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Chapter 1

Introduction

“Die Wissenschaft sorgt dafir, dass Menschen Wahrheit und Objektivitat
erreichen; sie lehrt die Menschen, die Realitat mit Staunen und Bewunderung zu
akzeptieren, ganz zu schweigen von der tiefen Ehrfurcht und Freude vor der
naturlichen Ordnung der Dinge.”

— L. Meitner, Atomenergie und Frieden.

S orty years ago, the discovery of the W boson was announced following the
analysis of the data from the Super Proton Synchrotron (SPS) at CERN [1]. Almost
fifty years ago, the discovery of the J/¥ meson at SLAC [2] and BNL [3] confirmed
the existence of a fourth quark, the charm quark (c). Today, we aim to continue
the collective effort to unveil the mysteries of the smallest corners of Nature, by
studying the associated production of a W boson and a charm quark in order to
extract information about the inner structure of the proton.

The proton is a quantum chromodynamics (QCD) bound state of quarks and
gluons. The proton constituents, the partons, collectively give rise to its fundamental
properties, such as its mass and spin. The complex proton structure has been a
source of fundamental discoveries, like the experimental proof of the existence of
quarks or the nature of the quark-gluon plasma state of matter. The proton energy
shared by its constituents is described through the parton distribution functions
(PDF). A precise knowledge of the content of protons is a necessary ingredient
for making accurate predictions of both standard model (SM) and beyond-the-SM
processes.

The associated production of a W boson and a single charm quark in proton-
proton collisions is directly sensitive to the strange quark content of the colliding
protons at an energy scale of the order of the W boson mass [4]. The sensitivity
comes from the dominance of the sg—W+c contribution over the strongly Cabibbo
suppressed process dg—W+c at tree level. Studies of this process therefore provide
valuable information on the strange quark parton distribution function (PDF), which
is one of the least constrained PDFs of the proton. Accurate measurements of the
W+-c production cross section and of the RE = o(W* +¢)/a(W™ +¢) cross section
ratio can be used to constrain the ratio between strange and non-strange sea quark
PDFs, R, = (s+3)/(i+d), and to probe the level of asymmetry between the s and
s PDFs [5, 6].

If the strange quark contribution to W+c production were totally dominant,
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then any deviation of R from 1 would imply an asymmetry between s and 5§ PDFs.
However even if s = 5, the fact that d < d in the proton due to the d valence quark,
results in RE < 1 through the Cabibbo suppressed d-quark contribution. Therefore,
a careful comparison of the R¥ measurement with theoretical predictions including
all contributions is required to explore a potential strange quark asymmetry in the
proton. The RF measurement and the comparison with theoretical predictions are
presented in this work.

The production of W+-c events is also a background for SM processes and
searches beyond the SM with electroweak bosons and heavy quarks in the final
state. The understanding of W-c production is therefore an important ingredient
for several measurements at the LHC. Furthermore, precise measurements of W-c
production can be used to verify the theoretical calculation of this process and its
modeling in the currently available simulations.

The study of the W+c process is an interesting and contemporary field of
work, with previous publications by the CMS [7-9], ATLAS [10] and LHCb [11]
Collaborations using proton-proton collisions at center-of-mass energies of 7, 8 and
13 TeV. In those analyses, the charm quark is identified using either exclusive decay
channels, e.g. D7 (2010) — D% with D® — K7* (+c.c.), or inclusive final states
where semileptonic or hadronic decays of charmed hadrons are recognized through
the reconstruction of a muon or a secondary vertex inside a jet. In this study
we select four separated data samples depending on the W boson leptonic decay
(either to electron or muon, and a neutrino) and the charm tagging mode (muon
or secondary vertex inside a jet). The combination of the measurements in the four
channels, the use of the large data set collected at /s = 13 TeV, and the reduction
of systematic uncertainties lead to the most precise measurements to date.

For this analysis we are using data collected by the CMS detector between 2016
and 2018 of pp collisions at y/s = 13 TeV corresponding to an integrated luminosity
of 138fb~1. Inclusive and differential cross sections are measured as functions of the
transverse momentum (p5) and pseudorapidity (n°) of the lepton from the W boson
decay. The cross section measurements carried out in this work, together with other
existing measurements in pp collisions at the Large Hadron Collider, combined with
deep inelastic scattering data from electron-proton collisions at the HERA collider,
will allow an improved determination of the strange quark PDF through a complex
analysis using the predictions of the QCD theory.

The body of this thesis is divided into several chapters, covering the different
theoretical and experimental aspects of the analysis. Chapter 2 is devoted to the
theoretical background, with a brief description of the SM, the inner structure of
the proton and the computational tools to simulate the physical processes involved
in the process under study. Following that, the experimental setup is presented in
Chapter 3, introducing the machine that produces the collisions (the Large Hadron
Collider) and the detector that registers the particles produced in the collisions (the
Compact Muon Solenoid). The reconstruction of the physics objects for the W+-c
final state is shown in Chapter 4. In Chapter 5 we present the analysis of the W+c
production cross section, with emphasis on the event selection, the background de-
termination and the study of the systematic effects affecting the measurements. Fi-



nally, the results of this investigation are presented in Chapter 6, the measurements
of the cross sections unfolded to the particle (hadron) and parton levels, compared
with predictions based on fixed-order perturbative QCD at the next-to-leading order
(NLO) and next-to-NLO accuracies. The conclusions and overview are summarized
in Chapter 7.
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Chapter 2

Theoretical overview

“Ash nazg durbatuluk, ash nazg gimbatul, ash nazg thrakatultk, agh burzum-ishi
krimpatul.”
— J.R.R. Tolkien, The Lord of the Rings: The Fellowship of the Ring.

fjigh energy physics is a lively field of study nowadays. The search for the
fundamental answers to the deepest mysteries of the Universe encourages scientists
to develop complicated and beautiful theories that explain the observed phenomena
and predict new features of Nature. In this chapter we will focus on the theoretical
foundations for our topic of research, such as the fundamental particles and their
interactions, and the structure of the proton. The mathematical and computational
tools to describe them will be addressed in the next few sections.

2.1. The standard model of particle physics

The standard model of particle physics (SM) is the gauge quantum field theory
that describes the fundamental constituents of matter and their interactions. It
describes three out of the four fundamental forces. The SM was meant to be one
theory to rule them all, one theory to find them, one theory to bring them all and in
the Grand Unificaton bind them. But unfortunately, gravitation seems too stubborn
to bend the knee and hand over the graviton.

As of today, it is the most precise scientific theory in terms of the accuracy
between theoretical predictions and empiric measurements. It considers elemen-
tary particles as point-like, with no further substructure, arising from quantum
fields [12, 13]. Visible matter is composed of fermions, with half-integer spin and
obeying the Fermi-Dirac statistics, while bosons, with integer spin and obeying the
Bose-Einstein statistics, are responsible for the weak (vector bosons, W* and Z),
strong (gluons, g) and electromagnetic (photon, ) interactions, as well as the pro-
cess that provides matter with mass (Higgs boson, H). Fermions can also be further
classified in two categories, quarks and leptons, each with three generations of two
particles increasing in mass. The difference between each species is called flavour,
and is defined by a set of quantum numbers. Lepton generations consist of a mas-
sive lepton (electron, muon and tau) with the electric charge of the electron, and
its corresponding neutrino. Neutrinos were expected to be massless following the
mathematical description of the theory, but instead it was found that they oscillate
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between the three flavours mid-flight, a process that requires massive particles, al-
though they may be small enough. Quark generations consist of an up-type quark
with electric charge of +2/3 of that of the electron (up, charm and top), and a down-
type quark with electric charge of -1/3 of that of the electron (down, strange and
bottom). A corresponding antiparticle with the same mass, but opposite electric
charge exists for each type of fermion, and is conventionally denoted by a bar on top
of it. The elementary particles described by the SM are summarized in Table 2.1.

