g —+ s+ W +cand ¢ + s — ¢ + W + c are shown in figure 2.1
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2.3.2 Parton Shower Description

As higher orders, matrix element calculations become more and more difficult and com-
putationally intensive, radiative corrections to LO or NLO calculations are often ap-
proximated using a parton shower algorithm. There, additional radiations of the types
q— 9, q — 97, g — gg, g — qqand [ — ~, v — [l are simulated by evaluating
the probability of an emission occurring between two evolution scales j; and jio, with
1 > po. The evolution of a parton shower is considered universal, and is therefore
independent from the production process of the showered partons (e*e~, e*p, etc.).

To avoid both, soft and collinear divergences when using a parton shower, only
resolvable emissions above a cutoff scale p are permitted, thereby ensuring a finite
emission probability. This scale is often chosen as jip = 1 GeV in order to remain in the
region of phase space where pQCD is applicable. The inverse, meaning the probability
of no resolvable emission occurring between two scales is given by the Sudakov form
factor [92]:

B Ak? e [LHE/E
A2, 1i2) = eap ( / s d2Py(2) | . (2.47)
o

— o0
% k’ 2 H%/kZ

with P,;(z) representing splitting functions.

Two commonly used parton showers are implemented in PYTHIA [90] and HER-
WIG++ [110] and can be interfaced with other generators such as MADGRAPH or
POWHEG for the initial calculations of the matrix elements. PYTHIA uses a so called
transverse-momentum-ordered parton shower with the evolution scale corresponding
to the transverse momentum of the radiated parton ;1 = p;, whereas HERWIG uses a
angular-ordered scheme with ;i ~ E*6?. In the latter case, E corresponds to the energy
of the radiated parton and 6 representing the angle between the participating partons.

The evolution of a parton shower starts at a starting scale fi,,q., typically chosen as
the scale of the hard scattering process. New emissions are generated according to the
solution of A;(u?, u3) = p, where p is a randomly chosen number between 0 and 1. If
the resulting new scale 5 is above 19, a new parton at the scale of u5 is generated and
z 1s chosen according to ;. This procedure is iterated for all partons in an event, until
the cutoff scale 1 is reached and the algorithm is terminated.

Matching and Merging in MC

The combination of ME calculations with a parton shower cannot be accomplished by
independently applying a PS algorithm to the final state partons of ME calculations. Do-
ing so introduces double counting of contributions that involve additional emissions to
the hard scattering. These can be generated by a ME calculation involving n + 1 partons
in the final state, as well as a calculation with n final state partons, where the hard radi-
ation originates from the parton shower. Figure [2.16]illustrates possible scenarios that
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Figure 2.16: Illustration of double counting in the combined use of matrix element
(ME) calculations and parton shower (PS) algorithms. Real emissions originating from
ME calculations are marked in red, whereas contributions from the PS are shown in
blue [111].

lead to double counting when ME calculations and PS are used independently. These
issues are resolved by applying matching or merging procedures, though the methods re-
quire different approaches for LO and NLO calculations due to the radiative corrections
already included in NLO calculations.

Generally, parton showers are well suited to describe the soft and collinear region,
but fail to give an accurate description of hard radiation, whereas LO ME calculations
provide a good description of hard, well separated partons in the final state but do not
work well in the soft an collinear limit. For LO matrix elements, this is resolved by
introducing a cutoff scale (.. The approach avoids double counting by only allowing
ME contributions if they are above (). and PS contributions if they are below ()., thereby
merging the ME and PS distributions. The choice of (). is arbitrary and introduces bias
if chosen too high or too low. It is therefore important to assure that the ME and PS
distributions have a similar shape close to ()...

When dealing with NLO matrix elements, another source of double counting is in-
troduced, as the virtual corrections from the NLO calculations produce the same fi-
nal states as the non-emission probability of the Sudakov suppression in the PS. The
MC@NLO [112] method removes the double counting with the parton shower by sub-
tracting the contributions from the parton shower in the NLO calculations. However,
this method can result in negative event weights and therefore a larger sample is needed
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to reach the same statistical accuracy as other generators that only have positive weights.
An alternative approach, implemented in POWHEG (v2.0) [113]], requires that the first
emission must be the hardest in scale, whereas all subsequent emissions must be below
the initial scale of the radiated parton. Therefore, the parton shower can only generate
softer emissions, as any that are above the initial scale are vetoed. The hardness of the
first emission depends on a dampening parameter 2gamp.

The FXFX [114] technique, used in MADGRAPHS_aMC@NLO [80], is combining
several NLO calculations for X + 0,1, ..., n-jets. The resulting matrix elements are
multiplied with the appropriate Sudakov factors, and a merging scale (). is defined for
the contributions from the ME and the PS.

2.3.3 Fragmentation and Hadronization

The transition from a partonic final state to a hadronic final state cannot be calculated
in pQCD and therefore relies on phenomenological models that are tuned to match the
observations in fixed target and collider experiments. The fragmentation probability of
a quark with flavour f hadronizing into a specific particle (e.g. ¢ — D*(2010)* =
2429 £ 0.0049 [[115]) is considered a universal property and therefore independent of
the production mechanism of the quark. This property has been tested by comparing
the light quark production in e*e™, pp, vp and 7 collisions and so far no significant
deviation from the presumed hadron production universality has been observed [116].

In hadronization models, the fraction of the quark’s longitudinal momentum trans-
ferred to the emerging hadron (2) is described by the so called fragmentation function.
The Lund [117] parametrization, used in the Lund String-Model [117, 118], which is
implemented in PYTHIA takes on the following form:

1 —bm?
f(z)==(1—2)"exp ( mt) , (2.48)
z z
It is multiplied with the Bowler modification 1/2" bmg 119 for the treatment of heavy

quarks. Here, a and b are free parameters m; = /m2 + py corresponds to the trans-
verse mass of the quark and r, depends on the quark flavour and used generator. The
string model assumes a strong field between two quarks that are drifting apart. The
energy density of the string connecting both particles is of the order of 1 GeV/fm and
will be picked up by short range qq fluctuations of the vacuum. The colour charges of
the new quarks is causing the string to break and form new hadrons, which are in turn
drifting apart, thereby forming a new string. This process continues until the invariant
mass of the hadrons is too small to further decay.

The Cluster Hadronization [92, [120] model, implemented in HERWIG++ [110],
starts by splitting all gluons split into qq pairs, leaving only coloured final states. The
history of these coloured objects is then traced back through the parton shower and
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colour connected quarks are paired up to form a colourless cluster. In the next step, the
few heavy clusters are split up into lighter clusters by creating more qq pairs, thereby
forming hadrons.

2.3.4 Underlying Event

Additional interactions, not associated with the hard scattering process of interest are
summarized under the term underlying event (UE) [92, [121]. The UE includes par-
ticles originating from the hadronization of beam-beam remnants (BBR) or multiple
parton interactions (MPI), as well as their initial state and final state radiation. In BBR
spectator quarks which did not exchange any significant momentum in the collision,
are fragmenting and produce hadrons, whereas MPI are additional parton-parton scat-
terings occurring along with the hard scattering in the same hadron-hadron collision,
though with reduced momentum (p = 3 GeV).

The UE models implemented in MC generators require tuning to experimental data,
as these effects dominantly produce particles in the low p, spectrum and therefore can-
not be described by pQCD. A set of parameters determined from measurements sensi-
tive to different aspects of the UE is generally referred to as a fune.

2.3.5 Detector Simulation

In order to calculate a cross section from the detector level measurement it is necessary
to have an estimation of the reconstruction efficiencies and the misidentification rates
of particles. Therefore, full events are generated, using the techniques described above
and the response of the detector to the traversing particles is simulated using tools like
GEANT4 [[122].

In the case of CMS (see section [3.2), a detector simulation based on GEANT4 is
implemented in the general CMS software framework, including the full detector ge-
ometry, magnetic field information and readout performance [123]. An emulation of
the CMS trigger system is also included.

To ensure good agreement between the observed spectra in data and simulation, the
simulated electronic and hadronic interactions between the particles and the detector
material has been validated extensively, using test beam data.
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2.4 QCD Analysis Tool: xFitter

XFITTER [124}125]], is a unique open-source QCD fit framework to determine PDFs or
fundamental QCD parameters, such as the strong coupling constant ag or quark masses
(me, myp). A schematic overview over the functionalities and the work flow of a QCD
fit with XFITTER is presented in figure The framework is capable of handling data
from both fixed target and collider experiments. This includes measurements from ep,
pp and pp collisions, probing a wide range of Bjorken-z, as is shown in figure 2.18§]

| Initialisation |
Data Theory
— Collider, Fixed Target: 4# — PDF Parametrisation
ep, Up — QCD Evolution:
— Collider: pp,pp DGLAP (QCDNUM),
non-DGLAP (CCFM, dipole)
— Cross Section Calculation

/

QCD Analysis

— Treatment of the Uncertainties
— Fast x? Computation
— Minimisation (MINUIT)

{

Results

PDFs, LHAPDF, TMD1ib Grids

O, Mc, ...
Data vs. Predictions
%%, Pulls, Shifts

Figure 2.17: Schematic overview over the xFitter functionalities and work flow [124]]

PDFs of the valence quarks (zu,(z), zd,(z)), sea-quarks (zt(x), zd(z), 25(z)) and
gluon zg(x) are parametrized at the starting scale ;2 using a flexible form like the one
presented in Eq. [2.49] with different functions used for P;(x).

v f(r) =A;2% (1 — 2)% P;(z) (2.49)
with: Pj(z) =1+ ¢;v/x + Djx + E;a° (2.50)
or: Pj(x) =e™*(1 + ez + e®z?) (2.51)

The QCD number and momentum sum rules are employed to determine the normaliza-
tion parameters A, , Aq, and A,. In many analyses, an additional constraint is applied
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Figure 2.18: Schematic representation of different regions of phase space in the (z, Q?)
kinematic plane. The capabilities of different colliders and fixed-target experiments to
cover these regions are marked with different colours [126]].

on the strange quark distribution, as they only occur as sea quarks in the proton and
many measurements lack the precision to resolve a possible asymmetry:

/0 dz [s(z, p*) — 5(z, )] =0 (2.52)

The B parameters regulate the behaviour towards small values of =, whereas the C pa-
rameter is responsible for the shape of the PDF in the region x — 1. Due to kinematic
limitations of datasets used in a QCD analysis, it may be required to restrict the be-
haviour of parameters, such as By = Bs or fixing them at particular values, to ensure a
convergence of the fit or evaluate parametrization uncertainties.

Among the groups providing global PDFs, HERAPDF [8], MMHT or NNPDF are
using polynomials P;(z) in the style of whereas other groups like the CTEQ col-
laboration prefer polynomials in the form of [2.51]in their parametrizations. The latter
cannot assume negative values, by construction. The use of other parametrizations, like
the Big-Log Normal Distributions or the Chebyshev-polynomials are also supported by
XFITTER. Any chosen parametrization requires enough free parameters to assure the
fit’s flexibility by responding to the used measurements. However, too many free pa-
rameters can lead to bias in the sense that the fit can have several local minima or does
not converge within a reasonable number of iterations.
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The choice of the starting scale is arbitrary, though it is often chosen as u2 = m?2,

or slightly below. Once the PDFs have been determined they can be evolved to higher
scales > > 2 by different evolution schemes. The default setting of XFITTER is to
use the DGLAP equations [42-47], implemented in QCDNUM [[127], but the CCFM
evolution scheme [52H535]], as implemented in uPDFevolve [128] is available, as well.

2.4.1 Heavy Quark Treatment

Different schemes for the treatment of heavy quark masses (m;, = m., m;) are im-
plemented in XFITTER. In the Zero Mass Variable Flavour Number (ZM-VEN)
scheme [[129]], heavy quarks become available as partons inside the proton when p?
reaches the production threshold of ~mj. Both light and heavy quarks are treated as
massless in both the initial and the final state. This approach is valid in the region of
u? > my, and becomes inaccurate for the low-1? regions, due to missing corrections of
the order m? /%

The Fixed Flavour Number (FFN) scheme [130H132]] uses a fixed number of active
flavours in the proton. These can be ny = 3, ny = 4 or ny = 5 depending on the
considered heavy quarks, which are treated as an active flavour at a scale far beyond
their own production thresholds. The number of flavours is normally set to ny = 3,
but it is also possible to set ns to 4 or even 5, where only the bottom or top quark is
treated as heavy. All heavy quarks are produced perturbatively in the final state. This
scheme works best in the region of ;2 close to my, as it does not resum terms of the
form In(p?/m?), leading to increasing uncertainties in the fixed order expansion of as.

The general mass variable flavour number (GM-VFN) aims to combine both schemes
by treating the heavy quarks in the FFN scheme at y?> ~ m;, and transitioning to the
massless scheme for large scales py? > mj,. Different approaches exist to handle the
interpolation between the two schemes.

The scheme used in this thesis, the so called Thorne—Roberts [133| [134] GM-VFN
requires the descriptions of ny = n for the FFNS and ny = n + 1 flavour for the
GM-VENS scheme to be equivalent above the transition point between the different
schemes. Also, the descriptions must be identical for the transition from n; = 1 to a
higher number of available quark flavours ny = n + 1. These conditions are imposed
trough the use of coefficient functions C*'V /CVI"+1 which differ for particular orders
of pQCD.

2.4.2 Methods of Error Estimation in xFitter

The PDFs are fitted by comparing measured cross sections from different processes with
theoretical calculations determined at a particular order of pQCD, using MINUIT [135]].
The quality of the fit is evaluated by a ? function, taking into account the experimental
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uncertainties of the measured cross sections. For each iteration, the model parameters
are adjusted until a minimum of the y? distribution is reached.

XFITTER offers two options for the treatment of correlated and uncorrelated mea-
surement uncertainties. One is the covariance matrix representation, where the x? func-
tion can be calculated as follows:

x*(m) = Z(mi — 1) C™ Lig (ma, — ) (2.53)
ik

with: Gy, = C52 + O + C3F°

Here, 1; is the measurement, m; the theoretical prediction, and C the covariance ma-

trix for measurements in the bins 7 and k. The latter is a combination of the statistical,

uncorrelated and correlated systematic uncertainties of the experimental data. How-

ever, it is not possible to separate the effects of each individual source of uncertainty
contributing to Cj,.

The second option is to use the nuisance parameter representation:

2

{Mz’ —m; <1 -2 ijj) ]

X(m,b) =Y —+ > b, (2.54)
( 51'2,uncm? + 6i2,stat:uimi <1 - Zj ’yjlb]> J

where 5istat and 07 . are the relative statistical and uncorrelated systematic uncertain-
ties of the experimental data. ’y;- b; represents the sensitivity of the measurement to the
correlated systematic source j and b; denotes the nuisance parameters. In this definition
of \2, it is assumed that the systematic uncertainties of the prediction are proportional
to the central values, whereas the statistical uncertainties factor in with the square root
of the expected number of events. The nuisance parameters are determined during the
QCD fit, enabling an evaluation of the contributions from different sources of uncertain-
ties to the result.

Two different methods, the Hessian method and the MC replicas method are imple-
mented in XFITTER to propagate the correlated and uncorrelated errors to the uncer-
tainties of the PDFs. Both methods show good agreement between each other if the
statistical and systematic uncertainties follow a Gaussian distribution [[136]. For parton
distributions that are not strongly constrained due to a small number of sensitive mea-
surements or large uncertainties in the fitted datasets, the MC replica method is expected
to give a more realistic picture of the resulting PDF uncertainties.

Hessian Uncertainties

The Hessian (Eigenvector) [137] method examines the x? function in the region around
the fits minimum x32. The parameter variations and the resulting PDF uncertainties are
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evaluated using the Hessian formalism, shown in Eq. There, H;; is the Hessian
matrix which is the matrix of second derivatives of x* at the minimum, with a;
representing the PDF parameters.

AX2 :X2 - Xg = Z Z Hi;(a; — a?)(&j — a?) (2.55)
i=1 j=1
1 82X§;10ba1
i =5 A A 2.56
J 2 8aiaaj 0 ( )

The parameters determined at y3 are varied, taking into account a tolerance criterion
T of Ax? < 1, corresponding to 68% confidence level. In global PDF fits, using a
tolerance criterion this small is normally not possible due to incompatibilities between
several datasets used in the fit. This is caused by unknown correlations between the
systematic uncertainties of the datasets and the actual measurements not having an ideal
statistical behaviour.

The matrix possesses a complete set of orthonormal eigenvectors v;;, which can be
computed. The obtained eigenvectors correspond to the different, independent sources
of uncertainty factoring into the PDFs. These are used to express the displacements
around the minimum, as shown in

d
a; — a? = Z Vik Sk 2k (2.57)
k=1

There, s;, are normalization scale factors and z;, are the coordinates in the orthonormal
eigenvector basis. After the transformation, parameter variations fulfilling the tolerance
criterion are enveloped by a hypersphere with radius T

MC Replica Method for Uncertainty Estimation

An alternative approach for the treatment of experimental uncertainties in PDF fits is
the use of MC-replicas [138] [139]]. A sufficient amount of pseudo data is generated
(IViep > 100), taking into account the statistical and systematic uncertainties, as well
as the correlations for every data point. Each replica is fit individually and the central
value of the PDFs is determined as the mean value of all replicas, as shown in Eq. [2.58]
The uncertainty is calculated analogue as the Root-Mean-Square(RMS) of the replicas

(Eq.2.59).