Table 2.1: Elementary particles of the SM. Quark and lepton antiparticles are not
included.

Fermions Bosons

Quarks Leptons Gauge Bosons Scalar Bosons

Up (u) ElectroTl (e) Photon ()
Down (d) Ele. neutrino (v.)

h M
Charm (c) won (1) W+ and Z Higgs (H)
Strange (s) Muon neutrino (v,,)

Top (t T

op (t) o (T) Gluons (g)

Bottom (b) Tau neutrino ()

As a gauge theory, the SM is described by a Lagrangian that is invariant
under local transformations of the SU(3)c ® SU(2)r, ® U(1)y symmetry group. The
SU(3)¢ is the colour gauge group, the fundamental symmetry group of quantum
chromodinamics (QCD). This theory describes the strong interaction between quarks
as mediated by the exchange of eight massless gluons, also carriers of the colour
charge. The SU(2);, ® U(1)y gauge group describes the electroweak interactions, a
unified description of the electromagnetic and weak forces, where L denotes that
only left-handed (negative helicity) particles participate in the interaction and the
label Y refers to the weak hypercharge. Is is mediated by three massive vector
bosons and one massless photon.

The SM as a whole theory requires 26 free parameters that can be measured
experimentally: 3 gauge couplings, 6 mixing angles, 12 masses (6 of the quarks and
6 of the leptons), 2 boson masses, 2 CP—violating phases, and 1 CP-violating angle.

The Feynman diagram calculations are a graphical representation of the per-
turbation theory approximation that provides a visualization of particle interactions.
The vertices represent the couplings of the interactions, open lines correspond to ini-
tial state or final state particles, and closed lines represent virtual particles that are
created and reabsorbed. One axis represents time and the other one represents
space. The boson mediating the reaction can be a virtual particle, meaning that
its mass may be off-shell and therefore cannot be observed. We will often use these
diagrams throughout this work.

2.1.1 Electromagnetic interaction

Electromagnetism is the interaction that affects all electrically charged parti-
cles. It can be seen as the unification and generalisation of electricity and magnetism

6



2.1. The standard model of particle physics

and is described by the theory of Quantum Electrodynamics (QED), being the first
relativistic quantum field theory, where there is a full agreement between quantum
mechanics and special relativity. This theory was developed in the decade 1950 by
Tomonaga, Schwinger and Feynman [14-16]. Its mediator particle is the photon,
a massless and electrically neutral gauge boson. Therefore, a self-coupling is not
allowed, and an infinite reach is achieved, with its strength decreasing with the dis-
tance between the interacting particles. The coupling strength of the EM interaction
is given by the so called fine structure constant:

e? 1
 Aweghic T 137
where e is the electric charge of the electron, €y is the vacuum permittivity, A is the
reduced Planck’s constant and c is the speed of light in the vacuum. From now on
we will use the convention of natural units: 7 = ¢ = ¢g = 1. The value of agy is
found to increase at short distances or for interactions taking place at high energy
scales. This effect is caused by vacuum fluctuations creating and annihilating virtual
ete™ pairs surrounding the interacting particles. An effective charge-screening is
produced, where the net-charge experienced in the interaction deviates from the
charge carried by the real particles alone.

(2.1.1)

QaEM

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

|
gU(l)EM = _mF;quiu + ¢(ZVMDM - m)¢, (2'1'2>
where
F.,=0,A, —0,A, (2.1.3)
is the electromagnetic tensor, y* are the gamma-matrices, and
D, =0, —1A, (2.1.4)

is the covariant derivative. The four-potential A, is chosen such that the Lorentz
condition 9, A" = 0 can be applied as a gauge fixing condition. The quantum fields
1 and v of the interacting charged particles with mass m fulfill the Dirac equation:

(iv"0, —m)y = 0. (2.1.5)

2.1.2 Weak interaction

The weak force is the only one of the four fundamental interactions that may
change the flavour of particles and violate charge-parity symmetry. It affects all the
fermions of the SM as well as the Higgs boson, and is mediated by heavy intermediate
vector bosons, resulting in very short lifetime and effective range. Their measured
masses are [17]:

My+ =80.377 £0.012 GeV, My =91.1876 £ 0.0021 GeV. (2.1.6)

This interaction is also called quantum flavourdynamics, but it is rarely re-
ferred to as that since it is more commonly described through the electroweak theory,
explained in Section 2.1.2.2.
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2.1.2.1 Neutral and charged weak interactions

There are two types of weak interactions, depending on the total electric charge
of the current produced by the interacting fermions, also mediated by different
intermediate vector bosons. The charged current interaction, mediated by the pair
W=, and the neutral current interaction, mediated by the Z boson.

(a) Charged current. (b) Neutral current.

Figure 2.1: Tree-level Feynman diagrams of the two fundamental weak interactions.

The fundamental leptonic vertex of the charged weak interaction is shown in
Fig. 2.1a, where a charged lepton becomes its corresponding neutrino through the
emission of a W~. The reverse and crossed processes are also allowed, exchanging
particles for antiparticles where needed. The same procedure can be found for
quarks instead of leptons, where the incoming quark would become a different flavour
with +1 electric charge. The weak charged coupling constant for this vertex is
9y, = VA4ma,,. This process is responsible for the §-decay of hadrons, such as the
neutron into a proton (Fig. 2.2) or the B meson into a D meson (Fig. 2.3), where we
can observe both the quark and the lepton vertices. The charged current interaction
is also responsible for other processes, like the kaon-antikaon oscillation, as shown
in Fig. 2.4

W~ Ve

=)

Figure 2.2: Decay of a neutron into a proton by emission of an electron and its
antineutrino.

The fundamental vertex of a neutral current interaction is shown in Fig. 2.1b,
where the same lepton enters and exits the reaction. The neutral coupling constant

8



2.1. The standard model of particle physics

Ei

q q
Figure 2.3: Decay of a generic B meson into a generic D meson through the emission
of a charged lepton and its corresponding neutrino.

Figure 2.4: Kaon oscillation via exchange of W bosons.

of this vertex is g,, and we will see later on that it is closely related to the charged
one.

Most neutral weak processes are hidden by the equivalent electromagnetic one
since the photon can couple to everything the Z does, and at low energies the photon
mechanism clearly dominates. Therefore, neutrino scattering was used to confirm
the existence of a neutral weak current, since neutrinos do not couple to the photon.
In 1973, the GARGAMELLE experiment at CERN [19] was able to produce the first
image of a neutral current interaction between a muon-antineutrino and an electron,
shown in Fig. 2.5,

v,t+e =, +e, (2.1.7)

that suggested a neutral mediator as the theoretically predicted Z (Fig. 2.6).