Nrep
1
(F) = 5—> " (2.58)
TP g1
1 Nrep
o) = ——7 D (FW —(F)) (2.59)
rep k=1
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2.4.3 Fast Grid Techniques

The determination of higher order pQCD predictions can be very time consuming, mak-
ing real-time calculations of the necessary theoretical predictions inefficient if they need
to be recalculated for each iteration of the fit. To circumvent this issue, different fast
grid techniques are available that are approximating the cross section predictions for
each point by calculating a sufficient number of grid points and using interpolation
functions to connect them. This technique has the advantage that the necessary cross
section predictions need to be fully calculated only once and any changes in the PDFs
or scales (u,, jtif) can be done a posteriori via interpolation.

XFITTER can be interfaced to two fast grid packages, FastNLO [140] and AP-
PLGRID [141]. In the QCD analysis of this thesis, the APPLGRID package is used.
Interfacing with programs that provide fixed order calculations for different precesses in
pp or p p collisions is possible. The grids are constructed for each bin of the measured
distributions, using a two step process. In the first step a scan of the available phase
space is done and an optimized number of points in the table is calculated. To provide
evenly spaced grid points over the full 2 — ;.2 range, APPLGRID does not use the direct
values for the calculations but a transformation:

y(z) =lIn (i) +a(l—2) 7(?) =In (ln (AZD)) (2.60)

With this it is possible to substitute the two PDF terms in the convolution with a suit-
able approximation, using interpolation functions. The dependence on the scale can be
approximated in a similar way, resulting in a three dimensional weight grid. Therefore,
any physical observable can be calculated as follows:

o S(Qz(if)) ! ! (ty1)  (iy2) 207
o = Z Z Z Z thlyz,lq— T F() ( Y y ;Q > (261)

=0 iy1,iy2 ir

D)

1,8y2,0r

Here, N, is the number of subprocesses contributing to the cross section, W(p
are the grid weights and F' are the initial state parton combinations.
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Chapter 3

The LHC and the CMS Experiment

High-energy particle accelerators are the most precise microscopes in the world, pro-
viding a unique opportunity to study the fundamental building blocks of matter. In
an accelerator experiment, particles are accelerated and brought to collision, with their
products being recorded in complex detector systems. The energy of the collisions
determines the maximum resolution of an accelerator, while the luminosity defines the
observation rates of the processes of interest. Such experiments are large scale facilities,
which can only be operated by big international collaborations.

The Large Hadron Collider (LHC) at CERN is the machine at the very frontier of
energies to date and allows for the most detailed picture of the fundamental structure of
visible matter. At the LHC, the collisions of protons or heavy ion are recorded and
analyzed by 4 complex multi-purpose experiments: ATLAS [142]], CMS [143], AL-
ICE [144] and LHCD [[145]. ATLAS and CMS are designed to cover a broad spectrum
of physics topics, whereas LHCD is specialized in the measurement of CP violation and
rare decays of B hadrons. The focus of ALICE is the study of Quark Gluon Plasma
(QGP) properties via heavy ion collisions. The work in this thesis considers measure-
ments obtained with the CMS experiment. In this chapter, the LHC and the CMS detec-
tor are described.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [[146] is a circular collider operating at highest center-
of-mass energies, to date. At a circumference of 26.7 km, it is installed at CERN near
Geneva in an underground tunnel, originally built for the LEP [[147] e™ e~ -collider. The
LHC machine is designed to accelerate and collide pp, pPb and PbPb beams up to a
center-of-mass energy of up to /s = 14 TeV. Starting from a linear accelerator (LINAC-
2 for protons, LINAC-3 for heavy ions), the particles pass through different stages of

'In this thesis, only proton collisions are investigated.
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Figure 3.1: Illustration of the CERN accelerator complex showing the acceleration steps
and location of different experiments [148].

acceleration before they are transferred to the LHC at a beam energy of 450 GeV. An il-
lustration of the CERN accelerator complex and the positions of the detectors belonging
to the different experiments hosted at the LHC is presented in Figure[3.1]

After injection into the LHC, the particles are further accelerated using supercon-
ducting radio frequency (RF) cavity systems, which oscillate at a frequency of 400 MHz.
The cavities consist of niobium sputtered on copper and a single one can reach a max-
imum accelerating voltage of 2 MV, corresponding to a total of 16 MV for a full beam.
Accelerating particles through oscillating fields causes the protons or heavy ions to form
discrete packets, so called bunches. At peak performance, a total of 2808 bunches, each
carrying 1.15 - 10 protons, circulate inside the LHC.

The bunches are kept on a circular trajectory by 1232 superconducting dipole mag-
nets, consisting of NbTi. These are operated at temperatures below 2 K, using superfluid
helium as a cooling liquid, and generate fields above 8 T for beam energies of 7 TeV.
The beam dispersion caused by the protons Coulomb repulsion is countered by using
quadrupole and other higher order magnet systems to focus the beam. For this purpose,
392 superconducting NbTi quadrupoles are installed at the LHC to squeeze the beam
either in the vertical or horizontal direction.
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3.1.1 LHC Luminosity

The beams of the LHC are intersecting at four interaction points, with bunch crossings
occurring every 25ns in the standard Run-II setup. The average number of particle colli-
sions per bunch crossing, and therefore the instantaneous luminosity delivered, depends
on several machine parameters and can be written as follows:

7Nb2nbf'7F

Linst = e (3.1)

Here, N, corresponds to the number of particles per bunch, n; to the number of bunches,
f is the rotation frequency, 7 the relativistic gamma-factor, 5* the beta-function at the
collision point and €, is the transverse beam emittance. F' is the so called geometric
luminosity reduction factor, which is correlated with the crossing angle of the beams at
the interaction point.

The CMS and ATLAS experiments work with a high number of collisions per bunch
crossing corresponding to an instantaneous luminosity of L = 1034em =257 at their in-
teraction points, to increase the number of recorded processes with low cross sections.
Linst 1s determined by measuring observables that increase proportional to the number
of pp collisions per bunch-crossing, such as the number of clusters in the tracking de-
tector of an experiment. Calibrations for the different rates of observables used for the
luminosity calculation are obtained via a Van-der-Meer scan [149]]. In these scans, the
crossing angle and overlap of the beams are shifted in many small steps and the resulting
change in the average number of pp collisions is reflected in the rates of the observables.
From the calibration data obtained in the Van-der-Meer scan, it is possible to determine
the instantaneous luminosity for the regular running conditions and calculate the inte-
grated luminosity. In 2016, the LHC delivered a total of 40 fb~! during proton-proton
operation [[150].

3.2 The Compact Muon Solenoid Experiment

The detector of the Compact Muon Solenoid (CMS) experiment is located in an un-
derground cavern at the LHC Point5 close to Cessy, France. With its proportions of
21.6m in length, a diameter of 14.6 m and a total weight of 12500t, it is relatively
compact when compared to the detector of the ATLAS experiment. It is designed as
a multi-purpose detector, capable of performing ultimate precision tests of Standard
Model parameters and searches for physics beyond the Standard Model [151].

The CMS detector is built in a cylindrical shape around the LHC beam pipe, with the
different detectors arranged in cylindrical layers in the central region and two endcaps
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Figure 3.2: Illustration of the CMS detector with all of the different components .

in the forward and backward region. One of the key elements of the experiment is the
superconducting solenoid magnet, providing a homogeneous field of 3.8 T. Outside of
the solenoid, the magnetic field is returned through an iron yoke, consisting of 5 rings
with a width of 2.536 m and a thickness of 19.5 cm, and 2 endcaps, comprised of three
disks each. Several components of the muon system are embedded in the yoke and
it is used as an additional hadron absorber. The different components of the detector
are presented in figure [3.2] The ones that are most relevant for the physics analysis
addressed in this thesis are described in the next sections.

3.2.1 The CMS Coordinate System

The centre of the CMS coordinate system is located at the nominal collision point inside
of the detector. Its zy-plane is oriented perpendicular to the beam, with the = axis
pointing towards the centre of the LHC and the y-axis pointing upward. When using
a cylindrical representation of the coordinates, the azimuthal angle ¢ and the radial
coordinate are defined in the xy-plane, with ¢ measured in reference to the z-axis. The
z-axis is oriented in the direction of the beam and the polar angle # is measured in
reference to this axis.

The transverse momentum of a particle is calculated from the x and y components of
the recorded data and is defined as p = /p? + pf/. Another commonly used observable
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Figure 3.3: Schematic cross section of the CMS tracker. The lines represent the detector
modules. Double lines indicate back-to-back modules delivering stereo hits [[143]].

is pseudorapidity, which is invariant under Lorentz transformation for particles with
large momenta (|p| > m) and is defined as n = —In[tan(6/2)]. With this, the four-
vector of a particle can be expressed through a combination of (E, py, 7, ¢), as well as

(E, px, Py, D)

3.2.2 The Tracker

The tracking system is designed to measure the trajectories of charged particles, pro-
duced in hadron collisions, and to reconstruct primary vertices. Secondary vertices
from the decays of long lived heavy particles can be reconstructed as well. The tracker
is the main component of the CMS detector, used in the reconstruction and identifica-
tion of electrons and muons, as well as several decay topologies of tau leptons involving
charged hadrons. The Tracker has a barrel region and two endcaps, each consisting of
several layers of silicon pixel and silicon strip detectors, covering part of the region of
In| < 2.5. Due to the high particle flux in the area closest to the beam, it is the detector
most affected by radiation damage. Operating under the LHC conditions, producing on
average 1000 particles per bunch-crossing, requires a fine granularity and fast response
time to ensure a good separation of the tracks.

An illustration of the cross section of the tracking detector is presented in Figure
The pixel detector contains 1440 modules, arranged in 3 layers around the beam pipe,
as well as 2 layers of modules in both endcap disks. A total of 66 million pixels
are installed within the modules, each 100 x 150 um in size and with a thickness of
285 um. This setup reaches a spatial resolution of 10 um in the transversal coordinate
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and 20—40 pm in the longitudinal coordinate [152].

The strip detector surrounds the pixel detector and consists of 15148 modules with
a total of 9.3 million strips. The modules are arranged in 10 barrel-like layers and 12
disk-like layers in the endcaps, separating the tracker into an inner and an outer region.
The strip thickness is 320 pm for all layers in the inner region and several of the endcap
layers in the outer regions. The remaining layers use strips with a thickness of 500 pm.
The spatial resolution for the inner layers is approximately 13—-38 ;sm, whereas it reaches
approximately 18—47 ym in the outer region.

3.2.3 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [[153]] measures the energy of electrons and
photons. In combination with the information provided by the tracker, it plays an im-
portant role in particle identification.

The detector is positioned inside the solenoid and surrounds the tracker. It consists
of 76000 lead tungstate (PbWOy,) crystals, arranged in a barrel-like geometry with a
pseudorapidity coverage of |n| < 1.5. The two endcap calorimeters on each side, pro-
vide a total coverage of up to |n| = 3. The ECAL belongs to the class of homogeneous
calorimeters, meaning that the crystals function as both absorber and scintillator at the
same time. The face cross section of each crystal is 22x22 mm? in the barrel region
and 28.6x28.6 mm? in the endcap disks. Their length is 230 mm, corresponding to 25.8
radiation lengths and the Moliere radius of the material is 2.2 cm. In the barrel region
avalanche photo-diodes are glued to the back of each crystal to collect the scintillation
light produced by traversing particles, whereas vacuum photo triodes are used in the
endcaps.

A preshower detector is installed in front of each of the ECAL endcaps in the region
of 1.65 < |n| < 2.61 . It belongs to the class of sampling calorimeters and consists
of alternating layers of lead radiators and silicon strip sensors. Its main purpose is the
identification of photons coming from 7 — ~~ decays against prompt photons. An
improvement in the position determination of electrons and photons is achieved as well.

3.2.4 The Hadronic Calorimeter

The hadronic calorimeter (HCAL) [154] is essential for the measurement of hadronic
jets and the calculation of missing transverse momentum, which indicates the presence
of neutrinos. It is designed as a sampling calorimeter and consists of four subdetec-
tors, the barrel (HB), the outer barrel (HO), the endcap disks (HE), and the forward
calorimeters (HF).

The barrel covers the region of |n| < 1.4 and is located inside the solenoid together
with the two endcaps, which cover the region of 1.3 < |n| < 3.0. The HB consists of
36 wedges with alternating layers of brass absorber plates (56.5 mm thick) and plastic

46



scintillator plates (3.7 mm thick). In the most central region, the absorber thickness of
the material corresponds to 5.82 interaction lengths (\;) and increases with the polar
angle 6, reaching 10.6 \; at |n| = 1.3. The absorber plates of the endcaps are larger
(97 mm thickness), with 9 mm gaps for the scintillator plates. This results in an absorber
thickness of approximately 10 A; throughout the HE. A total of 70000 scintillator tiles
are integrated in the HCAL and connected to multi-channel hybrid photo diodes through
wavelength-shifting fibres for readout.

The outer HO is used to identify late starting showers and provides an improved
energy resolution for high p jets in the central region. Due to spatial limitations it is
placed outside the magnet, covering the region |n| < 1.26. It uses the solenoid itself as
absorber and 10 mm thick scintillator plates are placed before the muon system. Due
to the low absorber depth in the very central region, two layers of HO scintillator are
placed on either side of a 19.5 cm thick piece of iron.

Additional forward calorimeters are located at 3.0 < |n| < 5.0 to ensure the her-
meticity of the energy measurement. They consist of 5 mm thick steel plates with em-
bedded quarz-fibres. This design was chosen due to the requirements on radiation hard-
ness for the active medium in this region. The average energy deposit in this com-
ponent is 760 GeV in comparison to the 100 GeV which are expected for rest of the
detector. The HF is most sensitive to the electromagnetic component of hadronic show-
ers, as it detects Cherenkov radiation emitted by traversing charged particles above the
Cherenkov threshold (E > 190 keV for electrons).

3.2.5 The Muon System

The muon system [[155]] is the main component of the CMS detector and has been de-
signed for the identification, momentum measurement, and triggering of muons. As
muons are less affected than electrons by radiative losses in the tracker material, using
these particles in event reconstruction provides a better mass resolution. To account
for the shape of the solenoid magnet and different background conditions, three types
of gaseous particle detectors are installed in the CMS muon system, as illustrated in
figure[3.4]

The CMS barrel muon detector covers the region of |n| < 1.2 where the muon flux
is low and the magnetic field is relatively uniform. There, drift tubes (DT) are installed
in 4 concentric cylinders around the beam pipe, with two embedded in the iron yoke,
one placed before it, and one on the outside. The three inner cylinders contain 60 drift
chambers and each chamber consists of 3 super layers (SL). In the first two layers the
drift wires are aligned parallel to the beam line to measure the r-¢ coordinate, whereas
the wires in the third layer are aligned orthogonal to the beam line for the measurement
of the z-coordinate. The fourth cylinder contains 70 drift chambers with only two super
layers, providing 7-¢ information only. Each super layer in turn consists of four layers of
rectangular drift cells. The drift cells are filled with a gas mixture consisting of 85% Ar
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Figure 3.4: Illustration of one quarter of the CMS muon system. Drift tubes (DT) are
utilized in the central barrel region and cathode strip chambers (CSC) are used in the
endcap regions. Resistive Plate Chambers are placed in between for improved momen-
tum resolution and trigger capabilities [[153].

and 15% CO, and have a tube cross section of 13 x 42 mm?. A traversing muon ionizes
the gas in the cell and the freed electrons drift to the cells anode wires where they are
registered as a signal. About 172,000 sensitive wires are integrated in the drift cells,
each consisting of gold plated stainless steel with a diameter of 50 um, and are operated
at 43600 V. The electric field inside the DTs is relatively uniform, thereby ensuring an
approximately constant drift velocity of the electrons so the hit position of the muon can
be determined by a time of flight measurement. This configuration provides a spatial
resolution between 250-300 um for layers measuring the ¢-coordinate and 600 pm for
layers measuring the f-coordinate.

The two endcaps of the muon detector cover the region of 0.9 < || < 2.4, where
high muon rates and a non-uniform magnetic field have to be taken into account. For
these reasons, cathode strip chambers (CSC) were chosen for the design. CSCs are
multiwire proportional chambers consisting of alternating layers of anode wire arrays
and cathode panels inside a gas volume. The gas mixture chosen for the CMS detector
consists of 50% COs, 40 Ar, and 10% CF,. The wires are aligned azimuthally, defin-
ing a track’s radial coordinate. Strips are milled on the cathode panels, approximately
perpendicular to the wires. The muon coordinate along the wires is measured by inter-
polating charges induced on strips. Four CSC stations are installed in each endcap, with
the chambers positioned perpendicular to the beam line, embedded in between the flux
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return plates. The spatial resolution of the CSCs is 75 pm for the station closest to the
interaction point and increases to 150 pm for the one furthest away.