There were also observed some neutrino-nucleon scattering events that revealed
the neutral neutrino-quark interaction. These cross sections were much smaller than
the corresponding charged current events, so that it needed to be a new interaction
and not higher-order processes.

2.1.2.2 Electroweak unification and spontaneous symmetry breaking

Weak and electromagnetic interactions could be unified at high energy scales
and took the form of the so-called Electroweak theory. Its formalism follows some
historical development. Fermi tried to explain the nuclear 5-decay through a current-
current interaction between two fermions [20] in the decade of 1930. When parity
violation was found in weak interactions, the leptonic current was then described
as a vector-minus-axial (V' — A) interaction. However, this theory is included in
the class of non-renormalizable theories and further efforts were demanded. The
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Figure 2.5: The first example of a single-electron neutral current at Gargamelle. An
incoming antineutrino knocks an electron towards the left, creating a characteristic
electronic shower with electron-positron pairs [18].

first attempt to construct a renormalizable gauge theory was the introduction of
intermediate vector bosons W* with mass my,. The charged current interaction
can then be written using doublets of left-handed fermions,

( l; )L and ( Z )L. (2.1.8)

This doublet structure suggests the gauge group SU(2) for weak interactions, which
is often called weak isospin. Only left-handed fermions interact this way and there-
fore the goup is usually denoted SU(2)y,, while right-handed fermions transform as
singlets. For an electroweak unification, In the decade of 1960, Glashow suggested
that the gauge group of weak and electromagnetic interactions is the product of
two groups [21-23], while Weinberg and Salam included the idea of spontaneous
symmetry breaking using the Higgs mechanism [24-30] so that

where Y stands for hypercharge.

A SU(2)® U(1) gauge theory contains four gauge bosons but only one should
remain massless [31]. Using a complex SU(2) doublet to break the gauge symmetry
would add four real degrees of freedom, of which three will become longitudinal
degrees of freedom for the three massive gauge bosons and one physical Higgs field
remains. This complex scalar SU(2) doublet is:

(T _ 1 [ prtig
oo (%)= L(nrim) o1
The Lagrangian
L= (0,®) (0®) + 2@ D — )\ (@1 D)’ (2.1.11)

10



2.1. The standard model of particle physics

Figure 2.6: Neutral current interaction between an incoming muon-antineutrino and
an electron.

is invariant under global SU(2) and U(1) transformations of ®. The potential
V(®) = p?|®|* + A\|®|* has minima at [(®°)|? = v? = |p?|/\ if we demand p? < 0.
This potential presents the famous shape of a “Mexican hat” or “the bottom of a
wine bottle” | as Higgs preferred to call it. Since the ground state of ® is degenerated,
we choose the vacuum expectation value in the ¢° direction to avoid an electrically
charged vacuum,

ol = (2 ). (2.1.12)

25
where v = /p?/A is the non-zero vacuum expectation value.

Electroweak symmetry breaking should leave Ugy (1) invariant and this is
achieved using a combination of the Pauli matrices (7%) as 1 + 73. We expect
the photon as a superposition of the U(1)y abelian gauge boson and the third com-
ponent of the SU(2);, non-abelian gauge boson. If we identify the electric charge
as Q < Y + 73 in the upper component ¢* of the Higgs doublet we find the Gell-

Mann—Nishijima relation 2Q) = Y + 13. The weak isospin operator is related to the
Pauli matrices as I* = 7,/2, o that Y = 2Q — I5.

Covariant derivatives can be used to gauge the model,
ig ig’
oH® — DFP = | OF + 5 7 WH + EB“ P, (2.1.13)

introducing the couplings g and ¢’ for the two groups. We can obtain the field
strength tensors for the three SU(2);, gauge fields W* and the U(1)y field B* as

FM = 9PWY — 0PWE — e Wi WY (2.1.14)
G = Q'BY —9"B" (2.1.15)

11



CHAPTER 2. THEORETICAL OVERVIEW

where €4, the Levi-Civita symbol, is a completely antisymmetric tensor that cor-
responds to the structure constants of SU(2). The Lagrangian describing the Higgs
gauge sector is therefore

7 - _iﬁ - }lGQ + (D,®) (D"®) - V(®), (2.1.16)

We require only one physical scalar field, so we use polar coordinates for the
lower component, ¢° = pe? and set ¢* = § = 0 by a SU(2) unitary transformation.
We separate p into a vacuum expectation value v and fluctuations h(z), so that the
mass term in Eq. (2.1.16) becomes

v (9 g g g
Lp==x (2T WF+ZB" | (27 W,+ 2B, x. 2.1.17
Knowing that (7 - W)? = W? and xfr - W#y = — W we find

92U2 U2
L = T(Wl2 + W3 + g(gwg‘ — ¢'B")2. (2.1.18)

We can finally see the relation between the two fields in the first bracket with
the two gauge bosons from the charged current interaction in the Fermi theory,

1

W:I:
V2

(W1 FiWs,)2 (2.1.19)

Equivalently, we the second bracket can be identified as a new neutral massive
gauge boson called 7,

! (
—F—=\g
/92+g/2

where we have introduced the Weinberg angle 6y, as a parametrization of the mixing
of B and W3. The mixing would disappear for 6y, = 0 and the hypercharge would
then equal the electric charge.

Zt = Wi — ¢'B*) = cos 6y W' — sin 6y, B, (2.1.20)

Last, but not least, the massless photon can be found at the combination of
W3 and B orthogonal to Z, which does not appear in the mass Lagrangian,

1
At = Ty o2 (¢ W4 + gB") = sin Oy W4 + cos Oy, B*. (2.1.21)
g Tg

The mass Lagrangian in terms of physical fields then becomes

1 1
L = §m%V +WiWw T+ imQZZMZ“, (2.1.22)

where the boson masses are

gu V(P +g%v  my

mw = 2 my 5 —— an ma =0, ( 3)

12



2.1. The standard model of particle physics

as function of the coupling constants g and ¢’, and the vacuum expectation value
of the scalar Higgs bosons, which appears as the remaining degree of freedom of ®.
The mass ratio of the gauge bosons is apparently fixed by the Weinberg angle

W o8 Oy, (2.1.24)
mz

In the unified electroweak theory, g and ¢ are related to the electromagnetic
coupling e and the Weinberg angle 0y .

e g
sinf,,’ *  sin6,cosb,’

tan Oy = 2/, G =
9

(2.1.25)

where g, is determined by the charge of the electron (g, = ev/4m).

Proof of this mechanism was obtained when the Higgs boson was finally dis-
covered in 2012 by the CMS and ATLAS experiments at LHC [32-34], with the data
collected during the years 2010 to 2012 at /s = 7TeV and 8 TeV.