Both, the DT and the CSC are capable of triggering on the muon p, with good ef-
ficiency. Due to the high background rates and an inefficiency in measuring the correct
beam-crossing time when the LHC reaches full luminosity, a complementary, dedicated
trigger system is installed in the detector. Resistive plate chambers (RPC) are embedded
in the barrel iron yoke as well as the endcaps, as is shown in figure [3.4] The chambers
are filled with a gas mixture consisting of 95.2% C,HsyF,, 4.5% i-C4H,o, 0.3% SF§.
Water vapour is added to the mixture until it reaches a relative humidity of 40-50%.
The RPCs are double-gap chambers, operated in avalanche mode to ensure good opera-
tion at high rates. These consist of high resistance plates, separated by a 2 mm gas-filled
volume with pick-up readout strips in between. RPCs provide spatial resolution, a tim-
ing resolution much faster than the 25ns in between two bunch crossings, and a good
estimation of the transverse momentum of the traversing particle.

3.2.6 The Trigger System

At full capacity the bunch crossing rate of the LHC reaches 40 MHz [[123][156]], resulting
in about 10° pp collisions per second at the CMS interaction point. Since it is impossible
to read out and store all of the collision data, triggers are employed to reduce the rate to
a manageable level. These also act as filters for interesting event signatures to be used
in later physics analyses. The decision to read out the full event data is reached via a
two level system, with the first level (L1) consisting of custom hardware triggers and
the higher level (HLT) is a processor farm.

For the L1, information from the ECAL, HCAL and the muon system are processed
and factor into the decision of the global trigger to accept or reject an event. Events are
selected via candidate objects above pre-set thresholds, so called "trigger primitives"
that are working with reduced granularity and resolution. These can be large energy
deposits in the calorimeters, indicating the presence of an electron or a photon, or ion-
ization deposits in the muon system, indicating the presence of a muon. The L1 decision
is reached within 4 ns of a bunch crossing, where under 1 ns is required for the trigger
calculations and the remainder is needed for the data transit. During the transfer, the
high-resolution data from the detector is kept in buffers to have as little dead time as
possible during operation.

The HLT hardware is a processor farm with ~13000 CPUs performing event selec-
tion, based on offline-quality reconstruction algorithms. Several processing steps are run
on the data in a predefined order, a so called HLT-path, reconstructing physics objects
and making selections based on these objects. The complexity of the algorithms and
reconstruction refinement increase with each step, making it sensible to first handle the
data from the calorimeters and muon system before performing the more sophisticated
track reconstruction.
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Events that have been accepted by the HLT are archived by a software process called
storage manager. The recorded data is stored on disk and transferred to the CMS Tier-0
computing centre for further processing and permanent storage.
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Chapter 4

Event Reconstruction

All physics objects, including tracks, jets or muons that are to be used in physics anal-
yses are reconstructed from the signals recorded in the different components of the
detector. An illustration of the signals recorded by the CMS detector, originating from
different particle types is presented in figure 4.1} In this chapter, the algorithms used
in the CMS experiment for the reconstruction of physics objects are discussed, with a
focus on the ones needed in the W + ¢ measurement.

4.1 Track Reconstruction

Tracks and vertices are reconstructed using the combinatorial Kalman fitter [[158-160],
as implemented in the software package CMS combinatorial track finder [161, [162].
Tracks and vertices are fitted from the reconstructed hits in the different layers of the
tracker to measure the trajectories, charge sign and momentum of charged particles.
Under the LHC running conditions, it is necessary to balance the need for a high track
reconstruction efficiency, a low fake-rate and the processing speed of the algorithms,
as it is included in HLT decisions. With the CMS tracking algorithms, it is possible to
reconstruct tracks going down to 0.1 GeV in p inside the full n-range of the tracker.

An important parameter used in the reconstruction of tracks is the so called beam
spot [163], which is a 3D profile of the CMS luminous region where the beams of the
LHC collide. Its parameters (position, width) are determined as the average over many
events and knowledge of its position provides crucial information for the event recon-
struction. Especially the beam spot position plays a significant role in the reconstruction
of tracks and the determination of their impact parameter, which is defined as the dis-
tance of closest approach (DCA) in the xy-plane between the track and its origin, in this
case the primary vertex.

The tracks of an event are reconstructed via an iterative fitting procedure, described
in the following. The first iteration, referred to as iteration 0 reconstructs prompt tracks
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Figure 4.1: Illustration of a transverse slice of the CMS detector. Interactions of differ-
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colours The muon and the charged pion have positive charges and the electron is nega-

tively charged [157]].

which originated close to the pp-collision with pak > (0.8 GeV and 3 pixel hits. At

the next iteration, iteration I, prompt tracks with only two pixel hits are reconstructed,
though the minimum p of the candidates remains unchanged. For Iteration 2, the
pp requirement is released and iterations 3-5 aim to find tracks originating outside the
beamspot.

Each iteration follows four steps. Step 1: The track seed is generated to have an
initial estimate of the trajectory and the associated uncertainties. It consists of 2-3 hits
in the tracker layers. In the first iteration, only seeds consisting of three hits in the Pixel
detector, consistent with a prompt track are considered, as they provide well measured
starting trajectories. In further iterations, seeds with only two pixel or strip hits are
considered, the pfrraCk thresholds of the track candidates are lowered, and the track origin
is allowed to be further away from the beam spot.

Step 2: the trajectories are extrapolated along the expected flight path, searching
for more hits that can be assigned to the track candidate. All potential hits close to the
expected trajectory are tested using a x? test, taking into account the uncertainties of the
current track candidate, as well as uncertainties of the tracker hit. The initial estimate
of the track parameters from the hits of the track seed is performed and refined for each
hit added to the track candidate.
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Step three: All hits associated with a track candidate are refitted in order to reduce
bias from the selection criteria of the previous steps. It provides a best-possible estimate
on all parameters of the trajectory and possible spurious hits from nearby tracks or
electronic noise are removed.

In the fourth step, the track candidates are assigned a quality label, based on the
number of different tracker layers contributing to the fit, its x?/Ngof value and compat-
ibility with originating from a primary vertex. Tracks assigned to the loose category
fulfill the minimum quality requirements of a track and can be used in analyses with a
focus on selection efficiency, where the fake rate is only a minor concern. Tracks as-
signed to the tight or high purity category have to fulfill increasingly stricter selection
criteria regarding the minimum number of layers with hits and the maximum number
of lost layers where no hit could be reconstructed, in order to reduce the fake rate. The
selection criteria of the quality labels differ for each iteration of the tracking algorithm
to account for the different seed conditions and track finding requirements, and are doc-
umented in detail in Ref. [162].

To improve the track reconstruction performance, the alignment [164] of all pixel
and strip modules of the tracker is determined with a precision of a few pm. Possible
deviations from the presumed module using the recorded cosmics data or dedicated runs
in which the magnetic field is off, making use of the particles straight trajectory. The
tracks are fitted, using two different, though complementary, approaches to determine
the alignment parameters. The first option is a simultaneous fit of all track and alignment
parameters, the so called Millpede Il approach [164,165], which is taking all parameter
correlations into account. The second option is the use of a local fit, the so called HipPy
approach [165], where the correlations are handled iteratively.

4.2 Primary Vertex Reconstruction

The reconstructed tracks are used to determine the location and associated uncertainties
of all pp-interactions in an event. The reconstructed vertex with the largest value of p%
for the complete physics-object is taken to be the primary pp interaction vertex and ad-
ditional pp-collisions from the same (in-time) or adjacent (out-of-time) bunch crossings
are generally referred to as pileup. The reconstruction of vertices is done in a three-step
process, consisting of tracks selection, track clustering and fitting of the vertex position.

A track needs to fulfill the following selection criteria to be considered originating
from a primary vertex. The track’s transverse impact parameter significance (d,,/od,,)
relative to the beamspot is required to be below 5. Additionally the track must pos-
sess a minimum number of pixel and strip hits associated with it (pixel hits > 2,
pixel hits + strip hits > 5) and the normalized x? of the track’s trajectory fit must be
below x?/Ngot < 20. No requirement on the minimum pia°* is imposed in the selec-

tion. Figure 4.2)is an illustration of tracks associated with a secondary vertex from the

53



B flight vector

B decay
vartex
|
Impact . ¥
parameter ™% | ) p) i
e B f
L ] f,-/"-’ .4‘
P S

decay length: |

Figure 4.2: Illustration of the impact parameter of a track produced in the decay of a
long lived particle [[166].

decay of a long lived B-meson originating from a primary vertex. The impact parameter
of the track is large and would therefore not be selected for the primary vertex fit.

The selected tracks are then clustered according to their z-coordinate and point of
closest approach to the centre of the beam spot, for which a deterministic annealing
(DA) [167] algorithm is used. Along with the assignment of tracks to a primary vertex,
the DA algorithm also determines the number vertices in an event. The algorithm must
separate vertices in close proximity, which is important in a high pileup environment,
but also consider the possibility that tracks originating at the same vertex are separated.

The candidate vertices are fitted using an adaptive vertex fitter [168] to determine
the best estimate on all of the vertex parameters. This includes the vertex position in
x,y and z, the covariance matrix and indicators for the success of the fit. It is based
on the Kalman fitter, but includes weights for each track, indicating the probability of
the track being compatible with the vertex position. The procedure is iterative, starting
from an initial vertex position and track weights, re-calculating both until convergence
is reached.

4.3 Particle Flow

The particle-flow algorithm [[157] aims to provide a global event description. This in-
cludes the identification of all particles produced in a collision and discriminates against
particles produced in pileup collisions. This is achieved by correlating the signals
recorded in all of the subdetectors of CMS via a link algorithm. The probability to
combine elements originating from a single particle depends on the granularity of the
detector and the pileup conditions of the run, whereas the probability to link all elements
of a given particle depends on the material encountered on the particles trajectory.
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Tracks are extrapolated from their last hits in the tracker to the first layers of the
calorimeters or the muon detector to identify electron, muon and charged hadron candi-
dates. A link is established if the extrapolated track position is within an area around the
shower maximum, taking into account the calorimeters cell size, possible gaps between
the cells and uncertainties in the determination of the shower maximum. In cases where
tracks can be combined with multiple clusters from a calorimeter or vice versa, the com-
bination with the smallest distance in the n¢-plane is chosen. Other combinations, such
as the link between ECAL and HCAL clusters for jets or the combination of two tracks
to form a secondary vertex are investigated as well.

4.3.1 Muon identification

The muon candidate objects are selected from the tracks which are reconstructed by
fitting either the hits in the tracker or those in the muon system. These are sorted into 3
categories.

Standalone muons are constructed from information provided by the muon system
only. Muons that are assigned to this category, generally have worse momentum reso-
lution than the other categories and the contamination with cosmic muons is higher.

Tracker muons are based on a tracks that were reconstructed in the inner tracker and
extrapolated to the muon detector, where it is matched to hits in either the DT or the
CSC. Those tracks with p% > (0.5 GeV and p* > 2.5 GeV are, respectively, considered
as muon candidates. Muons that are only identified as tracker muons usually have a low
transverse momentum and only hits in the first layer of the muon system. This leads
to an increased rate of high-p charged hadrons to be misidentified as muons, as these
particles can reach the innermost layer of the muon system.

Global muons are constructed by matching a standalone muon track with a track
from the inner parts of the detector. If the track of a global muon coincides with the
track of a tracker muon, it is refitted, taking into account the hits reconstructed in the
tracker as well as the ones from the muon system.

The categorization is then refined, depending on the precision requirements of the
muon identification, following the physics task of the analysis. The loose ID only re-
quires that the candidate is either a tracker or a global muon. The soft ID is optimized
for low-p muons from B-hadron decays, while the high momentum ID is designed for
muons with a transverse momentum above pf. > 200 GeV.

The tight ID, which is used in the W + c analysis, is appropriate for the high pre-
cision reconstruction of W* or Z° bosons, as it is designed to suppress muons from
inflight decays and shows a low misidentification rate. Such a muon candidate must be
a tracker muon as well as a global muon. The candidate track must have hits from at
least six layers of the tracker, including at least one pixel hit, and it must be matched
to at least two stations in the muon system. The fit of the global track must fulfill
2 /Naot < 10 and include at least one hit from the muon system. The candidate must
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also be compatible with the primary vertex by requiring the impact parameters to be
|dzy| < 0.2cm and |dz| < 0.5cm.

The origin of a muon candidate can be found by applying an isolation criterion.
Prompt muons have a higher isolation than muons from weak decays, which are of-
ten contained in jets. The isolation is measured relative to the muon pp, summing
up the energy deposited in the calorimeters and track momenta inside a cone AR =
v/ (A¢)? + (An)2, around the muon axis and correcting for pileup contributions.

Muon Identification and Isolation Efficiency

The efficiency of the ID and Isolation criteria for muons is determined using the so
called tag-and-probe method [[153, [169]. The latter utilizes di-muon decays of Z°
bosons, in which one muon candidate is assigned as the tag and needs to fulfill the
trigger, ID, and isolation conditions and the probe is used to evaluate the efficiency
under investigation. All tracks with p{fc > 20 GeV in an event are tested as probes
and events were more than one probe fulfills all selection criteria are rejected to reduce
background contributions. The efficiency of the muon isolation is studied in relation to
a probe which has passed a specific muon ID. Events are accepted when the invariant
mass of the tag and probe combination falls into a predefined Z° boson mass window.
The efficiencies are determined in data and MC separately and the correction factor
P = €Data/€nc 1s applied to MC samples to adjust the efficiencies to the ones observed
in data. Figure [4.3] presents the efficiency of the muon tight ID and tight isolation as
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Figure 4.3: Tight identification efficiency (left) and the tight isolation efficiency (right)
as a function of the muon pseudorapidity, determined in data and Z° — u* = MC
simulations [[170].
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a function of the muon pseudorapidity, determined for the full 2016 pp-collision data.
The reduced efficiency close to || = 0.3 is due to the geometric properties of the de-
tector. It marks the border between the central muon wheel and the two neighbouring
wheels and therefore contains less instrumentation.

Single Muon Triggers

The W + ¢ analysis utilizes Single Muon triggers [[155] for a preliminary event selec-
tion. The L1 muon trigger searches for hit patterns in the DT and CSC, consistent with
a muon produced in the interaction region of the detector and the corresponding hit
information is provided by the RPCs. For the HLT, simplified versions of the muon
identification and muon isolation particle-flow algorithms are employed to reduce the
computing time for the decision.

The p threshold for these triggers is derived using the tag-and-probe method, where
the additional condition for the tag muon candidate to be matched to the HLT trigger is
applied. The resulting efficiency curve rises sharply at the trigger threshold and reaches
a plateau after a few GeV. Figure 4.4 presents the trigger efficiency of the SingleMuon
trigger used in 13 TeV pp-collisions with a threshold of 24 GeV, determined from the
pp-collision data recorded in 2016. Inefficiencies of a few percent at high p are due
to the L1 trigger and the relative isolation conditions used in the HLT trigger, whereas
inefficiencies in the high 7 regions are due to geometrical limitations of the detector
affecting the L1 trigger efficiencies. The reduced efficiency close to || = 0.3 is again
due to the borders between the central muon wheel and the two neighbouring wheels
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Figure 4.4: Trigger efficiency of the SingleMuon trigger as a function of p/. and n* in
data and simulation [[171]].
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containing less instrumentation.

4.3.2 Missing Transverse Momentum

The momentum of particles that do not interact with the detector material, such as
neutrinos, is approximated by the calculation of the missing transverse momentum
piss [172] of an event. Due to momentum conservation, events containing such par-
ticles show an imbalance of measured energy in the transverse plane of the detector.
The concept is illustrated in figure[4.5] The missing transverse momentum is defined as
the negative vector sum of the transverse momenta of all reconstructed particle-flow par-
ticles. Aside from the raw pitss, a corrected version including the jet-energy corrections
(Eq. . I]term in brackets) is available:

Nparticles NPFjets
~miss __ i corr
by = — E bt — E (PT,j —pT,j) : 4.1)
i=1 j=i

Uncertainties in the determination of p'** are caused by energy thresholds set in the
calorimeters, non-linearities in their responses and inefficiencies in the reconstruction
of tracks.