2.1.2.3 Fermion mass and flavour mixing

The electroweak symmetry breaking mechanism also gives mass to the elemen-
tary fermions as follows. The term in the Lagrangian associated to fermion mass

m(Yrir + VL) (2.1.26)

needs to be gauge invariant. Therefore we need the parameter m to become a SU(2)
doublet. If we introduce a Yukawa coupling y; = m/v between the lepton doublet
L, the scalar doublet ® and the lepton singlet eg,

Ly = —yy (LPep + erd'L), (2.1.27)

we obtain a SU(2) invariant term. The equivalent procedure can be followed if the
fermion fields are quarks. Knowing that Y (®) = 1 and Y (L) = —1, we can also
obtain a Uy (1) invariant mass term if the lepton singlet has hypercharge Y (eg) =
—2. This satisfies the Gell-Mann-Nishijima relation 2Q) = Y + 273. This coupling
generates masses and Yukawa interactions between the fermions and the Higgs.
After inserting the vacuum expectation of the Higgs, we find a Dirac mass term in

the form
= e (Do ()]

= —my(€rer + €ger) = —myeée, (2.1.28)

and we generate the masses for the down-like fermions with 73 = —1/2 like the
electron. For the up-like fermions we need the charge conjugated Higgs doublet
iTQq)*.

The coupling y; and therefore the mass my for the three generations of lepton
and quarks are 3 x 3 arbitrary matrices in flavour space, so that the weak eigenstates

Y = {1, ,, 1, } transform into mass eigenstates ¥’ = {11, 92,3} as
’lsz’lpR = ’IZLSSTmTTT’IbR = ’IE'LmD’lb;%, (2129)

13
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where S and T are unitary matrices and mp is diagonal and positive. These new
eigenstates are not diagonal, so there will be flavour mixing. Specifically, for the
charged weak current J* with the mass eigenstates,

JH = vryter = SIS e, (2.1.30)

we find that there will be only one observable, U = S):Se. This gives us some
freedom to choose mixing only for down-like quarks and neutrinos, meaning S, = 1
and U = S,. The U matrices for quarks and neutrinos are called respectively
Cabibbo-Kobayashi-Maskawa matrix (CKM matrix) [35, 36] and Pontecorvo-Maki-
Nakagawa-Sakata matrix (PMNS matrix) [37, 38].

The measured values of the CKM matrix are [17]

Vidl |Vas|  [Vis] 0.97373  0.2243 0.00382
Veal [Vis| [V | = 0.221 0975 0.0408 |, (2.1.31)
Vial  |Vis| Vo] 0.0086 0.0415 1.014

where we observe that the matrix elements with value closest to one enhance the
interaction vertices between those quarks and the W boson, whereas the lowest
values suppress the corresponding processes.

2.1.3 Strong interaction

The strong interaction is the fundamental force that binds hadrons and nu-
cleons together. Hadrons are the bound state of quarks, with mesons consisting of
one quark and one antiquark, and baryons containing three quarks or antiquarks.
Nucleons are protons and neutrons, the two types of baryons that populate the
atom nucleus. When doubly charged baryons like AT were experimentally found,
an additional degree of freedom was required in addition to flavour, so that three
identical quarks would not violate the Pauli principle. This new quantum number
is called colour charge and can present three different values, conventionally called
red, green and blue.

From the mathematical point of view, the strong interaction is described by
the theory of Quantum Chromodynamics (QCD), a non-abelian gauge theory rep-
resented by the SU(3)¢ group, mediated by an octet of massless gluons that also
carry colour charge. This theory was developed in the decade of 1970 by Fritzsch,
Leutwyler and Gell-Mann [39]. The Lagrangian density can be written as follows:

- v o
Lsvwe = =7 FuFl" + iy D —m)uy, (2.1.32)
!
where
Fﬁ,, = 0,G, — auGL - gsfijkGﬂGﬁ (2.1.33)
D, = 0,— 1935Gu, (2.1.34)

14



2.1. The standard model of particle physics

with FZW being the field strength tensor of the gluon fields GL i=1,2,..,8),and gs
as the gauge coupling constant of the strong interaction. The last term in the field

tensor is the gluon self-interaction, a consequence of the non-commutative character
of the Gell-Mann 3 x 3 matrices

[N N = 2ifi\F, (2.1.35)

where f;;; are the structure constants of the group, completely antisymmetric in the
three indices, generalizing the antisymmetry of the Levi-Civita symbol €, of SU(2).
The quark fields 1 form a colour triplet for each flavour f, as a consequence of the
SU(3) symmetry:

v
vr= vt | (2.1.36)
v

2.1.3.1 Perturbative QCD and renormalization

The gauge coupling constant can also be expressed in terms of the strong
coupling constant ag as
_ 9%
 Ar
in the line of the QED fine structure constant. However, the value of this element
depends on the energy scale of the interaction, so that the calculations of QCD
observables can be expressed as a perturbative expansion in the strong coupling
constant, therefore labeling the theory as perturbative QCD (pQCD). Keeping ag
at small values, any observable can be approximated by a truncation of the power
series, where the coefficients are derived from the Feynman rules. When calculating
higher order corrections in pQCD, ultraviolet divergences appear. Different schemes
to avoid these infinities can be derived by introducing a cut-off scale p, so that the
relevant parameters like the strong coupling constant or the quark masses are renor-
malized to their effective value. In order to keep physical observables independent
from any arbitrary scale, the renormalization group equation (RGE), or equivalently
the g-function, must hold:

8 . 280&5
6(045)8745 = 912

= —as(by + brovs + baag + O(0rd)),

as (2.1.37)

(2.1.38)

where the factors b, depend on the employed renormalization scheme. At leading
order, the solution of this equation yields

_ 12r >
as(i?) = ATt (Aécp) , (2.1.39)

where n is the number of colours (3 in the SM) and f is the number of quark flavours
below a given energy scale Q* (6 in the SM), while Q* = A, is the threshold that
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determines the scale at which the equation blows up and ag diverges. The determi-
nation scale of ag is usually chosen as the mass of the Z° boson. This shows that
the strong coupling constant is hardly a constant, but runs with Q. As by is neg-
ative, the strong coupling constant ag decreases at short distances or high energy
scales, while increasing exponentially at large distances or low energy scales, thus
leading to an effect called asymptotic freedom. Therefore, quarks interact weakly
at high energies, permitting perturbative calculations as if they were free particles,
while the dominant interaction is strong at low energies, forcing the confinement
of quarks and gluons within composite colour-neutral hadrons. If we tried to sep-
arate two quarks from each other, the gluon self-coupling terms in the Lagrangian
would spontaneously create a cloud of virtual gluons around each quark, increasing
the potential between both of them with the distance. Eventually, at the range
of the typical size of a hadron, the energy becomes high enough to create a new
quark-antiquark pair and two new hadrons are formed. As opposed to the screen-
ing effect observed for the electromagnetic interaction, this effect is referred to as
anti-screening, and explains why quarks cannot be observed as free particles.

In a similar way, quark masses also run with Q% and their values depend on the
renormalization scheme. As free quarks are not observable, their masses cannot be
determined via direct measurements but may be inferred from other mass-dependent
observables in accelerators and colliders. Finally, it is interesting to mention that
the gauge symmetry remains unbroken, so m, = 0, although confinement means the
gluon has an effective, dynamical mass.

2.2. The proton structure

The proton is the most stable hadron with an estimated minimum lifetime al-
most larger than the known age of the Universe [17]. Protons are baryons, composed
of three valence quarks (two up and one down), that provide the effective electric
charge, and a sea of quarks and gluons in between. This sea experiences continuous
fluctuations through creation and annihilation of pairs of particles and antiparti-
cles, which can be probed through high-energy collisions at accelerators such as the

LHC [40].