Fr

Figure 4.5: Illustration of the measured momentum imbalance in the CMS detec-
tor [I173].
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Chapter 5

Measurement of the Associated
Production of W+charm in /s =
13 TeV Proton-Proton Collisions

This chapter presents the measurement of the associated production of a W= boson and
a charm quark in 13 TeV pp-collisions, using the data collected by the CMS collab-
oration in 2016, corresponding to an integrated luminosity of 35.7 fb~'. It is the main
subject of this thesis, together with the interpretation of the results in terms of the proton
structure, presented in chapter 6]

In this analysis, the W* bosons are selected by requiring the presence of a high-p
muon and missing transverse momentum, indicating the presence of a neutrino. The
charm quarks are tagged via the reconstruction of charmed mesons in their decay chain
¢ — D*(2010)* — D%~ — KTr*r: . and no association of the D*(2010)*
meson to a jet is required. Due to the small mass difference between D*(2010)* and
DY particles, the pion originating from the D*(2010)* decay receives very little energy
and is therefore denoted as "slow". This process provides a clear experimental signature
which can be reconstructed with good accuracy by the CMS detector. The fiducial cross
section of W + c is determined inclusively, and as a function of the pseudorapidity of
the muon originating from the W* boson decay. The results of the measurement are
compared to theoretical predictions, calculated with MCFM 6.8 [85H87] at next-to-
leading order in combination with different PDF sets. Additionally, the cross section
of W + D*(2010)* production is measured within a selected fiducial phase space. The
results will eventually be used to create a Rivet plugin [[174]], a tool used in the validation
and tuning of MC event generators. However, this program requires a particle level
measurement without restrictions on the origin of the particles to specific partons or
production processes.
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5.1 Signal Definition and Samples

Events containing the associated production of W' + ¢ or W~ + ¢ are characterized
by the presence of a W boson and a charm quark with opposite charge signs (OS).
The dominant background contribution for this process is W + cc¢, which has a similar
event signature, with a W* boson produced from hard scattering and the charm quark
originating from gluon splitting. Possible production mechanisms for W + cc are: u +
d—=Wt+g* = WH4ccord+a— W~ +g* — W™ +cc.

However, in addition to the OS combination, W + cc events produce an equal amount
of combinations, where the W* boson and the ¢ quark have the same charge sign (SS).
Therefore, the contribution from gluon splitting in the signal can largely be removed,
using a data driven method based on the charge signs of the W + ¢ (¢) combinations.
The details are covered in section 3.2.3

5.1.1 Data Samples

In this analysis, the data collected by the CMS experiment in /s = 13 TeV pp collisions
in 2016 is used. The performance of the detector is monitored during data taking and
the reconstructed events are undergoing certification to ensure high quality for physics
analysis [175]]. After certification, the recorded events correspond to an integrated lu-
minosity of £ = 35.7fb~! [150]. In this analysis, single muon triggers are used for a
preliminary event selection, as the W+ bosons are reconstructed via their leptonic de-
cay to a muon and a neutrino. A detailed list of the different run periods, the number of
events and the certification file used, can be found in Appendix [A]

5.1.2 Simulated Samples

The signal and background processes are simulated using different Monte Carlo (MC)
generators to estimate the acceptance and efficiency of the CMS detector and to de-
termine background contributions after the event and object selection. The reconstruc-
tion of the generated events is done via a simulation of the CMS detector based on the
GEANT4 [122] program.

Additional pileup events are simulated on top of the hard scattering process, such
that the average number of pileup interactions corresponds to the expected distribution
in data. The remaining discrepancies in the simulation to the observed distribution of
reconstructed primary vertices in data are adjusted by reweighting the true number of
interactions, provided by the MC truth information, and a reference pileup distribution
derived from data. The latter is determined by measuring the instantaneous luminosity
per bunch crossing, the total integrated luminosity of the data taking period, and the total
inelastic cross section of pp-collisions. Figure |5.1| presents the number of reconstructed
primary interactions before and after the reweighting.
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Figure 5.1: Number of reconstructed primary vertices before (left) and after (right)
reweighting. The data (filled circles) are compared to MC simulations of contributions
from different processes (filled bands of different colour).

All of the simulated samples are normalized to the integrated luminosity of the data
and use the NNPDF3.0nlo [176] PDF set to describe the proton structure. Further-
more, all generators are interfaced with PYTHIA (v8.2.12) [90] for parton shower and
hadronization. The underlying event tune applied to all samples is CUETP8M1 [121]],
unless otherwise specified.

All W# + jets samples are generated using MADGRAPHS5_aMC@NLO (v2.2.2) [80],
with NLO matrix elements used in the calculations, and the FXFX [[114] technique is ap-
plied for matching and merging. The factorization (y¢) and renormalization (y,) scales
are set to yif = pi7 = My, + pg - The signal is simulated using an inclusive W= + jets
sample and applying a filter to select W 4 c and W + cc events. The filter requires the
presence of least one muon with pf. > 20 GeV and |n#| < 2.4, as well as at least one
D*(2010)* meson in the event. Furthermore, an inclusive W* + jets sample without an
applied filter is generated to estimate background contributions to the event selection.

The following definitions are applied to all W= + jets samples at the generator level.
An event is considered to be a W + ¢ candidate if it contains at least one ¢ quark in
the final state. There are no separate event categories for W + ¢ and W + cc, but all ¢
quarks in an event are marked as originating either from W + c or from gluon splitting.
In the case of an odd number of c¢ quarks in an event, the ¢ quark with the highest p.
and a charge opposite to that of the W* boson is considered to originate from a W + ¢
process, whereas the other ¢ quarks in the event are marked as gluon splitting. In the case
of an even number of ¢ quarks, all are marked as coming from gluon splitting. Events
containing both c and b quarks are considered to be W + c events, due to W + ¢ being
of more importance in this analysis, while the events containing no c but at least one b
quark are classified as W* + b(b). Anything that falls in neither of these categories is
assigned to W + udsg.

In the W + D* measurement, no constrains on the origin of the D*(2010)* mesons
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are applied at the generator level. Therefore, any contributions from B meson decays
and other hadrons, though only a few pb, are included as signal for this part of the
measurement.

Further processes are considered due to their contributions to the background, which
are simulated as follows: Events originating from Drell-Yan processes are generated
with MADGRAPHS5_aMC@NLO (v2.2.2) and the scales are set to u? = pZ = M2 +
p2T7Z. Top quark-antiquark pairs are generated using the POWHEG (v2.0) [[113]] generator
and the CUETP8M2T4 [177] underlying event tune is applied. Single top quark events
are simulated using POWHEG (v1.0) [178]] for the tW production channel and POWHEG
(v2.0) [179, 180] to simulate the t-channel and s-channel production. Events containing
multiple W= or Z° bosons (WW, WZ, ZZ) are generated using PYTHIA (v8.2.12) for
all steps of the event simulation. Contributions from muons, originating from inflight
decays of charm or bottom hadrons are generated using PYTHIA (v8.2.12) as well.

5.2 Event Selection

The associated production of W + c is investigated via the leptonic decay of W= bosons
into a muon and a neutrino (W* — 1 77,) and a charm quark hadronizing to a D*(2010)*
meson. To ensure the presence of a high-p muon, an event is required to fulfill the
trigger conditions of the single muon trigger (IsoMu24 or IsoTkMu24) to be selected for
further analysis (see section #.3.1). The p threshold for these triggers is derived from
an efficiency curve with approximately 50% efficiency at 24 GeV, reconstructed with
the HLT algorithms.

The charm quark is identified by the reconstruction a D*(2010)* meson, the lowest
excited state of the DT particle, with a mass of 2010.26 & 0.05MeV [3]. The quark
content of this charmed meson is cd for a D*(2010)* and &d for D*(2010)* and has
a decay width of I' = 83.4 &+ 1.8 keV. With a spin of 1, the D*(2010)* is a vector
meson. The particle decays into a D° and a charged pion D*(2010)* — D% and the
DY subsequently decays to a kaon and pion of opposite charge, which is considered the
cleanest event signature.

5.2.1 W Boson Selection

Events containing a W* boson decay are identified by the presence of a high-py. iso-
lated muon and missing transverse momentum p*, indicating the presence of a neu-
trino. The muons and p'2** contained in an event are reconstructed via the particle-flow
algorithm.

Muon candidates are required to have a transverse momentum above p4. > 26 GeV
and must fulfill the CMS tight identification criteria (see section 4.3.1). To suppress

the contamination from muons contained in jets, an isolation requirement is imposed as
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well:

CH NH EM PU
I = [ZpT + max <O.,ZpT+ZpT — 0.5ZpT>] /pff <015, (5.1)

It runs over the p sum of particle-flow (PF) candidates for charged hadrons (CH),
neutral hadrons (NH), photons (EM) and charged particles from pileup (PU) inside a
cone of radius AR < 0.4. The factor 0.5 corresponds to the typical ratio of neutral to
charged particles, as measured in jet production [157].

Events in which more than one muon candidate fulfills all the above criteria are
rejected in order to suppress background from Drell-Yan processes. Corrections are ap-
plied to the simulated samples to adjust the trigger, isolation, identification, and tracking
efficiencies to the observed data. These correction factors are determined by performing
dedicated tag-and-probe studies [155] (see section [#.3.1)).

The presence of a neutrino in an event is assured by imposing a requirement on the
transverse mass (M), which is defined as a product of p/. and ﬁ%iss:

My = V2. pl - g2 (1 — cos(¢, — qsﬁ%ﬁss)). (5.2)

In this analysis, Mt > 50 GeV is required, resulting in a significant suppression of
muons from hadron decays. This particular background is referred to as QCD back-
ground throughout the chapter.

The pp, n and isolation distribution of the muon candidates, fulfilling all event se-
lection criteria, are presented in figure and the distributions for p%'* and M are
presented in figure [5.3] Fairly good agreement between the data and Monte Carlo pre-
dictions is observed for all distributions.

5.2.2 Selection of D" and D*(2010)* Candidates

The D*(2010)~ candidates are identified by their decays D*(2010)* — D° + 7% ~ —
K%iwiow, which has a branching fraction of 2.66 £ 0.03 % [5]. As all of the final
decay products are long lived charged particles, they can be reconstructed as tracks in
the detector. This particular channel provides a clear signal, as the D*(2010)* meson
is reconstructed via the mass difference between the D° and D*(2010)* candidates,
instead of directly reconstructing the invariant mass distribution of the D*(2010)*. By
using this method, the uncertainties associated with the tracks associated with a D°
candidate are largely cancelled and the resolution of Am/(D°, D*) depends almost solely
on the uncertainties of the third track.

The D candidates are constructed by combining two oppositely charged tracks with
a transverse momentum of pt{aCk > 1 GeV, assuming the masses of a K™ and a 7*. The
distributions of py, 7 and ¢ of the candidates are presented in figure [5.4] and the rela-
tive track resolution is shown in figure as a function of piak and n'*ak, The latter

63



35.7 fb? (13 Tev) 35.7 b (13 TeV)

9
> 108 -e-Data — 10 - Data
10 Waudsg 1 Wec o Wiudsg (Wi
(0] =\gég .trt_)re\l-van ~ 103 =\ggg .Erel\-Yan

0

g 10" mSingle t Diboson c msingle t Diboson
2 2107
<100 w .00 000g » o ‘000000,
= 10°
]

10*
0l4s ol4E
=128 =125
o 1leees 03 ®000090000,%06%, s 00 T IEeetegget T tecssetocte ot 000t ens, 000 L qoe,
So.8E 0.8
40 60 80 100 120 140 -25 -2 -15 -1 05 0 0.5 1 15 2 25
P! [GeV] n
35.7 fb1 (13 TeV)
1010
* -e-Data
= W-+udsg W+c
S 10° % mW+b  mEDrell-Yan
> @mQco @i
Wae® W Single t Diboson
10

o e

0D
T

Data / MC
IS4

o
o
o
]
o
o
i
o
=]
S|
o
=]
=]
o
[
o
I
N
=]
N
IS
o
=
o

Figure 5.2: Distribution of the muon transverse momentum (upper left), muon pseu-
dorapidity (upper right) and muon isolation (lower plot). The data (filled circles) are
compared to the MC simulation of contributions from different processes (filled bands
of different color).
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shows that the track resolution achieved in data is well reproduced in the simulation.
Additional selection criteria of the analysis are: The impact parameters of both tracks
must not be separated by more than 0.1 cm in the xy-plane and the z-coordinate, and
they must originate at a fitted secondary vertex, determined by the adaptive vertex fit-
ter [168]]. Figurepresents the separation of the KT and 7* candidates in the zy-plane
and the z-coordinate. Only combinations with a reconstructed mass differing from the
D%-mass (1864.86 £ 0.13 MeV [3]) by less than 35 MeV are selected. Good agreement
between the data and MC predictions is observed for all distributions.

Both tracks of the D° candidate are further combined with a third track, which has
a charge opposite to the KT candidate, and is presumed to be the Wsilow. The track is
required to have a minimum of ptTraCk > 0.35GeV, and it must be found in a cone of
AR < 0.15 around the D axis.

As the CMS detector is designed to be most efficient in the reconstructino of high
pr particles, it is important to investigate whether the reconstructed pta°k and resolution
of low momentum tracks, which make up the majority of the Wsilow candidates, is well
reproduced in the simulation. The cross section for pion nucleon interactions increases
rapidly for pions with energies below 0.7 GeV [162], leading to a reduced reconstruction
efficiency. At the same time, tracks with low momentum are prone to spiral in the
magnetic field, thereby producing a large number of hits in the detector. Due to this,
the probability of adding uncorrelated hits to such a track candidate are high, which
increases the fake rate and resolution uncertainty. The p,  and ¢ distributions and the
relative track resolution are presented separately for the 7T:1:0W candidates in figures
and[5.5] The relative track resolution is well reproduced by the simulation even though
statistical fluctuations occur for tracks above pﬁfmk > 3 GeV. In addition, the impact
parameter of the 7= candidate must not be displaced from the D° vertex by more than
0.1 cm in the xy-plane or the z-coordinate. The distribution of these observables are
presented in figure[5.6)as well.

The combinatorial background is reduced by requiring the D*(2010)* transverse
momentum to be p2~ > 5 GeV and by imposing an isolation requirement pL / >~ pirack >
0.2. Here, >_ pirack is the sum of transverse momenta of tracks in a cone of AR < 0.4
around the direction of the D*(2010)* momentum. The contribution of D*(2010)*
mesons produced in pileup events is suppressed by rejecting candidates with a distance
of Az > 0.2 cm between the muon associated with the W candidate and the slow pion.
Both distributions are presented in figure |5.7|and the p, 1 and ¢ distributions of the D°
and D*(2010)* candidates is shown in figure Additional investigations that had no
significant impact on the D*(2010)* selection, can be found in Appendix
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Subtraction of Combinatorial Background

The combinatorial background is significantly suppressed by using a data-driven
method [181]]. For this purpose, a set of fake D candidates are constructed from two
track combinations, in which both tracks have the same charge (wrong-charge), while
all other selection criteria remain unchanged. The resulting distribution mimics the
shape of the light flavour background for D candidates (right-charge). Differences in
the normalization of both distributions are related to contributions from the decays of
D° mesons that do not originate from the decay of a D*(2010)*. To correct for the dif-
ference in the distributions, the ratio of the right-charge and wrong-charge is fitted with
a Crystal Ball function [182] plus a constant factor, thereby including the signal region
(0.14 < Am(D° D*) < 0.15) in the fit.

The wrong-charge distribution is then scaled with the constant part of the ratio-
function and subtracted from the right-charge distribution. The ratio between the right-
charge and wrong-charge distribution is presented for W + D*(2010)* candidate events
in figure[5.9] together with the right-charge and wrong-charge distributions after normal-
ization.

An analogue procedure is employed to subtract the combinatorial background of
the KT 7+ invariant mass distribution. In this case, the D° candidates are selected if
the mass difference to the corresponding D*(2010)* candidate is found in a window of
|Am(D° D*) — 0.1454| < 0.001 GeV. Here, the ratio of the right-charge and wrong-
charge candidates is fit with a second order polynomial, but excluding the region of
1.82 < m(KT,7%) < 1.92GeV, where the D° peak is located. The wrong-charge
candidates are then rescaled, using the fitted function. Figure presents the ratio
between the right-charge and wrong-charge candidates and both individual distributions
after the rescaling of the wrong-charge distribution.

5.2.3 Selection of W + ¢ candidates

An event is selected as a W + ¢ signal if it contains a WF boson and a D*(2010)* candi-
date fulfilling all selection criteria. The candidate events are assigned to one of two cat-
egories: with W= + D*(2010)* combinations falling into the same sign (SS) category,
and W+ + D*(2010)T combinations into to the opposite sign (OS) category. Figure
presents the Am(D°, D*) distributions for events falling into the OS and SS categories,
with the combinatorial background of the distributions already removed. A clear peak
around the expected value of 145.4257 £+ 0.0017MeV [5]] is observed. The correspond-
ing invariant mass distribution of the DY candidates, selected in a Am(D% D*) window
of +1 MeV, and separated into the OS and SS categories, is presented in figure A
clear peak around the expected value of 1864.86 £ 0.13 MeV is observed.

The OS combinations are composed of signal events and contributions from W + cc
and W + bb, whereas the SS combinations are comprised of contributions from back-
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charge W 4 D* candidates (left), fitted with a crystal-ball function plus a constant factor.
The right-charge and wrong-charge distributions (right) are presented after the normal-
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ground processes, only. At this stage, neither the OS nor the SS distributions show a
good agreement between data and simulation. This is due to an insufficient description
of gluon splitting in the used Monte Carlo simulations. However, since the number of
W + cc and W + bb candidates in both categories is equal within uncertainties, sub-
tracting the SS events from the OS events removes the gluon splitting background. The
contributions from other background sources, such as tt and single top quark produc-
tion, are negligible.

After the subtraction of the SS contributions in the OS distribution, the number
of reconstructed D*(2010)* mesons corresponds to the number of W + ¢ events. The
observed reconstructed mass difference Am/(D°, D*) is presented in figure along
with the invariant mass of K* 77 candidates, selected in a Am(D° D*) window of
+1 MeV. The remaining W + c¢ and W + bb background is negligible, and the number
of D*(2010)* mesons is determined by counting the number of candidates in a window
of 144 < Am(DY,D*) < 147MeV. Alternately, two different functions are fit to
the distributions, and their integral over the same mass window is used to estimate the
systematic uncertainties associated with the chosen method.

5.3 Measurement of the W + charm Cross Section

The kinematic region of the fiducial W + ¢ measurement is defined by the requirements
of the transverse momentum and the pseudorapidity of the muon, and the transverse
momentum of the charm quark. It corresponds to pf. > 26 GeV, |n*| < 2.4, and
pS > 5GeV, taking the constraints on the reconstruction of the W= and D*(2010)*
candidate into account.

The transverse momentum of the charm quark is determined by extrapolating from
the kinematic phase space of the D*(2010)* meson to the phase space of the charm
quark, using the signal sample. The constraint on the charm quark is a result of the
requirement on the transverse momentum of the D* candidates, whereas the other kine-
matic properties of the D*(2010)* mesons are integrated over at the generator level. The
correlation between the kinematic properties of the D*(2010)* mesons and that of the
corresponding charm quark are investigated using MC, as is illustrated in figure [5.14]
which presents the average transverse momentum of the D*(2010)* mesons as a func-
tion of the charm quark p and the average 7°" as a function of 7. A linear correlation
between the kinematics of D*(2010)* meson and the mother charm quark is observed.

A comparison of the p/. and p5 differential distribution between the signal simu-
lation and NLO W + c calculations, using MCFM 6.8 [85-87]] with NNPDF3.0nlo is
presented in figure [5.15] The signal simulation corresponds to an inclusive W + D*
sample and is therefore scaled with the inverse fragmentation probability [Br(c —
D*) = 0.2429]"! [113] for the comparison to the W + ¢ prediction. Moreover, the
MC signal samples is not a pure pQCD calculation but missing higher order corrections
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Figure 5.13: Distributions of the reconstructed invariant mass of K* 7 ¥ candidates
(left) in the range |[Am(D% D*) — 0.1454| < 0.001 GeV, and the reconstructed mass
difference Am(D° D*) (right). The SS combinations are subtracted. The data (filled
circles) are compared to MC simulation with contributions from different processes
shown as histograms of different shades.

are approximated by using a parton shower which dominantly contributes to the low p,
region of the distribution. Therefore, in addition to the inclusive spectrum, the distri-
butions of pt are presented separately for generated particles associated with the hard
scattering process and those handled by the parton shower. It is observed that the MC
sample is reproducing the shape of the distributions obtained with the fixed order predic-
tion in the high-p, region, whereas the low p| region, dominated by the parton shower
shows some expected differences. Due to a generally good agreement of the charm
quark kinematics between the MC and the NLO calculation in the high p§ region, and
the correlation between pS. and p2’, it is considered safe to translate the fiducial cut of
pR" > 5GeV into p% > 5GeV.

The fiducial cross section of W + ¢ production is determined as follows:

Nga S
W — 5-3
0'( +C)— :int ;(C ]:*,[* I:O 7T:|: 'I:O I::F’/Ti)c7 ( )

slow?

with N, as the number of events, selected in the Am(D°, D*) distribution after the
subtraction of the SS events from the OS ones (OS — SS). The signal fraction S is de-
fined as the ratio of the number of reconstructed W 4 D* candidates originating from
W —+ c to the number of all reconstructed D*. It is determined from the MC simulation
and accounts for any residual background contributions from gluon splitting or com-
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Figure 5.15: Fiducial differential cross section of W + ¢ as a function of p5.. The distri-
butions of the MADGRAPHS_aMC@NLO signal MC sample, corrected for the branch-
ing ratio B(c — D*(2010)*) = x0.2429, are compared to the calculations done with
MCFM in combination with the NNPDF3.0nlo PDF set.

binatorial background, caused by statistical fluctuations. The integrated luminosity is
denoted by L;,,;. The branching fraction B is a combination of the probability of a charm
quark hadronizing to a D*(2010)* meson B(c — D*) = 0.2429 4 0.0049 [113], and
the branching fractions of the decay channels B(D*(2010)* — K* + 7¥ + 7 ) =
0.0266 4 0.0003 [5], studied in this measurement. The correction factor C accounts for
the acceptance and efficiency of the detector. It is determined using the MC simula-
tion and is defined as the ratio of the number of reconstructed W + D* candidates to
the number of generated W 4 D* originating from W + c events that fulfill the fiducial
requirements.

As a parton level measurement, the W + c cross section depends to a large extent on
the MC simulation for the extrapolation to unmeasured phase space and therefore has to
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take the uncertainties, associated with the method, into account. To reduce the amount
of extrapolation in the corresponding particle level measurement, the W + D* cross
section is determined in the fiducial phase space of the detector level measurement,
P > 26GeV, " < 2.4, n°7| < 2.4 and p2° > 5GeV. Therefore, Eq. is
modified as follows:

The branching fraction B is reduced to B = B(D* — K* + 7T + 73 ), as the
origin of the D*(2010)* meson is not restricted to charm quarks for this part of the
analysis. The factor C corresponds to the ratio between the number of reconstructed
W + D* events and the number of generated W 4 D* candidates fulfilling the fiducial
requirements, after OS — SS subtraction.

The cross sections of both, the W + ¢ measurement, as well as the W + D*(20 10)jE
measurement, are determined inclusively and also in five bins of the absolute pseudo-
rapidity |n*| of the muon originating from the W* boson decay. The number of signal
(OS — SS) events in the different ranges of |n*| under study, is presented in Fig. for
W + D*, Wt 4+ D*(2010)~ and W~ + D*(2010)*. Good agreement between the data
and MC simulation within the statistical uncertainties is observed.

5.3.1 Systematic Uncertainties

The influence of systematic uncertainties on the measured cross sections is determined
by varying the efficiencies and assumptions within their respective uncertainties. The
resulting shifts in the cross section, with respect to the central value, are taken as the
contribution to the systematic uncertainty of the measurement. The largest shift in each
direction is accounted for in the overall uncertainty. The various sources of the sys-
tematic uncertainties, considered for the W + ¢ production cross section, are listed in
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Table The contributions to the inclusive and the differential measurements are listed
separately.
Due to the low momentum of the 7 candidates, it is necessary to use a special
data format which contains all of the tracking information for low-momentum tracks
Efrad‘ < 0.9GeV), which was not provided in the standard data format at the time
of this analysis. However, simulations in this special data format are only available in
a limited capacity, which leads to large MC statistics uncertainties, especially in the

differential part of the analysis.

Luminosity

Uncertainties associated with the integrated luminosity measurement are estimated as
2.5% [150].

Tracking Efficiency

The uncertainty in the tracking efficiency is determined using the method described in
Ref. [183]. It exploits the ratio between the four body (D° — K¥zt7F7*) and two
body decay (D° — KT 7) of the neutral charm meson, originating from the decay of a
D* via D* — D + 7% . The D*(2010)* mesons are reconstructed using Am(D°, D*)
and the light flavour background is estimated by a combined fit of the peak and the light
flavour background. The number of reconstructed D*(2010)* depends on the branching

ratios and the reconstruction efficiency of the two body and four body decays:

NKgﬂ— . BT(DO — K3F7ri7r$7ri) €K3r R €K3r (5 4)
Nkr  Br(D" = K#r%) eKr  EKn '
As the difference between both decays are two charged pions in the final state, the
hadronic reconstruction efficiencies of data and simulation follow the relation:
Nksnr 9 €K7 2

X € X € (5.5
Data ’ MC
Nxx €K3r

Therefore, the relative tracking efficiency is calculated as follows, with Rppg as the
ratio of the two body and four body decays, taken from PDG.

€Data R
€rel = =4/ , (5.6)
' e Repc

The relative efficiency between data and simulation is presented in figure as a func-
tion of the minimum track py and as a function of the minimum py of the D*(2010)*
candidates. Both distributions show that the tracking efficiency observed in data is well
reproduced by the simulation for low p tracks.
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CMS Preliminary, pp L= 376" {5 =13 TeV, 2016

CMS Preliminary, pp L=37fb" {s=13 TeV, 2016
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Figure 5.17: Ratio of tracking efficiency between data and simulation as a function of
the minimum ptTraCk (left) and minimum p%* (right). Different n regions of the tracker
are represented by symbols of different colours [[184].

The uncertainty associated with €, is estimated by varying the kinematic range of
the decay particles and the fit templates used to determine the number of reconstructed
D*(2010)* mesons. The resulting uncertainty in the tracking efficiency is 2.3% for the
2016 data.

Branching Fractions

The uncertainty related to the branching fractions is a combination of the uncertainties
of the D* — D+ (0.7%) and the D — K* 7* (1.0%) branching ratios, as they are
listed in the PDG report of 2018 [5], and the probability of charm quarks hadronizing to
a D*(2010)* meson, which has been determined at 2% [113] accuracy. The latter is de-
termined in a fit to the combined results sensitive to charm fragmentation, as measured
by different experiments. The values are obtained via y* minimization in a fit to the
observables of interest, with the uncertainties included by using the covariance matrix
representation described in section 2.4.2] The corresponding uncertainties are evalu-
ated using the Hessian method with a tolerance criterion of Ax? = 1. The individual
contributions are added in quadrature, resulting in an uncertainty of 2.4%.

Muon Corrections

The uncertainties associated with the muon correction factors for tight ID, tight isola-
tion, trigger and tracking, are estimated by varying the conditions used in the corre-
sponding tag-and-probe analyses [155]. This includes an analysis of the background
contamination by using variations on the p/. requirements or the isolation for the tag.
Furthermore, the requirement that only a single probe is associated with a tag is re-
moved to investigate the impact on the efficiencies. However, the largest uncertainty
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originates from the assumptions on the signal and background models, used to fit the
data, therefore, alternative fit functions are used to estimate the impact on the correction
factors.

The muon systematic uncertainties of the 2016 data are 1% each for for the muon
identification and isolation, and 0.5% for the trigger and tracking corrections. These are
added in quadrature and the resulting uncertainty for muons is 1.2%, which is referred
to as the 'muon uncertainty’.

Ngo Determination

The uncertainty in the determination of Ny is estimated by using a Gaussian or Crys-
tal Ball fit [[182] as an alternative to counting the number of events in the final selec-
tion. The window in which the functions are integrated remains unchanged (144 <
Am(DY D*) < 147 MeV) and the resulting uncertainty corresponds to 1.5%.

D*(2010)* Kinematics

Uncertainties in the modelling of kinematic observables of the generated D* meson are
estimated by reweighting the simulated p2~ and n° distributions to the shape observed
in data. The respective uncertainty in the inclusive cross section measurement is 0.5%.
This value is taken for the differential measurement as well, due to statistical limitations.

Combinatorial Background Normalization

To estimate the uncertainty associated with the rescaling of the wrong charge distribu-
tion, two alternative functions are compared to the results of using a combination of a
crystal-ball function and a constant function, as described in section [5.2.2] A combi-
nation of a crystal-ball function with a first order polynomial and a constant function,
which was fitted in the off-signal region of Am(D°, D*)[0.15,0.17] are chosen for this
test. The uncertainty due to these variations corresponds to 0.5% and is further referred
to as ’background normalization’.

Missing Transverse Momentum

The uncertainty associated with the determination of p2'** is estimated on an event-by-
event basis [172]]. The uncertainty of each event is determined by varying the respective
particle-flow objects factoring into the calculation of pitss (electrons, photons, muons,
jets, etc.) within their associated scale and resolution uncertainties. The uncertainty of
PSS results in an uncertainty of 0.9% on the inclusive W + c cross section.
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Pileup

Uncertainties due to the modelling of pileup are estimated by varying the total inelas-
tic cross section used in the simulation of pileup events by 5%. The corresponding
uncertainty in the W + c cross section is 2%.

Secondary Vertex Fitting

The uncertainty due to the requirement that the tracks associated to a D® candidate must
originate at a fitted secondary vertex is determined by calculating the D* reconstruction
efficiency in data and MC simulation for events with and without applying this selection
criterion. The number of reconstructed D* candidates after the OS — SS subtraction is
compared for events with or without a valid secondary vertex in addition to the proxim-
ity requirement (A,, < 0.1cm, A, < 0.1cm).

The difference in efficiency between data and MC simulation (¢"*%) is calculated ac-
cording to Eq.[5.7]and an uncertainty in the inclusive cross section of —1.1% is obtained.
Since this variation is not symmetric, the uncertainty is one-sided.

NP (fitted sec. Vertex) 1, N (fitted sec. Vertex)
NP* (proximity only) NLD% (proximity only)

5.7

PDF's

The PDF uncertainties in the cross section measurement are determined, following the
prescription of the PDF group. The NNPDF3.0nlo [176] PDF set, used in the signal MC
simulation, consists of 100 replicas plus 2 variations of ag. The cross section of each
individual replica is calculated and the standard deviation of the resulting distribution is
taken as one PDF uncertainty and corresponds to 1.2%. The uncertainty related to the
variation of ag is 0.08% and is added in quadrature to the PDF uncertainty.

Fragmentation

The uncertainty related to the fragmentation modelling in the signal MC is investigated
by varying the function, describing the fragmentation parameter z = p2" /p%. The pro-
cedure employed for this test is based on a measurement of the ¢ — D*(2010)* frag-
mentation function, determined in e p-collisions, where the resulting parameters were
determined with an associated uncertainty of 10% [[185].

In Monte Carlo simulations, using the PYTHIA (V8.2.12) event generator, the frag-
mentation of charm (and bottom) quarks is described by the phenomenological Bowler—
Lund function [118}119]], taking on the form:

1 "
f(2) = ——=(1—2)° exp(—bm?/z) c, withm, = Vmd. + p2 (5.8)

z
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Figure 5.18: Normalized ratio distribution between p}~ and the sum of p*°* in a cone

of AR = 0.4 around the D* axis for candidates. The Bowler-Lund function [118},[119]
is fit to the data points (red line) and variations of the a (left) and b (right) parameters
are indicated by blue and green lines.

There, the parameter 7. is set to 1 for charm quarks and m, is the standard setting of
the CUETP8MI1 underlying event tune, used in the signal sample. The value of mr
corresponds to the average transverse momentum of the generated D*(2010)* mesons.
The parameters a and b control the form of the function, whereas c is required for the
normalization. All three are determined in a fit to the p2” / >~ piak ratio, with >~ plrack
corresponding to the sum of track transverse momenta in a cone of AR < (0.4 around
the D* axis. This quantity is used to approximate the charm transverse momentum, as
the presence of a jet is not required in this analysis.

The the free parameters a and b are determined in the fit, where the values of a
= 1.827 £ 0.016 and b = 0.00837 + 0.00005 GeV 2 are obtained. Both are varied
independently by 10% to estimate the systematic uncertainty in the W + c cross section.
Figure presents the distribution of p2° /Y piak  originating from W + ¢, the fit
of the Bowler—Lund function of the data and the resulting functions for the parameter
variations. The variation of the a parameter is restricted to 2, as this is an upper boundary
of this parameter, implemented in PYTHIA. However, this restriction is still consistent
with a 10% parameter variation.

The resulting shifts in the W + ¢ cross section are added in quadrature and the re-
sulting total fragmentation uncertainty corresponds to 3.9%.
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5.3.2 Results

The number of reconstructed D*(2010)* mesons after OS — SS subtraction, the correc-
tion factor C and the inclusive fiducial cross section of W + ¢ with the corresponding
uncertainties are listed in table[5.2] The results are presented for the combination of both
W boson charges, as well as the individual cross sections of W+ + ¢ and W~ + ¢, and
their associated ratio o (W + ¢) /o(W™ + ¢). The correction factors and cross sections,
with their associated uncertainties, obtained for the W + D* measurement are presented
below the W + c results.

The measured values of the differential W + ¢ measurement are summarized in ta-
ble[5.3] The number of signal events after OS — SS subtraction are listed together with
the correction factor C in each bin, derived from MC simulation, and the cross section
with the corresponding uncertainties. The results are presented for do(W + ¢)/d|n"|,
as well as for do(W* +¢)/d|n*| and do (W~ + ¢)/d|n*|. The values of the differential
W + D* cross sections are listed in table[5.4] together with the corrections factors C and
associated uncertainties.

Table 5.2: Fiducial inclusive cross sections of W + ¢ and W + D*(2010)* production in
the kinematic range of the analysis. The correction factor C accounts for the acceptance
and efficiency of the detector.