The proton structure was extensively investigated in Deep Inelastic Scattering
(DIS) experiments at fixed target and at lepton-proton colliders, that confirmed the
composite nature of the proton. Feynman proposed that the constituents of hadrons
could be point-like elements that he called partons [41], while Bjorken applied this
concept to electron-proton DIS [42]. Currently, they are identified with quarks and
gluons.

2.2.1 Cross section and parton distribution functions

In any given collision event, the probability density for having a parton with a
certain longitudinal momentum fraction = at a momentum scale Q? is described by
the so-called parton distribution function (PDF) f;(x, Q?). The PDFs are considered
as intrinsic properties of the nucleon and process independent. However, they cannot
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be derived from first principles and need to be determined in QCD fits to measured
cross sections. Taking advantage of the factorization theorem [43-45], the interaction
can be separated into a hard part, that carries the largest momentum transfer, can
be described with perturbative QCD, and depends on the renormalization scale g,
and a soft interaction, that includes non-perturbative contributions and is separated
by a factorization scale pr, needed to handle infrared divergences arising from this
approach. A graphic representation of this factorization is shown in Fig. 2.7.

We can express the cross section for any scattering process between two protons
with four-momenta P1 and P2, at a center-of-mass energy of /s = (P1 + P2), as:

o(pp = X) = Z/d$1d$2fa($€1,N%)fb(@#%)aabax(ﬂhph 29 Po, /5, e, 1),
ab

(2.2.1)
where the sum runs over all partons a and b of each proton, since the initial state
momentum of the partons is not known. The partonic cross section o2 x) is
computed as the phase—space integral of the corresponding matrix element squared

and can be calculated perturbatively, whereas the nonperturbative contributions are
described by the DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Paris) equation [46]:

d 2N as(Q?) Lz )
e @ =S [ Crenes. @)

T

where P,_,;(2) is the splitting kernel, and represents the probability of a parton ¢
becoming a parton j carrying a fraction z of its original momentum.

fl (xb Q2)
b1
p+
J(1,2—X)
1P A
T2p2 '-'!"\
p+
D2
f2($2, QZ)

Figure 2.7: Generic pp collision where one parton from each proton carries away a
fraction of the momentum x;p;. The cross section of the hard process (hatched) is
denoted by 0(12-,x), and the soft processes (shaded) are included in the PDFs f
and fs.

The first order Feynman diagrams in ag are called Leading Order (LO) terms
and superior ones are called Next-to-Leading Order (NLO), Next-to-Next-to-Leading
Order (NNLO), etc. The calculations for each order have their own benefits and
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setbacks, aiming for a balance between accuracy in the prediction, calculation effort
and computational time. An example of the difference in precision between NLO
and NNLO can be seen in Fig. 2.8. Calculations of PDFs using experimental data
are shown in Fig. 2.9. The representation of = - f provides information about the
relative contribution of each flavour with respect to the proton momentum. Thus,
the integral of each curve represents the fraction of the average proton momentum
carried away by each flavour, with the sum of all contributions being 1. It is worth
noting that the area of w, is twice the area of d,, due to the fact that there are
two up valence quarks and only one down valence quark. These valence quarks are
more prevalent at higher parton momenta, whereas gluons greatly dominate at lower
fractions. In fact, the integral of the gluon curve is approximately 0.5, meaning that
gluons carry away almost half of the proton momentum.

MSHT20NLO, Q2 = 10* GeV?2 MSHT20NNLO, Q¢ = 10* GeV*

1.2 1.2
zf(z, Q%) zf(z, Q%)
0.8 0.8 |
04+ 04}
\ \‘a \
0 — N \ 0 e ) N \
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1

Figure 2.8: PDF predictions at NLO (left) and NNLO (right) for different partons
at the energy scale of Q% = 10* GeV2. The bands reflect the uncertainties at the
68% confidence level [47].

2.2.2 The strange quark content of the proton

The strange quark distribution is one of the least constrained PDFs of the
proton [5]. It is quite relevant to study since it is one of the dominant sources of
uncertainty in measurements like the W* boson mass at hadron colliders [49, 50],
usually dominated by the uncertainty from PDFs.

The main constraints of the s-quark distribution arise from the analysis of
charm production in charged current DIS of a passing (anti)neutrino and a nucleus,
with a final state of two muons [51-55]. The muon carrying the higher pr is consid-
ered to originate from the neutrino scattering, whereas the oppositely charged muon
is assumed to originate from the decay of a charmed particle. These measurements
are highly sensitive to the strange quark content of the nucleon sea, since the con-
tribution from down quarks to charm production is Cabibbo suppressed, as seen in
Eq. 2.1.31.

The inclusive production of electroweak bosons at hadron colliders, such as
Tevatron or the LHC, provides constrains for all light quark PDF's and is therefore
indirectly sensitive to the strange quark distribution in the proton. The production
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HERA I DIS + CMS W production

w 1
. 2
N Q = mﬁ,
L — CMS NLO free-s fit
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Figure 2.9: PDF's shown as functions of x, obtained by using HERA DIS data and
CMS measurements of W-boson production in the free-s NLO QCD analysis, at the
scale of m%,. The sea distribution is defined as ¥ = 2(2 +d + 5). The full band rep-
resents the total uncertainty. The individual contributions from the experimental,
model, and parametrization uncertainties are represented by the bands of different
shades. The gluon and sea distributions are scaled down by a factor of 20 [48].

of a W boson associated with a single charm quark probes more directly 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. We will describe this in detail in
Section 5.1.

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

s(x, p?) + 8(x, p?)
a(x, p?) +d(z, p?)’

Ry(z,p?) = (2.2.3)

Calculations of the strange PDF and R, using experimental data are shown in
Fig 2.10, performed in the CMS W+-c analysis at 8 Tev [8], which is a precursor to
this work.

One way to study if the strange quark and antiquarks behave differently in the
nucleon sea is to measure the ratio:

RE_ W+ +e¢

c W——_f_c7 (2.2.4)

where deviations from 1 would indicate that one process is favoured with respect
to the other. A priori, we expect a value slightly lower than 1 since the process
dg—W™+-c is enhanced with respect to its charge conjugate due to the presence of
the d valence quark in the proton, despite the fact that the overall d-to-c process
is Cabibbo suppressed. Different contributions in W+c production from strange
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CMS HERA DIS + CMS A, + CMS W+c CMS HERA DIS + CMS A, + CMS W+c
) o[ f 1.67
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Figure 2.10: The strange quark distribution (left) and the strangeness suppression
factor (right) as a function of x at the factorization scale of m#,. Both plots show
a comparison between calculations using (shaded) or excluding (hatched) the data
from the W+c at 8 TeV analysis [8].

quarks and antiquarks in the proton would modify the expected value for RE. The
R¥* measurement performed in the CMS W+-c analysis at 8 Tev is shown in Fig. 2.11.
The measurement of RF in proton-proton collisions at 13 TeV with the highest
precision up to date is one of the main results of this thesis work.

2.3. Theoretical calculations and Monte Carlo sim-
ulations

The way to test these theories and compare them with experimental data is
necessarily through computer simulations of the probabilistic distributions of the
physical processes at the desired order of perturbations, as well as a thorough rep-
resentation of a virtual detector. Several dedicated state-of-the-art programs may
be interfaced in order to recreate each step for a full event simulation, namely,
matrix elements calculations, parton shower, matching and merging, fragmentation
and hadronization, decay branching ratios, interaction of the particles with the de-
tector and signal readout. Figure 2.12 illustrates these steps in the simulation of
proton-proton collisions.

The calculation of leading order matrix elements of parton level cross sections
has already been implemented in Monte Carlo event generators, such as MAD-
GRAPH [57] or PYTHIA [58]. MADGRAPH takes as input the initial and final state
particles, as well as the specified order in QCD and QED, and returns the desired
amplitude. MADGRAPH5 [59, 60] is the latest version of this matrix element gen-
erator, written in Python. PYTHIA is another standard tool for event generation in
high-energy collisions, modeling the evolution of the hard interaction into a complex
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Figure 2.11: Experimental measurement of R¥ from the CMS W+c at 8 TeV analysis
compared with theoretical predictions at NLO in QCD using several PDF sets [8].

multiparticle final state. PYTHIAS is completely rewritten in C++4, and may offer a
replacement for most external applications, especially for analyses of LHC physics.

Fixed order calculations in pQCD can be used to compute inclusive quantities
in strong processes [61]. The computation of complex Feynman diagrams limits the
precision of these calculations. Furthermore, we would not be able to produce pre-
dictions for exclusive quantities even if we could perform computations at arbitrary
order. This is a direct consequence of the presence of collinear and soft divergences
in fixed order calculations with a definite final state. Thus, the computation of cer-
tain inclusive quantities can only be achieved through the summation of different
final states, where these divergences cancel.

Matrix element calculations at higher orders become more computationally de-
manding, so that corrections to LO or NLO calculations have to be approximated.
Parton shower algorithms simulate additional radiations by evaluating the proba-
bility of an emission between two evolution scales p; and po, with puq > ps. Parton
shower evolution is also considered universal and independent of the production pro-
cess of the partons. Soft and collinear divergences are avoided by excluding emissions
below a chosen cutoff scale g, so that a finite emission probability is maintained.

Parton shower simulations must be matched and merged with the correspond-
ing matrix element calculations of a given QCD process [62]. This is needed to avoid
double counting of events produced by either program. Hard emissions are treated
as in matrix element computations while soft and collinear emissions are handled
by the parton shower simulation, and matching between both regions is smooth.
For LO events, one can introduce a scale that bans contributions over the cutoff
for the parton shower and below it for the matrix element. For NLO events, there
are some virtual corrections that produce additional double counting. These can be
handled by subtracting those parton shower contributions from the matrix element
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Figure 2.12: Schematic view of the typical event-generation process for a proton-
proton collision [56].

calculation, although a fraction of events with negative weight might be generated.

Despite the divergences arising from real and virtual corrections, NLO or even
NNLO generators are preferred. MADGRAPH5_AMCQ@NLO [63] is capable of com-
puting tree-level and one-loop amplitudes for arbitrary processes at LO and NLO
accuracy. Furthermore, additional real emissions are considered in the calculations
so that the generated events can include higher order corrections. Another relevant
event generator is POWHEG [64-66], which provides calculations of heavy quark pro-
duction processes at NLO accuracy. It is a method for interfacing NLO calculations
with parton shower generators that overcomes the problem of events with negative
weight. The hardest radiation is generated first, with a method that yields only
events with positive weight using the exact NLO matrix elements. Both generators
can be interfaced with other programs for parton shower and hadronization and
provide suitable matching and merging procedures for such cases.

We mentioned previously that quarks are not free particles and must form
bound states called hadrons. This hadronization process cannot be calculated in
pQCD and must be modelled following experimental data. The fragmentation func-
tion describes the fraction of the longitudinal momentum of the quark carried away
by the new hadron. The string model [67] considers that short range ¢¢ fluctuations
of the vacuum may fall into the potential of the strong field between two drifting
quarks. The colour charges of the new quarks may break the string connecting the
former and create new hadrons, carrying away a fraction of the original energy and
momentum with their own new string. This fragmentation proceeds by iteratively
breaking one hadron apart from either endpoint.

Alternatively, Monte Carlo for FeMtobarn processes (MCFM) [68, 69] is a
program that gives predictions at parton level for a wide range of processes at
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hadron colliders, especially those containing W, Z and H bosons and heavy quarks.
Most processes are calculated at NLO, with some others also available at NNLO or
even N3LO. Some NLO electroweak effects are also considered and spin correlations
are included in the decay. MCFM implements transverse momentum and jet veto
resummation for the production of colour singlet final states. Vetoing energetic jet
activity suppresses backgrounds and enables new physics searches at the LHC, but
the large logarithms introduced by a veto scale need to be resummed.

The underlying event (UE) is the collection of any other interactions, not
associated with the hard scattering process of interest. The UE consists of particles
from the hadronization of beam-beam remmnants, of multiple-parton interactions,
and their associated initial and final state radiation. These include hadrons from
the fragmentation of spectator partons, that do not exchange relevant pr in the
collision, and additional parton-parton scatterings within the same pp collision, with
lower pr than the hard scattering. Those particles in the low-pr spectrum cannot
be described by pQCD, so the UE models implemented in MC generators require
corrections to experimental data using specific sets of parameters called tune [70-
72].

A realistic comparison between experimental data and simulated events re-
quires an estimation of the reconstruction efficiencies and the misidentification rates
of particles. Therefore, the response of the detector to the traversing particles must
be simulated as well. GEANT4 [73] is a toolkit developed at CERN to simulate the
passage of particles through matter, including tracking, geometry, physics models
and hits from 250eV up to the TeV energy range. It was implemented in C++
exploiting software engineering and object-oriented technology. It has been widely
used in different scientific environments, such as particle physics, nuclear physics,
accelerator design, space engineering and medical physics.
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Chapter 3

The CMS experiment at the LHC

“Don’t be too proud of this technological terror you’ve constructed.
The ability to destroy a planet is insignificant next to the power of the Force.”
— Darth Vader, Star Wars Episode IV: A New Hope.

~

J n this chapter we describe the most powerful tool we have so far to explore
the smallest constituents of matter. The Large Hadron Collider accelerates protons
or heavy ions to almost the speed of light and makes them collide in four detection
points, while respectfully not destroying our planet nor transporting us to other
dimensions or universes. The Compact Muon Solenoid is capable of detecting the
resulting particles and measuring their properties very precisely, which allows us
to infer the subjacent processes at the collision point, test the currently accepted
theories and look for exotic phenomena.

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) [74] at CERN is the largest particle accel-
erator ever built. It consists of a ring of 26.7 km of superconducting electromagnets
and radio-frequency cavities located 100 m underground in the Swiss-French border.
The LHC began operation in 2009 and provided proton collisions at a centre-of-
mass energy, /s, of 7TeV in 2010 and /s = 8 TeV in 2011 and 2012, during what
is called Run 1. The Long Shutdown 1 period took place in order to update and
upgrade the machine and then new data-taking activities started in 2015, Run 2,
which increased /s up to 13 TeV, providing collisions until 2018. After the Long
Shutdown 2, a new era has just begun in July 2022, Run 3, with collisions at /s =
13.6 TeV and expected to reach 14 TeV.