W+ ¢ Wt +¢ W~ +¢

Niel 19210 =+ 587 stat. 9674 + 401 stat. 9546 + 367 stat.
C 0.0811 £ 0.003 stat. 0.0832 £ 0.004 stat. 0.0794 + 0.004 stat.
o [pb] 1026 4 31 stat. TZ5syst. 504 4 21 stat. 42 syst. 521 = 20 stat. 732 syst.
o(W* +¢) +0.015

) 0.968 =+ 0.055 stat. T0.913

W + D W+ + D*(2010) W~ 4 D*(2010)*

Ngel 19210 =+ 587 stat. 9674 + 401 stat. 9546 + 367 stat.
C 0.107 £ 0.004 stat. 0.113 £ 0.006 stat. 0.101 £ 0.004 stat.
o [pb] 190 =+ 6 stat. 712 syst. 90 =+ 4 stat. T syst. 99 + 3 stat. &7 syst.

o(W* + D*(2010)7) +0.014
o W=+ D" (2010, 0.909 + 0.051 stat. +0.014
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Table 5.3: Number of reconstructed D*(2010)* mesons after OS —SS, correction factors
C, accounting for the acceptance and efficiency of the detector, and the fiducial cross
sections in each range of |1*| for W + ¢ (upper), W + € (middle) and W~ + ¢ (lower).

W +c
do(W + ¢)

M 10 - 7/
Hnmm’? ‘nmaXH Nsel C dlnul [Pb]
[0,0.4] 3795 + 248 stat.  0.072 + 0.006 stat. 569 + 37 stat. *5}
(0.4,0.8] 4201 + 256 stat.  0.096 & 0.006 stat. 467 + 28 stat. +8}
[0.8,1.3] 4334 £ 274 stat.  0.078 £ 0.006 stat. 479 & 30 stat. *42
[1.3,1.8] 3823 + 267 stat.  0.083 + 0.007 stat. 395 + 28 stat. T35
[1.8,2.4] 3042 + 266 stat.  0.078 + 0.007 stat. 283 = 25 stat. 739

W +4¢
do(W* +¢
Wl bl Nea c oW pb)
d|n”|
[0,0.4] 2109 + 167 stat.  0.073 + 0.008 stat. 313 + 25 stat. T43
(0.4,0.8] 2119 + 172stat.  0.094 + 0.010stat. 236 + 19stat. +37
(0.8,1.3] 2103 + 186 stat.  0.077 & 0.008 stat. 235 & 21 stat. 733
[1.3,1.8] 1840 4 184stat.  0.093 + 0.010stat. 162 4 16 stat. T3¢
[1.8,2.4] 1499 + 186stat.  0.080 #+ 0.011stat. 135 4 17 stat. T34
W~ +c¢
do(W™ +¢
Hnrlgin|7 |nrli1axu Nsel C —( m ) [pb]
d|n”|
[0,0.4] 1688 + 158 stat.  0.072 + 0.008 stat. 255 + 23 stat. +33
(0.4,0.8] 2084 + 162 stat.  0.097 4 0.008 stat. 231 + 18 stat. =35
0.8,1.3] 2234 £ 172stat.  0.079 #+ 0.007 stat. 244 =4 19 stat. 72
[1.3,1.8] 1986 + 166stat.  0.073 & 0.008 stat. 237 & 20 stat. *52
[1.8,2.4] 1544 £ 161 stat.  0.075 £ 0.008 stat. 149 + 16 stat. 2}
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Table 5.4: Number of reconstructed D*(2010)* mesons after OS —SS, correction factors
C, accounting for the acceptance and efficiency of the detector and the fiducial cross
sections in each range of |n*| for W + D*(2010)* (upper), W + D*(2010)~ (middle)
and W~ + D*(2010)* (lower).

W + D*(2010)*
do(W + D*(2010)*
Il Il N c oW+ D22010)) ()
d|n”|
0, 0.4] 3795 4+ 248 0.137 £0.011 72.9 4+ 4.8 stat. J_r7j

[ 66
[0.4,0.8] 4201 +£256 0.176 £0.012  62.2+ 3.8stat. *}}?
0.8, 1.3] 4334 +£274 0.141£0.011 647 + 4.1stat. 73
[1.3, 18] 3823 +£267 0.154+0.012  51.6 + 3.6stat. 733
[ ] 67

1.8,2.4 3042 £ 266 0.139 £0.013 38.3 + 3.4 stat. I

W+ + D*(2010)~

do(W* + D*(2010)7)

ool e N, C b
Hnm1n| |7]max|] 1 dlnpl [P ]
[0,0.4] 2109 + 167 0.140 £0.016 39.6 + 3.1 stat. *9
[0.4,0.8] 2119 £ 172 0.174 £0.017 32.0 + 2.6 stat. F3%
0.8,1.3] 2103 £ 186 0.141 £0.015 31.5 + 2.8 stat. T332
1.3,1.8 1840 & 184  0.176 +0.019 19.4 + 2.0 stat. 31

3.8
[1.8,2.4] 1499 + 186  0.151 +0.021 17.3 4+ 2.2 stat. 731

W~ + D*(2010)*
do(W~ 4+ D*(2010)"
it Il N c 7OV D E0L0L) o
dln”|

[0,0.4] 1688 + 158 0.135 £0.015 33.1 + 3.1 stat. £33
0.4,0.8] 2084 + 162 0.175 £0.015 31.3 + 2.4 stat. +37
0.8,1.3] 2234 4+ 172 0.142 +0.013 33.2 £ 2.5 stat. 737
[1.3,1.8] 1986 + 166  0.132 +0.015 31.4 + 2.6stat. 743
[1.8,2.4] 1544 + 161 0.129 +0.014 21.0 + 2.2 stat. £33
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5.3.3 Comparisons with Theoretical Predictions

The results of the inclusive and differential W + ¢ measurement are compared to pre-
dictions calculated with MCFM 6.8 [83-87] at NLO (O(a?)), in combination with
different PDF sets. The mass of the c¢ quark is set to m. = 1.5 GeV and refers to the
pole mass. The value corresponds to the charm mass setting in the signal MC. The cal-
culations are performed for pf. > 26 GeV, n* < 2.4, and pS > 5 GeV, corresponding
to the kinematic requirements of the analysis at the generator level. The strong coupling
constant ag(mz) is set to the value used in the evaluation of the particular PDF, and the
factorization and renormalization scales are set to p¢ = p, = my. The PDF uncertain-
ties are determined using the prescriptions provided by each PDF group, including the
variations of ag, if present. The prediction values for the inclusive cross sections and
their respective PDF uncertainties are listed in table [5.5] with Ay referring to scale un-
certainties, conventionally used to estimate the effect of higher order corrections. These
are evaluated by simultaneously varying i and i, by a factor of 2 up and down.
Figure[5.19presents the measurements of the inclusive W + ¢, W + ¢, and W~ + ¢
cross sections, as well as the charge ratio, comp ared to NLO predictions using the
ABMP16nlo [63], ATLASepWZ16nnlo [73], CT14nlo [64], MMHT14nlo [65],
NNPDF3.0nlo [176], and NNPDF3.1nlo [66] PDF sets. The prediction obtained with
ATLASepWZ16nnlo is the only one using a NNLO PDF set, as no corresponding NLO
dataset is currently available. Furthermore, only Hessian uncertainties are considered
for a direct comparison with the other datasets. By convention, the PDF uncertainties
provided by the CTEQ collaboration correspond to 90% confidence level (CL), whereas
the uncertainties of the other PDF sets used for the theoretical predictions are given
at 68% CL. In order to have a uniform representation of the PDF uncertainties, those
obtained with CT14nlo are scaled down accordingly. The datasets used in the deter-
mination of the strangeness distribution in each of the used PDF sets are discussed in
section [2.2.5] However, it is worthwhile to mention once again that the ABMP16nlo set

Table 5.5: The fixed order predictions for o (W + c), obtained with MCFM [85-87]] and
using different PDFs. The uncertainties account for PDF and scale variations.

o(W +c) [pb] APDF [%] Ap[%] o(WT +¢)/o(W™ +c¢)

ABMPI6nlo 1077.9 +2.1 +34 0.975 0002
ATLASepWZ16nnlo 1235.1 SRy 33 0.976 +3:001
CTl4nlo 992.6 s 3 0.970 +0:003
MMHT 4nlo 1057.1 % 33 0.960 +3:3
NNPDF3.0nlo 959.5 +5.4 B 0.962 *331
NNPDF3. 1nlo 1030.2 +53 32 0.965 +0:043
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includes the latest results of the NOMAD and CHORUS experiments in their fit. These
measurements probe the strange quark content of the nucleon via charm production in
charged-current neutrino-nucleon DIS, resulting a small uncertainty associated with the
strange quark distribution. The comparison with NNPDF3.0nlo is presented in addition
to NNPDF3.1nlo as it is the PDF set used in the signal simulation of the analysis. The
results obtained by using either PDF set in a prediction differ from each other due to the
additional measurements included in the fit of NNPDF3.1nlo. Especially the inclusion
of the inclusive W and Z° measurements at 7 TeV performed by ATLAS at full statistics
causes a shift in the strange quark distribution, as is demonstrated in figure 4.19 of ref-
erence [66]. Despite the differences in methodology, the strangeness suppression distri-
butions of the ABMP16nlo, CT14nlo, MMHT14nlo and NNPDF3.1nlo PDF sets agree
with each other and disagree with the results of ATLASepWZ16nnlo. Good agreement
between the inclusive W + ¢, W + ¢ and W~ + ¢ measurements and the fixed order
predictions is observed, except for the calculation using the ATLASepWZ16nnlo PDF
set. Tables [5.7] and [5.8] summarize the prediction values, using different PDFs for the
differential measurement do (W + ¢)/d|n#|. The small asymmetry between (W™ + ¢)
and o(W™ + c) is related to the contributions of d valence quark to the W~ + ¢ cross
section and good agreement between the measurement and all theoretical predictions is
observed.

The W + D* cross section is compared to the signal MC prediction, which uses
NNPDF3.0nlo to describe the proton structure. The PDF and ag uncertainties are ac-
counted for and the scale uncertainties are determined by varying p, and yi¢ in the matrix
element by a factor of 2. The prediction values for the differential W + D* cross section
and their respective PDF uncertainties are listed in table [5.6] Figure [5.20] presents the
differential W + ¢ and W + D* cross sections, compared with the fixed order calcula-
tions done with MCFM and the signal MC prediction, respectively. The measured cross
section is in good agreement with the simulation.

Table 5.6: Theoretical predictions for do(W + D**)/d|n*| calculated with MAD-
GRAPHS_aMC@NLO. The relative uncertainty due to PDF and scale variations are
indicated.

MADGRAPHS _aMC@NLO + PYTHIA

il Dimael] - 27O OO Dy APDEL%] Ap 15
[0,0.4] 72.9 6.4 & 03
[0.4,0.8] 70.2 59+ 04
[0.8,1.3] 64.0 5.0 & B
[1.3,1.8] 55.6 3.8 + B
[1.8,2.4] 43.6 3.6 + 52
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Figure 5.19: Inclusive fiducial cross section of W + c at 13 TeV (upper left), cross sec-
tion ratio (W™ +¢)/o(W~ + ¢) (upper right), (W™ + ¢) (lower left) and W~ + ¢
(lower right). The cross section (ratio) values are represented by a black line, while
the statistical and total uncertainties of the measurement are shown as shaded bands.
The measurements are compared to fixed order QCD predictions, done with MCFM
at NLO, using various PDF sets, represented by different types of symbols. The PDFs
are evaluated at NLO, with the exception of ATLASepWZ16nnlo, which has been de-
termined at NNLO. The error bars represent the total theoretical uncertainty, containing
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the uncertainties related to the PDF and the scale variations.
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Table 5.7: Theoretical predictions for do(W + c¢)/d|n"| done with MCFM 6.8, using
the ABMP16nlo, ATLASepWZ16nnlo and CT14nlo PDF sets. The associated PDF and
scale uncertainties are shown relative to the prediction values.

ABMP16nlo
e il 27T lp) - APDFI%) A (%)
dln”|
[0,0.4] 537.8 +22 )
0.4,0.8] 522.8 + 2.1 33
0.8,1.3] 483.9 +2.1 33
[1.3,1.8] 4224 +2.0 +3a
[1.8,2.4] 334.1 +2.0 30
ATLASepWZ16nnlo
do(W
(sl Id) <P ipb] - APDFI%] A%
[0,0.4] 607.8 i Ay
[0.4,0.8] 592.9 1 32
[0.8,1.3] 552.7 +12 138
[1.3,1.8] 487.8 14 38
[1.8,2.4] 391.1 +22 13
CTl14nlo
sl i) 7T lpb) APDFI%] Apl
dln"]
[0,0.4] 499.3 79 37
[0.4,0.8] 484.4 50 33
0.8,1.3] 446.3 g 29
[1.3,1.8] 387.0 Y T34
[1.8,2.4] 304.1 53 50
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Table 5.8: Theoretical predictions for do(W + c)/d|n#| done with MCFM 6.8, using
the MMHT14nlo, NNPDF3.0nlo and NNPDEF3.1nlo PDF sets. The associated PDF and
scale uncertainties are shown relative to the prediction values.

MMHT14nlo
do(W
sl 1d) 75 tpb) APDFI%] A%
0,0.4] 526.0 9 A
0.4,0.8] 511.2 o2 1390
0.8,1.3] 473.4 +64 3.0
[1.3,1.8] 414.4 +6.0 32
[1.8,2.4] 330.5 53 132
NNPDF3.0nlo
do(W
[150in > [l %[pb] APDF[%] Apl%]
[0,0.4] 489.8 +7.0 +3.2
0.4,0.8] 473.2 +6.5 21
0.8,1.3] 432.4 +5.5 +2.6
[1.3,1.8] 370.4 +4.2 +31
[1.8,2.4] 288.1 +3.5 33
NNPDF3.1nlo
do(W
sl tid) 2 Dipb) APDFI%] A%
[0,0.4] 524.8 +5.8 28
[0.4,0.8] 508.1 +5.6 39
[0.8,1.3] 465.6 + 5.4 39
[1.3,1.8] 399.0 +5.0 +31
[1.8,2.4] 307.9 + 4.8 138
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Figure 5.20: Left: Differential cross section of o(W + ¢) (upper) o(W™ + ¢) (middle)
and o(W~ + ¢) (lower) as a function of |n#|. The measured cross sections are rep-
resented by black points with the vertical bars indicating the statistical uncertainties,
whereas the coloured boxes correspond to the total uncertainty. The results are com-
pared to theoretical predictions done with MCFM [85-87] at NLO using different PDF
sets, indicated by symbols of different forms and colours. Right: Differential cross
section of W + D*(2010)* as a function of |*|. The results of the measurement are in-
dicated by black points, with the inner error bars representing the statistical uncertainties
and the outer bars corresponding to the total uncertainty. The data is compared to a pre-
diction done using the signal MC sample, generated with MADGRAPHS_aMC@NLO,
and the proton structure is described by the NNPDF3.0nlo PDF set.
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Chapter 6

Determination of the strange quark
content of the proton

The results for the associated production of a W* boson and a charm quark at 13 TeV,
presented in the previous chapter, are included in a QCD analysis to illustrate the impact
of the measurement on possible constraints of the strange quark content of the proton.
The QCD analysis presented in this chapter is performed to NLO accuracy, utilizing
the XFITTER [124,[125]] framework, version 2.0.0. The most recent HERA DIS data in
combination with the CMS measurements on the W* boson asymmetry and W + c are
used. The input datasets, chosen parametrization and model assumptions are presented,
and the results are compared with the PDFs obtained in earlier analyses. Furthermore,
for the sake of comparison to the earlier CMS result [49], the fit is repeated using the
same parametrization as in [49].

6.1 Datasets Used in the PDF Fit

The most recent combination of the HERA I+II measurements [8]] of CC and NC pro-
cesses in e*p collisions are included in the fit due to their sensitivity to light quarks
in the low and medium regions of Bjorken z, and to the gluon via scaling violations.
The dataset is a combination of all inclusive DIS cross sections measured by the H1
and ZEUS collaborations during the full runtime of the HERA accelerator and includes
results from different centre-of-mass energies. Extensive evaluations of the correlated
and uncorrelated systematic uncertainties were performed to ensure the consistency of
the results [8]. The NC cross sections have been determined in the kinematic range of
6-107 < 2 < 0.65, whereas the CC cross sections are available for the kinematic range
of 1.3-1072 < 2 < 0.40. While both, NC and CC, are sensitive to the valence quark
distributions at high values of )2, the measurements of NC cross sections in the low )?
region also constrain information on the sea quark distribution in the low x region. The
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Figure 6.1: NC (left) and CC (right) cross sections as a function of ()2, evaluated for dif-
ferent values of Bjorken-z, determined from the combined HERA data in e*p and ¢ p
collisions at /s = 318 GeV and compared to predictions based on the HERAPDF 2.0
PDF set [8].

gluon distribution is probed via the scaling violations. Figure presents the NC and
CC cross sections determined from the combined HERA data in e*p and e~ p collisions
at /s = 318 GeV.