The LHC takes advantage of the tunnel built for the Large Electron-Positron
collider (LEP) [75], that was dismantled in 2000, in order to avoid the cost of a
new excavation while maintaining the Earth’s crust as shielding for radiation. The
tunnel was built at a mean depth of 100 m, due to the geological properties of the
area between Jura and Lake Geneva, and with a smooth slope of 1.4% in order to
minimize the depth of the shafts with the constraint of a connection point to the
already existing Super Proton Synchrotron (SPS) [76].

In this work we will focus on proton-proton (pp) collisions, so let us describe
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briefly how to obtain a large and pure sample of high-energy protons. Particles
cannot be accelerated directly to energies of the order of TeV, such as those of the
LHC design. Therefore, it is required to follow a series of coordinated boosts in a
collider chain [77], as shown in Fig. 3.1. Starting with a single bottle of hydrogen
gas, that may be replaced just twice per year, an electric field removes the electrons
from the hydrogen atoms. These bare protons are then accelerated up to 50 MeV
with a linear accelerator (LINAC 2) and injected into a circular accelerator (Booster)
where they reach an energy of 1.4 GeV. After that, the protons are consecutively
sent through the Proton Synchrotron (PS) and the SPS, increasing their energies up
to 25 and 450 GeV, respectively. The final step is the injection of protons into the
LHC, where a total of 2808 bunches, separated by 25ns and containing ~1.1 x 10!
protons each, are boosted to final energies of 6.5 TeV, circling the perimeter 11245
times per second.

CERN's accelerator complex
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Figure 3.1: The LHC is the last ring (dark grey line) in a complex chain of particle
accelerators. The smaller machines are used in a chain to help boost the particles to
their final energies and provide beams to a whole set of smaller experiments, which
also aim to uncover the mysteries of the Universe [78]. This configuration is the one
used during the data-taking period of this work.

One of the main advantages of a circular accelerator versus a linear one is that
the energy of the particles can be increased gradually each loop inside the same pipe.
However, this also poses one of the major challenges, such as containing the beams
in a closed trajectory without significant loss of energy. Thousands of magnets of
different varieties and sizes are used to direct the beams around the accelerator,
keeping them stable and precisely aligned. These include 1232 dipole magnets, 15
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metres in length, which bend the beams, and 392 quadrupole magnets, each 5-7
metres long, which focus the beams. Just prior to collision, insertion magnets are
used to “squeeze” the particles closer together to increase the chances of collisions.
The main dipoles generate powerful 8.3 T magnetic fields, more than 100 000 times
more powerful than the Earth’s magnetic field, which is only possible when a current
of 11080 amperes flows through a superconducting coil.

The state of superconductivity, where electricity is conducted without any
resistance, is achieved at very low temperatures through cryogenic techniques. The
LHC is the largest cryogenic system in the world and one of the coldest places on
Earth, operating at a temperature of 1.9 K (-271.3°C), colder than outer space. The
superconducting coils of niobium-titanium (NbTi) are kept at those temperatures
by a closed circuit of superfluid liquid helium.

Finally, proton beams must travel along the accelerator without interacting
with any other material, which would cause scattering of the energy. For this matter,
the pipes are kept at ultra-high vacuum. The pressure in these pipes is in the order
of 1071 to 10! mbar, a vacuum similar to interstellar space.

Acceleration to top energies at the LHC is achieved using superconducting
radio frequency (RF) cavity systems. Each beam travels through eight cavities
made of niobium sputtered on copper performing at maximum accelerating voltage
of 2MV at 400 MHz. This oscillating fields also tighten the proton beams into
discrete bunches.

Such is the level of precision required in these facilities that even the effect
of the Moon has to be taken into consideration. Tidal forces due to gravitational
attraction cause the level of water to rise and fall periodically every day. The Earth’s
crust is made of elastic rocks that also feel that pull and rises by some 25cm in the
Geneva area. This stretching causes a variation of 1 mm in the circumference of the
LHC, which is then translated into changes in beam energy that must be taken into
consideration [79].

One proton beam is injected at the LHC in a clockwise trajectory, while an-
other is sent anticlockwise. This way, collisions can be forced at the four huge
detectors: ATLAS [80], CMS [81], LHCb [82] and ALICE [83]. ATLAS and CMS
are general purpose experiments that study a broad spectrum of physics topics,
whereas LHCD focuses on b quark physics and CP volation. ALICE mainly studies
Quark Gluon Plasma physics using heavy ion collisions.

This kind of experiments is so vast and ambitious and require such a large
deploy of resources, time and personnel that it can only be accomplished by a
cooperating international community, which once again reminds us of the importance
of public investment in the scientific and technological development.

3.1.1 Luminosity and pileup

We define the instantaneous luminosity (-Z’) as the number of protons crossing
a unit surface (cm?) per unit time (s). The number of events produced per unit time
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is: N

%—3-0, (3.1.1)
where N = L - 0 is the total number of events, £ = [.Z - dt is the total luminosity
integrated during the data-taking period and o is the cross section of the process.
Therefore, in order to maximize the probability of finding rare processes, with low
cross section, it is imperative to have as high luminosity as possible. The design
value of the LHC of . = 10**ecm~2s~! provides inelastic pp collision rates of 10?
events per second or 10' events per year, which in turn increases the chance of
finding interesting events of high energy processes with very low cross sections and
event rates.

The integrated luminosity is measured in the scale unit of inverse barns and
cross sections in barns, typically in the range of pico- (1 pb = 1072 b) and femtobarns
(1fb = 107 b).

The instantaneous luminosity is measured in the hadronic forward calorimeters
of CMS and calibrated using Van der Meer scans [84], varying the separation of the
proton beams. Luminosity is then calculated from the beam overlap width, obtained
from the fit of the profile as a function of the separation. Figure 3.2 shows the total
luminosity delivered by the LHC and the one recorded by the CMS experiment for
the full Run 2. The less than 10% inefficiency of the CMS recorded luminosity is
due to the idle time between each data acquisition run.

In the previous lines we have seen that higher luminosities contribute to higher
chances of finding processes with low cross section. However, nothing comes for free
and this also presents a major inconvenience to take into account. High luminosity
means large amount of bunch crossings and large density of protons per bunch, which
in turn means that multiple pp interactions may happen from the same (in-time) or
adjacent (out-of-time) bunch crossing of the collision with the hardest transferred
momentum. This effect is called pileup (PU) and its correct determination is im-
portant in high energy analyses. Figure 3.3 shows the PU profile and the average
number of PU interactions for each data-taking year and the full Run 2 average.
These plots use only data that passed the so-called golden certification of CMS and
LHC standard values for the minimum bias inelastic cross section. This means that
all sub-detectors were flagged to be ok for any kind of usage in physics analysis.