Along with the HERA DIS data, both currently available CMS measurements on
the lepton charge asymmetry in W boson production for /s = 7 TeV [49] and /s =
8 TeV [186]] are included due to their sensitivity to the valence quark distribution in
the kinematic region of 1072 < x < 10~!. The dominant production process for W+
bosons in pp-collisions is the hard scattering of a valence quark with a different flavour
sea anti-quark which carries the same charge e.g. (u, +d — W+, d, +a — W).
Due to the valence quark composition of the proton, the production of W+ bosons has
a higher cross section. This can be observed in the distribution of the lepton charge
asymmetry, which is defined as follows for leptonic W decays:

Al) TWF =1 +v) = Z(W™ =17 +7) 6.
VT EWE S T )t EW 4 |

Moreover, the W+ boson cross sections provide an indirect sensitivity to the strange
quark distribution through processes like u, +5 — W+ and u +s — W~. Fig-
ure presents the lepton charge asymmetry in W production as a function of the
lepton pseudorapidity measured by CMS for centre-of-mass energies of /s = 7TeV
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Figure 6.2: Lepton charge asymmetry, measured by CMS at /s = 7TeV [49] (left)
and /s = 8 TeV [186] (right) compared to predictions, calculated using FEWZ [70] in
combination with different PDF sets at NLO (7 TeV) or NNLO (8 TeV).

and /s = 8 TeV compared to predictions, calculated using FEWZ 3.1 [70] in combi-
nation with different PDF sets at NLO (7 TeV) or NNLO (8 TeV).

In addition to the differential CMS W + ¢ measurement at /s = 13 TeV, presented
in chapter |5, the earlier measurement at /s = 7TeV [67] is included in the QCD
fit. Both analyses measure the differential cross section of W + ¢ as a function of the
absolute pseudorapidity of the lepton |n!| originating from the W boson decay.

The theoretical calculations for the CMS measurements were done using MCFM [85-
87] at NLO (O(a?)) interfaced with APPLGRID 1.4.56 [141]]. The predictions of the
W+ asymmetry measurements and the 7 TeV W + ¢ analysis are publicly available via
HEPForge [187], while the calculations of for the 13 TeV W + ¢ measurement were
done in the course of the analysis, presented in this thesis. The correlated systematic
uncertainties of each individual measurement are taken into account, though the indi-
vidual datasets are treated as uncorrelated to each other. The CMS measurements are
treated as uncorrelated due to differences in the event reconstruction and selection, used
in the analysis at different centre of mass energies.

The parton distributions are evolved from a starting scale ji, using the NLO DGLAP
equations, as they are implemented in the QCDNUM 17-00/06 [127] program, which
performs all calculations in the M.S scheme [12, [13]. The heavy quark masses are
treated according to the NLO Thorne—Roberts [133)|134] general-mass variable flavour
scheme, with m;, = 4.5 GeV and m. = 1.5 GeV, corresponding to the settings of the
simulated event sample of the W + ¢ measurement. The value of the strong coupling
constant is set to g = 0.118 and the renormalization and factorization scales are defined
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Table 6.1: Initial values and variations of the model input parameters used in the QCD
analysis. The strong coupling constant and quark masses are treated according to the
MS-scheme at NLO and the masses listed for m. and my, correspond to their pole masses
at NLO.

Parameter Initial Value Variation

Qg 0.118 -

M. 1.5 GeV 1.37 < m,. < 1.55GeV

my 4.5GeV 4.3 < my < 5.0GeV

Q2 1.9 GeV 1.6 < Q32 <22GeV
2 35GeV 25 < Q% <5.0GeV

as i, = pur = Q. In the case of DIS data () corresponds to the four-momentum transfer
between the lepton and the parton, while it is set to the mass of the W* boson for the W=
asymmetry data and the W + c process. Following the strategy of the HERAPDF 2.0
QCD analysis, the O range of the HERA DIS data is restricted to Q> > 3.5 GeV? to
ensure the applicability of pQCD calculations. A summary of the model input param-
eters and the variations considered for each one, to evaluate the model uncertainties, is
presented in table [6.1]

This QCD analysis follows the strategy of the earlier CMS QCD analyses [49, 186],
and the parametrization of the PDFs is derived from the most recent one [186]], which
includes the CMS 8 TeV W*-asymmetry in the fit. The initial scale of the QCD evolu-
tion is set to 2 = 1.9 GeV?. At this scale, the PDFs of the gluon distribution (xg), the
valence quark distributions (zu,, xd,) and the sea quark distributions, with the u-type
(«1) and d-type (zd, x5) distributions are parametrized as presented in the equations
6.2H6.7] with zs (x5) denoting the strange quark distribution, and it is assumed that
xS = a8S.

ruy(z) = Ay, 2P (1 —2)% (1 + By 2?), (6.2)
zdy(z) = Aq, 2P (1 — z)%v, (6.3)
rii(z) = Ag 25 (1 — 2)% (1 + Eqa?), (6.4)
zd(z) = Ag 251 (1 — 2)%, (6.5)
r8(x) = Ag 25 (1 — 2)%, (6.6)
vg(z) = Ag 2% (1 — 2)%%. (6.7)

The parameters A, , Aq, and A, ensure the normalization of the PDFs according
to the QCD sum rules. Therefore constraining A; = Ag regulates the behaviour of the
u and d densities towards x — 0 and ensures that both have the same normalization
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in this region. In QCD analyses focusing on the extraction of distributions other than
strangeness, such as gluons or the valence quarks, the strangeness fraction, defined as
fs = 28/(xd + x5) is usually fixed at a constant value to connect the A parameters.
However, since this analysis aims to extract the strange quark content of the proton, f;
is a free parameter with no influence on the results. No restrictions are placed on the B
parameters of the light sea, as is suggested in Ref. [[74].

6.2 Details and Results of the Fit

The global y? of the fitted PDFs is calculated using the Nuisance Parameter representa-
tion of the correlated and uncorrelated uncertainties associated with the measurements
(see section [2.4.2). The initial parameters of the PDFs are determined by minimizing
x* and the quality of the fit can be assessed by dividing x3 by the number of degrees
of freedom Ng. Similarly, the partial x? of the individual datasets, divided by the
number of data points within the set is determined. The global and partial x? of each
dataset is listed in table [6.2] and good agreement between the CMS measurements is
observed. The high > /Nqot values determined for the HERA datasets have been inves-
tigated in [8]). It was found that the low-Q?* and medium-()? measurements show some
tension, while the high-()* data cannot be fitted well in general. However, it was not
possible to pin down the tension to a particular region of Bjorken x or a specific process.

The PDF uncertainties resulting from the experimental uncertainties associated with
the input datasets are evaluated using the Hessian method and the MC replica method
(see section[2.4.2)). When using the Hessian method to estimate the experimental uncer-
tainties, a tolerance criterion of Ax? = 1 is applied, corresponding to 68% confidence
level. For the error estimation via the MC replica method, a total of 426 replicas of
pseudo-data are generated and the uncertainties are determined as the root-mean-square
(RMS). Figure presents the strange quark content s(x, ?) and the strangeness sup-
pression factor 7,(z, u?) evaluated at the starting scale 2 = 1.9 GeV?* and the W+
boson mass p? = m¥;. A larger uncertainty over the entire range of Bjorken-z is ob-
served for the use of the MC replica method, indicating non-Gaussian tails in the PDF
uncertainties.

The impact of model uncertainties are estimated according to the parameter varia-
tions listed in table The PDFs resulting from the fits, using the altered parameters,
are compared to the central distributions. No significant differences, with regard to
the PDF uncertainties, are observed. Comparisons between the original fit, including
the PDF uncertainties, with the results using the parameter variations are presented in
appendix [D| Again, no significant deviations from the central result is observed.
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Table 6.2: The partial x? per number of data points for each dataset used in the QCD
analysis and the global y? per number of degrees of freedom (Ny.¢) determined from
the PDF fit.

Data set X2/ nap
HERA I+II charged current etp 43 /39
HERA I+II charged current ep 571742
HERA I+II neutral current ep 218/ 159
HERA I+I1 neutral current etp, Ep=820GeV 69/70
HERA I+II neutral current etp, Ep=920GeV 448 /377
HERA I+I1 neutral current etp, Bp =460 GeV 216/204
HERA I+II neutral current etp, Ep =575GeV 220/254
CMS W+ muon charge asymmetry 7 TeV 13/11
CMS W+ muon charge asymmetry 8 TeV 42/11
CMS W +c7TeV 22175
CMS W + ¢ 13TeV 2.1/5
Correlated x? 87

Total x? / dof 1385/ 1160

6.3 Comparisons with Results of Global PDF's

Here, the results of the QCD analysis, in particular the strangeness suppression 7, is
compared to the PDFs obtained in global fits. In figure [6.4] the sets ABMP16nlo,
CT14nlo, and MMHT 14nlo are considered. The distribution of the strangeness sup-
pression, as determined in this thesis is in good agreement, within uncertainties, with
the results of the global PDF groups, where the information on the strange quark content
in the proton is obtained using the data of neutrino scattering experiments.

In the global PDF fits, additional constraints on the isospin asymmetry (Eq. [6.8) are
imposed by using the DY measurement of the NuSea collaboration [75].

I(w,p?) = [d(w, p?) + (w, p?)] / [a(z, 1) + d(@, p?)] (6.8)

It is worthwhile to note that the results of this thesis are in good agreement with the
ABMPI16nlo PDF, which uses the most precise NOMAD [359] measurements to probe
the strange quark content via neutrino scattering. Therefore it can be concluded that the
CMS measurements are in very good agreement with those obtained in neutrino scatter-
ing experiments. Figure [0.5|presents a comparison between the strangeness suppression
determined in this analysis with the results of ABMP16nlo and ATLASepWZ16nnlo,
obtained at the scales p? = 1.9GeV? and p? = m?%,. For this qualitative comparison
only the Hessian uncertainties of ATLASepWZ16nnlo are shown. The unsuppressed
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Figure 6.3: The strange quark distribution (upper) and strangeness suppression factor
(lower) as a function of z, obtained at the starting scale ,u? = 1.9GeV? (left) and
u? = m3y (right). The PDF uncertainties, resulting from the experimental uncertainties
of the input datasets are evaluated using the Hessian method (hatched band) and the MC
replica method (shaded band).

strange quark content of the proton, reported by ATLAS is not observed.

However, a comparison of the results obtained in this thesis with the NuSea [75] DY
measurements do not show good agreement with each other, either. The reason for this
disagreement is that the datasets included in this QCD analysis do not essentially con-
strain the @ and d distributions. In general, using a limited number of datasets brings the
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Figure 6.4: The strangeness suppression 75 as a function of x obtained at the scale
pz = may. The results of the analysis presented in this thesis (shaded band) are com-
pared to the distributions of the ABMP16nlo (grey band), CT14nlo (yellow band) and
MMHT14nlo (green band) PDF sets.

advantage of using a low value for the tolerance criterion, however, this approach suf-
fers from rigidities in the parametrization at the starting scale. The latter can introduce
artificial constraints on the PDFs that are not probed directly by the measurements used
in the fit. This may lead to effects like an enhanced strange quark distribution i.e. at
the cost of an unphysical isospin asymmetry. The QCD analysis presented in this thesis
is an illustration of the constraining power of the W 4 ¢ measurement on the strange
quark distribution. The measurement itself [188] is provided in a format suitable to be
used by the PDF groups for future global PDF fits.

6.4 Comparison with Previous CMS Results

The parametrization of the 7 TeV CMS QCD analysis [49] differs from the one in this
thesis in terms of the used parametrization. For a suitable comparison between the two
analyses, the same parametrization is used in a QCD fit with the input datasets listed
in chapter[6.1] The model input parameters, listed in table [6.1] remain unchanged. The
analysis uses a so called free-s fit with 15 parameters, where a flexible form of the gluon
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Figure 6.5: The strangeness suppression factor - (eq.[2.43)) as a function of = obtained
at the starting scale y? = 1.9GeV? (left) and p? = m¥, (right). The results of the
analysis presented in this thesis (hatched band) are compared to the distributions of
the ABMP16nlo (dark shaded band) and ATLASepWZ16nnlo (light shaded band) PDF
sets.

was adopted, which allows the distribution to assume negative values:

zuy(z) = Ay, 2P (1 —2)% (1 + By 2?), (6.9)
xd, () = Ag, 2B (1 — z)%-, (6.10)
2ti(z) = Ag 287 (1 — )%, (6.11)
zd(z) = Az 253 (1 — 2)%, (6.12)
15(z) = As 2% (1 — 2)%, (6.13)
zg(z) = Ag v (1 —2)% + AL 2% (1 — 2)%. (6.14)

The constraints A; = Az and By = Bj as well as Bj = Bs are applied, and
it is assumed that xs = x5. These restrictions were necessary at the time due to the
limited number of available measurements. The constraint of By = B was released
to estimate the parametrization uncertainty, which has a large impact on the total PDF
uncertainty. Figure [6.6] presents a comparison of the previous CMS QCD analysis [49]
with the results obtained in this thesis. Good agreement between the central values and a
reduction of the uncertainties associated with the strange quark distribution is observed
when the results of the 13 TeV W + ¢ measurement are included in the fit.
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(lower panel) as a function of z, evaluated at the starting scale p?> = 1.9 GeV? (left)
and ;> = m3; (right). The result of the analysis presented in this thesis (filled band) is
compared to the results of a previous CMS QCD analysis [49].
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Chapter 7

Summary and Conclusions

In this thesis, the measurement of the associated production of a W+ boson and a charm
quark in 13 TeV pp-collisions at the LHC is described. The impact of these results in
improving constraints on the strange quark content of the proton is investigated in a
QCD analysis at next-to-leading order, using the XFITTER framework.

The data used in the W + ¢ measurement was recorded by the CMS detector in
2016 and corresponds to an integrated luminosity of 35.7fb~!. The W™ bosons are
reconstructed via their leptonic decay W* — p v, which has a clear event signature
with a single, isolated, high-p muon and missing transverse momentum P, indicat-
ing the presence of a neutrino. The charm quarks are tagged by the full reconstruction
of charmed meson decays D*(2010)* — D° + 75 =~ — KT + 7% + 73, resulting
in a clear peak around the expected mass difference of Am(D% D*) = 0.1454 GeV.
Contributions from gluon splitting background processes (W + cé, W + bb), are re-
moved using a data driven method that is considering the fact that the W* boson and
the charm quark produced in W + ¢ always have opposite charge signs, whereas the
contributions from gluon splitting have the same probabilities for W + ¢ combinations
of the same and opposite charge. The acceptance and efficiency of event selection is
determined via a Monte Carlo simulation of W + D*(2010)*, generated with MAD-
GRAPHS_aMC@NLO [80] and interfaced with PYTHIA (v8.2.12) [90] for parton
shower and hadronization.

The fiducial W + c cross section is determined in a kinematic range defined by the
transverse momentum of the muon pf. > 26 GeV, the pseudorapidity |n*| < 2.4 and
the charm transverse momentum p$ > 5 GeV. The measurements are performed inclu-
sively and in five bins of |n#|, with the available Monte Carlo statistics and the fragmen-
tation of ¢ — D*(2010) as the dominant systematic uncertainties. The obtained values
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for the inclusive fiducial W + ¢ cross section and for the cross section ratio are:

o(W + ¢) = 1026 + 31 stat.*Z§ syst. pb (7.1)
o(Wt +¢)

The inclusive and differential measurements are compared to theoretical predictions at
next-to-leading order of QCD, obtained using the MCFM [85H87] program in com-
bination with different sets of parton distribution functions. Good agreement be-
tween the measurements and the theoretical predictions is observed for all calcula-
tions using global the PDF sets ABMP16nlo [63]], CT14nlo [64], MMHT14nlo [65]
and NNPDF3.1nlo [66].

The differential results of the W 4- ¢ measurement are sensitive to the strange quark
content of the proton in the range of 1072 < z < 10! and are therefore used in a sub-
sequent QCD analysis to determine the strange quark distribution and the strangeness
suppression r, = (s + §)/(i + d). The fit is performed using the combination of the
HERA I+II [8] datasets, the CMS measurements of the W* asymmetry at 7 and 8 TeV
and the CMS W + ¢ measurements at 7 and 13 TeV. The experimental uncertainties
associated with the input datasets are propagated to the PDF uncertainties using the
Hessian method with a tolerance criterion of Ax? = 1, and the MC replica method for
comparison. Both results are in agreement with each other, though the uncertainties
obtained via the MC replica method is larger than what is observed when the Hessian
method is applied. Uncertainties arising from assumptions on the model input param-
eters, such as the heavy quark masses or the value of Q2. imposed on the HERA
data were investigated but found to be negligible in this analysis. The resulting dis-
tribution of r4 is compatible with those of the global PDF sets and disagrees with AT-
LASepWZ16nnlo [73]], for which an unsuppressed strangeness is reported.

Further, the measurements are used in an alternative QCD analysis, utilizing the
parametrization of the previous CMS result [49] and are found to be in good agreement.
Therefore, the measurement of W + c production in proton-proton collisions at the LHC
demonstrates that it provides important information about the flavour composition of the
proton quark sea and is in agreement with the results of neutrino scattering experiments.

The analysis of this thesis has recently been published in The European Physical Journal

C [188] and the measurements are provided in a form suitable to be included in the
global PDF fits along with the corresponding theory predictions.
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Appendix A

W+charm: Input datasets

In this analysis, the data collected by the CMS experiment in 2016 is used. Run A is
excluded as the magnet had been switched off in this period. To ensure good functional-
ity of all the detector components only the Lumi-Sections listed in the certification-file,
presented in table[A.T] are used. The recorded and certified data of the periods B-H cor-
respond to an integrated luminosity of 35.7 fb~' [150]. The samples used in the W + ¢
analysis have passed the single muon trigger selections (see section d.3.1)).

The Monte Carlo (MC) samples used in this analysis are listed in table [A.2] along
with their corresponding cross sections, and the numbers of generated events.

Table A.1: Datasets and certification-file used in the analysis

Dataset Name #Events Lum.(fb ')
/SingleMuon/Run2016B-07Augl17_ver2-vl 158145722 5.74
/SingleMuon/Run2016C-07Augl7-v1 67441308 2.57
/SingleMuon/Run2016D-07Aug17-v1 98017996 4.25
/SingleMuon/Run2016E-07Aug17-v1 90984718 3.95
/SingleMuon/Run2016F-07Aug17-v2 65489554 3.10
/SingleMuon/Run2016G-07Augl7-v1 149916849 7.50
/SingleMuon/Run2016H-07Aug17-v1 174035164 8.58
JSON

Cert_271036-284044_13TeV_PromptReco_Collisions16_JSON.txt
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Table A.2: Simulated samples used in the analysis with their respective cross-sections
and numbers of generated events.

MC-Sample Name #Events o[pb]
Signal
/WletsToLNu_DStarFilter TuneCUETP8M1_13TeV- 45M 2012

amcatnloFXFX-pythia8

Wjets

/WlJetsToLN_TuneCUETP8M1_13TeV-amcatnloFXFX- 200M 60320
pythia8

Other Backgrounds

/DYJetsToLL_M-50_TuneCUETP8M1_13TeV- 50M 6025

amcatnloFXFX-pythia8
/QCD_Pt-20to30_MuEnrichedPt5_TuneCUETP8MI1_13TeV  32M  3.16-10°

_pythia8

/QCD_Pt-30to50_MuEnrichedPt5_TuneCUETP8M1_13TeV  30M 1.66-10°
_pythia8

/QCD_Pt-50t080_MuEnrichedPt5_TuneCUETP8M1_13TeV 20M 4.50-10°
_pythia8

/QCD_Pt-80to120_MuEnrichedPt5_TuneCUETP8M1_13TeV 14M 1.07-10°
_pythia8

/TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 25M 832
/ST_t-channel_top_4f_inclusiveDecays_13TeV- 10M 136
powhegV?2- madspin-pythia8_TuneCUETP8M1/
/ST_t-channel_antitop_4f_inclusiveDecays_13TeV- 10M 81.0
powhegV?2- madspin-pythia8_TuneCUETP8M 1
/ST_tW_top_5f_inclusiveDecays_13TeV-powheg-pythia8 ™ 35.6
_TuneCUETP8M 1

/ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg- ™ 35.6
pythia8 _TuneCUETP8M1
/ST_s-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8 IM 10.3
_TuneCUETP8M1

/WW_TuneCUETP8M1_13TeV-pythia8 1M 64.3
/WZ_TuneCUETP8M1_13TeV-pythia8 IM 23.5
/ZZ._TuneCUETP8M1_13TeV-pythia8 IM 15.4
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Appendix B

Tracking Studies

This section presents the distributions of tracking parameters that were investigated over
the course of the W 4 c analysis, but are not considered as selection criteria for the
D*(2010)* candidates. All tracks presented in the following pass the event and object
selections listed in sections [5.2.1] and [5.2.21 The tracks associated with a K¥ or 7+
candidate are presented separately from the tracks associated with a 73 = candidate,
due to the different pFa°* thresholds.

Figure presents the track transverse momentum uncertainty op2* and the rel-
ative transverse momentum resolution opirack /pitack  while figure shows the track
pseudorapidity and azimuthal angle uncertainties. Figure presents the y? distribu-
tion of the tracks, their number of degrees of freedom (Ng.¢), and the reduced y2. The
hit multiplicities of the tracks are presented in figure for the pixel layers, the strip
layers, and all tracker layers. Furthermore, the average hit multiplicity in the pixel, strip
and all tracker layers is shown as a function of 7 in figure[B.5]
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Figure B.1: Uncertainty of the transverse momentum (upper) and relative resolution of
the track transverse momentum for K¥ and 7% candidates (left) and 77 candidates
(right) in the events fulfilling all selection criteria.The data (filled circles) are compared
to the MC simulation of contributions from different processes (filled bands of different

color).
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and 7+ candidates (left) and wsjfow candidates (right) in the events fulfilling all selection

criteria. The data (filled circles) are compared to the MC simulation of contributions
from different processes (filled bands of different color).
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candidates (left) and 7% candidates (right) in the events fulfilling all selection crite-

ria. The data (filled circles) are compared to the MC simulation of contributions from
different processes (filled bands of different color).
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Figure B.4: Track hit multiplicity for the pixel layers (upper), the strip layers (middle)

and all tracker layers (lower) for KT and 7 candidates (left) and 7

+
slow

candidates (right)

in the events fulfilling all selection criteria. The data (filled circles) are compared to the
MC simulation of contributions from different processes (filled bands of different color).
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Figure B.5: Average hit multiplicity in the pixel layers (upper), strip layers (middle) and
all tracker layers (lower) as a function of 7 for K¥ and 7* candidates (left) and 77

candidates (right) in the events fulfilling all selection criteria. The data (filled circles)
are compared to the MC simulation (blue lines).
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Appendix C

Binwise D™ reconstruction

This section presents the distribution of the reconstructed mass difference Am(D°, D*)
at different stages of the W + ¢ analysis for the investigated ranges of |n#|. All D°
and D*(2010)* candidates fulfill the event and object selections listed in sections
and[5.2.2] Figures show the distributions for events with W candidates of any
charge, while figures |C.8 show the distributions for events with W+ candidates
and figures those for W~ candidates. For each of the W+ charges the plots
are presented in the following order:

Two figures show the Am (D, D*) distribution of the right-charge and wrong-charge
candidates, falling into the OS category, in each of the investigated ranges of |n*|, sep-
arately for data and simulation. Additionally two figures presenting the corresponding
Am(D° D*) distributions for events falling into the SS category are shown. The next
two figures present the Am(D°, D*) distribution after the wrong charge candidates have
been subtracted in each of the investigated ranges of |n*|. Events falling into the OS
and SS categories are presented separately. The final figure presents the Am (DY, D*)
distribution after OS — SS.
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Figure C.1: Distribution of the reconstructed mass difference Am (D", D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W= + D*(2010)F
events after normalization of the wrong-charge distribution for different ranges of |n*|

in data.
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Figure C.2: Distribution of the reconstructed mass difference Am (DY, D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W= + D*(2010)F
events after normalization of the wrong-charge distribution for different ranges of |n*|
in simulation.
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Figure C.3: Distribution of the reconstructed mass difference Am (DY, D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W= + D*(2010)*
events after normalization of the wrong-charge distribution for different ranges of |n*|

in data.
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Figure C.4: Distribution of the reconstructed mass difference Am (DY, D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W= + D*(2010)*
events after normalization of the wrong-charge distribution for different ranges of |n*|
in simulation.
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Figure C.5: Distribution of the reconstructed mass difference Am(D?, D*) for candi-
dates assigned to the OS category for different ranges of |1*|. The combinatorial back-
ground has been subtracted and data are compared to MC simulation with contributions
from different processes shown as histograms of different colours.
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Figure C.6: Distribution of the reconstructed mass difference Am(D°, D*) for candi-
dates assigned to the SS category for different ranges of |n#|. The combinatorial back-
ground has been subtracted and data are compared to MC simulation with contributions
from different processes shown as histograms of different colours.
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Figure C.7: Distribution of the reconstructed mass difference Am (DY, D*) after OS —
SS. The combinatorial background has been subtracted and data are compared to MC
simulation with contributions from different processes shown as histograms of different
colours.
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Figure C.8: Distribution of the reconstructed mass difference Am (DY, D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W+ + D*(2010)~
events after normalization of the wrong-charge distribution for different ranges of |n*|
in data.
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Figure C.9: Distribution of the reconstructed mass difference Am (DY, D*) for right-
charge (blue line) and wrong-charge (red line) candidates in W + D*(2010)~ events
after normalization of the wrong-charge distribution for different ranges of |n*| in sim-

ulation.
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Figure C.10: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W+ + D*(2010)"
events after normalization of the wrong-charge distribution for different ranges of |n*|

in data.
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Figure C.11: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue line) and wrong-charge (red line) candidates in W + D*(2010)" events
after normalization of the wrong-charge distribution for different ranges of |n*| in sim-
ulation.
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Figure C.12: Distribution of the reconstructed mass difference Am(D°, D*) for candi-
dates assigned to the OS category in events with a W™ candidate for different ranges of
|n*|. The combinatorial background has been subtracted and data are compared to MC
simulation with contributions from different processes shown as histograms of different
colours. 157
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Figure C.13: Distribution of the reconstructed mass difference Am(D°, D*) for candi-
dates assigned to the SS category in events with a W+ candidate for different ranges of
|n*|. The combinatorial background has been subtracted and data are compared to MC
simulation with contributions from different processes shown as histograms of different
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Figure C.14: Distribution of the reconstructed mass difference Am (D, D*) after OS —
SS for events with a W+ candidate. The combinatorial background has been subtracted
and data are compared to MC simulation with contributions from different processes
shown as histograms of different colours.
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Figure C.15: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W~ + D*(2010)"
events after normalization of the wrong-charge distribution for different ranges of |n*|

in data.
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Figure C.16: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue line) and wrong-charge (red line) candidates in W~ + D*(2010)" events
after normalization of the wrong-charge distribution for different ranges of |n*| in sim-

ulation.

161



0.<In"| <24 0.<n"|<0.4
18000 Data; W + D* F Data: W + D*
> F —e— Right charge > r —e— Right charge
§ 16000; ° s —e— Wrong charge % 3000: Y 28 —e— Wrong charge
— F $ mo.. — r 098689,
= F Ny F 8
5 140001 o 080000 con 5 2500 0:0 *®30502,8, oge
$ 120001 °.° 8 S - o0 Bt
> g r
m L ° w2000 °
10000F g S
sooor  ° 1500
r e [ ¢
6000 5
F o 1000: °
4000~ [
20001 5005
Ee ! \ ! \ ! \ ES ! \ ! \ ! \
00.14 0.145 0.15 0.155 0.16 0.165 0.17 00.14 0.145 0.15 0.155 0.16 0.165 0.17
Am(D*,D°) [GeV] Am(D*,D°) [GeV]
0.4<|n"|<0.8 0.8<n" <13
3500 Data: W + D* 4000F Data: W + D
> r —e— Right charge 3 F —e— Right charge
= 3000 ° e .0 _ —o Wrong charge = 3500: * —e— Wrong charge
- r "0.'003:.’ — E ° S 2o,
> o TR *°29380ss, o . 3000F pad $%08¢, 8,
£ 2500F o, Se%% | 2 g o.® i
2 g o 5 25000 °
2000 ,° F e
e 2000  °
[ e [ @
15001~ C
e 1500 ©
1000t ¢ 1000 ®
5001 500
.\ ! \ \ \ ! \ B \ \ ! \ ! !
00.14 0.145 0.15 0.155 0.16 0.165 0.17 00.14 0.145 0.15 0.155 0.16 0.165 0.17
Am(D*,D°) [GeV] Am(D*,D°% [GeV]
1.3< 0" <18 1.8<|n"|<24
L Data: W + D¥ 35001 Data: W + D¥
> 3500; —e— Right charge > r —e— Right charge
= r * —e— Wrong charge = . Y —e— Wrong charge
= 3000- L 883080, S %00 R .:"'3‘».3“
£ E " .800“ 2 2500i e :’"
§ 25000  *.° 9% | 5 FCe $2s00g
@ F o. 0 F o
2000 o 2000~ ¢
n L
[ o r s
1500F ¢ 1500 o
1000 » 1000 ¢
5000 5001
'\ ! \ ! \ ! \ E'\ ! \ ! \ ! \
00.14 0.145 0.15 0.155 0.16 0.165 0.17 00.14 0.145 0.15 0.155 0.16 0.165 0.17
Am(D*,D°) [GeV] Am(D*,D°% [GeV]

Figure C.17: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue points) and wrong-charge (red points) candidates in W~ + D*(2010)~
events after normalization of the wrong-charge distribution for different ranges of |n*|
in data.
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Figure C.18: Distribution of the reconstructed mass difference Am (D D*) for right-
charge (blue line) and wrong-charge (red line) candidates in W~ + D*(2010)~ events
after normalization of the wrong-charge distribution for different ranges of |n*| in sim-
ulation.
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Figure C.19: Distribution of the reconstructed mass difference Am(D°, D*) for candi-
dates assigned to the OS category in events with a W~ candidate for different ranges of
|n*|. The combinatorial background has been subtracted and data are compared to MC
simulation with contributions from different processes shown as histograms of different
colours. 164
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Figure C.20: Distribution of the reconstructed mass difference Am(D°, D*) for candi-
dates assigned to the SS category in events with a W~ candidate for different ranges of
|n*|. The combinatorial background has been subtracted and data are compared to MC
simulation with contributions from different processes shown as histograms of different
colours. 165
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Figure C.21: Distribution of the reconstructed mass difference Am (D, D*) after OS —
SS for events with a W+ candidate. The combinatorial background has been subtracted
and data are compared to MC simulation with contributions from different processes
shown as histograms of different colours.
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Appendix D

QCD Analysis: Model Uncertainties

This section presents the model and parametrization uncertainties, investigated over the
course of the QCD analysis. The strangeness distribution and strangeness suppression
factor of the central fit, obtained at the starting scale Q2 = 1.9 GeV? are compared to
variations of the model input parameters. The corresponding PDF uncertainties, result-
ing from the experimental uncertainties of the input datasets, are evaluated using the
Hessian method. To investigate the model uncertainties, alternative fits are performed,
though only the central value of the alternative fit is presented.

The variations of the heavy quark masses relevant in this analysis are presented in
figures and Different starting scales Q3 have been tested and are shown in
figure The impact of restricting the HERA data to values above a threshold Q2 ;.
has been investigated and the results are presented in figure[D.4] These variations do not
alter the results for the strange quark distribution or the suppression factor significantly,
when compared to the PDF fit uncertainty.

For the investigation of the parametrization uncertainties, also the PDF uncertain-
ties, evaluated using the Hessian method, are presented. The parametrization of the
different quark and gluon distributions, used for the central fit (see section , are
multiplied with terms of the form (1 + D;z) or (1 + E;a?), with j representing the
parton flavours. Figure presents the distribution for the case of Dy, being a free
parameter. Figures and present the results of D3 or Ej as free parameters of
the fit. Figure[D.§and show the distributions for D5 and Ds. None of the added pa-
rameters result in a significant difference of the strangeness distribution or strangeness
suppression factor.
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Figure D.1: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of z, obtained at the starting scale ¢ = 1.9 GeV? for different
values of the m. parameter. The PDF uncertainties, obtained via the Hessian method,
are presented for the central fit.
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Figure D.2: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of x, obtained at the starting scale ;i = 1.9 GeV? for different
values of the my, parameter. The PDF uncertainties, obtained via the Hessian method,
are presented for the central fit.
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Figure D.3: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of x, obtained at different starting scales. The PDF uncertainties,
obtained via the Hessian method, are presented for the central fit.
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Figure D.4: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of z, obtained at the starting scale ¢ = 1.9 GeV? for different
threshold values Q?, applied to the HERA data. The PDF uncertainties, obtained via the
Hessian method, are presented for the central fit.
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Figure D.5: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of x, obtained at the starting scale iy = 1.9 GeV?. The parametriza-
tion of the central fit is compared to a parametrization in which the Dy, parameter is
free. The PDF uncertainties are obtained via the Hessian method.
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Figure D.6: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of z, obtained at the starting scale s = 1.9 GeV?. The parametriza-
tion of the central fit is compared to a parametrization in which the Dg parameter is free.
The PDF uncertainties are obtained via the Hessian method.
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Figure D.7: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of x, obtained at the starting scale iy = 1.9 GeV?. The parametriza-
tion of the central fit is compared to a parametrization in which the F5 parameter is free.
The PDF uncertainties are obtained via the Hessian method.
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Figure D.8: The strange quark distribution (left) and strangeness suppression factor
(right) as a function of z, obtained at the starting scale s = 1.9 GeV?. The parametriza-
tion of the central fit is compared to a parametrization in which the D parameter is free.
The PDF uncertainties are obtained via the Hessian method.
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Figure D.9: The strange quark distribution (left) and strangeness suppression factor
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(right) as a function of , obtained at the starting scale ji; = 1.9 GeV?. The parametriza-

tion of the central fit is compared to a parametrization in which the £ parameter is free.

The PDF uncertainties are obtained via the Hessian method.
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