3.2. The CMS Detector

The Compact Muon Solenoid is the second largest detector of the LHC, located
in the northernmost part of the accelerator ring, near Cessy, at what is called Point
5. The central feature of the CMS apparatus is a superconducting solenoid of 6 m
internal diameter, providing a magnetic field of 3.8 T, embedded in a rather compact
detector of an overall length of 22m, diameter of 15m, and weight of 14 000 tonnes.
Within the solenoid volume are a silicon pixel and strip tracker, a lead-tungstate
crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections. Forward calorimeters extend
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Figure 3.2: Cumulative delivered and recorded luminosity versus time for 2015-2018
during stable beams for pp collisions at nominal center-of-mass energy [85].

the coverage provided by the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

The detector requirements for CMS to meet the goals of the LHC physics
programme are described in Ref. [81] as follows:

e Good muon identification and momentum resolution over a wide range of mo-
menta and angles, good dimuon mass resolution, and the ability to determine
unambiguously the charge of muons with momentum lower than 1TeV.

e Good charged-particle momentum resolution and reconstruction efficiency in
the inner tracker. Efficient triggering and offline tagging of 7’s and b jets,
requiring pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good diphoton and dielectron mass
resolution, wide geometric coverage, 7 rejection, and efficient photon and
lepton isolation at high luminosities.

e Good missing-transverse-energy (p#) and dijet-mass resolution, which re-
quires hadron calorimeters with a large hermetic geometric coverage and with
fine lateral segmentation.

The design of CMS meets these requirements and we will briefly describe each
subdetector following the extensive characterization found in Ref. [81], as depicted
in Figs. 3.4 and 3.5. The procedure followed for aligning the detector is described
in Ref. [87].
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Figure 3.3: Distribution of the average number of interactions per crossing (pileup)
for pp collisions 2015-2018 and full Run 2. The overall mean values and the minimum
bias inelastic cross section are also shown [85].

3.2.1 Coordinate System

First of all we should define the coordinate system we are going to use through-
out the description of the detector as well as in the analysis. The CMS detector is
designed over a Cartesian right-handed system, with its origin centered at the nom-
inal collision point. The x axis points radially inward toward the center of the LHC
and the y axis points vertically upward, defining the transverse x-y plane perpen-
dicular to the beam direction. Therefore, the z axis points along the beam direction
toward the Jura mountains from LHC Point 5 or anticlockwise in the geographical
map. Moreover, the geometry of CMS encourages to define a set of cylindrical co-
ordinates maintaining the z axis. We can then measure the azimuthal angle ¢ from
the x axis in the x-y plane and the polar angle # from the z axis. A more convenient
notation for the polar angle is the pseudorapidity, defined as n = — Inftan(6/2)],
where 7 is zero in the x-y plane and oo in the beam axis, n = 1 corresponds to
0 ~ 40° and n = 2.5 to 10°. If we define the transverse momentum of the particle

as pr = /p2 + pf/, we can express the four vector of any particle using (E, pr,n, ¢)
as well as (E, p,, py, p.) through the transformation:

Pz = DT COS P
Py = prsin¢
p, = prsinhn.
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Figure 3.4: Schematic view of the CMS detector and its subdetectors [81].

3.2.2 Superconducting Magnet

The magnet for the CMS detector is the major element of the whole experiment
in terms of size, weight and structural rigidity and it is used as the principal support
structure for all the other detectors [88].

The main parameters of the CMS magnet which are related to the physics re-
quirement are the magnetic field of 3.8 T, the yoke diameter of 14 m, the axial yoke
length of 21.6 m and the total weight of approximately 10800 tonnes. The yoke is
composed of 5 wheels and 2 endcaps, divided into three disks each, serving as an
additional hadron absorber and supporting the muon detectors. The superconduct-
ing solenoid is made of four layers of NbTi that allows a current flow of 19.14 kA at
cryogenic temperature of 4.7 K. The intense magnetic field bends the trajectories of
charged particles allowing the measurement of their momentum and electric charge.

3.2.3 Inner Tracking System

The inner tracking system of CMS provides the measurement of the trajectories
of charged particles from the collision point, as well as a precise reconstruction of
primary and secondary vertices. It covers a cylindrical volume of 5.8 m in length
and 2.5m in diameter [89].

Due to requirements on granularity, response time and radiation endurance,
the tracker design is entirely based on silicon detector technology. It consists of a
pixel detector of 1440 pixels, with three barrel layers between 4.4 cm and 10.2 cm,
and a silicon strip tracker of 15148 strips, with ten barrel detection layers reaching
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Figure 3.5: Slice view of the CMS detector and the particle trajectories [86].

a radius of p = 110 cm. At the endcaps, there are two disks in the pixel detector and
twelve disks in the strip tracker on each side of the barrel, covering a pseudorapidity
of |n| < 2.5. The 200m? of active silicon area made the CMS tracker the largest
silicon tracker at the time [90].

The silicon tracker used in 2016 measured nonisolated charged particles of
1 < pr < 10GeV and |n| < 1.4 with track resolutions of 1.5% in pr and 25-90
(45-150) pum in the transverse (longitudinal) impact parameter [89], defined as the
minimum transverse (longitudinal) distance of the track to the interaction point.
At the start of 2017, a new pixel detector was installed [91], adding a fourth barrel
layer closer to the beam pipe, at 2.9 cm of the beam axis, and several new stations in
the forward region. A comparison between both configurations is shown in Fig. 3.6.
The upgrade pixel detector was aimed to improve the precision in measurements of
secondary vertices. The upgraded tracker measures average resolutions of 1.5% in
pr and 20-75 um in the transverse impact parameter [92] for nonisolated particles of
1 < pr < 10GeV up to |n| < 3.0. The impact parameter is defined as the distance
of closest approach of the track to the collision point.

3.2.4 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is in charge of measuring the energy
of electrons and photons [93]. It consists of 75848 lead tungstate (PbWO,) crystals,
which cover pseudorapidities of |n| < 1.48 in the barrel region (EB) and 1.48 <
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Figure 3.6: Layout of the CMS Phase-1 pixel detector compared to the original
detector layout, in longitudinal view [91].

In| < 3.0 in the two endcap regions (EE). There are two preshower detectors, one in
fron of each EE, consisting of alternating layers of lead radiators and silicon strip
Sensors.

The ECAL is a homogeneous calorimeter, where the crystals function as both
absorber and scintillator at the same time. This means that the electromagnetic
cascades generated by the electrons and photons are absorbed inside the crystals
and measured using photodetectors. The barrel photodetectors are avalanche pho-
todiodes (APDs) and the ones in the endcaps are vacuum phototriodes (VPTs).

The lead tungstate crystals are 25.8 radiation lengths thick in the barrel and
24.7 in the endcaps. The high density (8.28 g¢/cm?), short radiation length (0.89 cm)
and small Moliere radius (2.2 cm) result in a fine granularity and a compact calorime-
ter that is also radiation resistant. For uniform illumination of a crystal with
120 GeV electrons a resolution of 0.5% was achieved [94].

3.2.5 Hadron Calorimeter

The Hadron Calorimeter (HCAL) is located surrounding the tracker and the
ECAL and will measure the energy and direction of hadron jets in order to calculate
the missing transverse energy, a key to estimate neutrino directions and energies [95].

The HCAL is designed as a sampling calorimeter, meaning that it is made
of active material inserted between copper absorber plates, and is conformed of
four elements, the barrel (HB), the outer barrel (HO), the endcap disks (HE), and
the forward calorimeters (HF). The barrel is limited by the outer extent of the
electromagnetic calorimeter (R = 1.77m) and the inner extent of the solenoid (R
= 2.95m). This constrains the amount of material installed to absorb the hadronic
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shower, so an outer hadron calorimeter or tail catcher is also placed outside the
magnet.

Both the HB and HE suffer the 3.8 T field of the magnet, so they are necessarily
built of non-magnetic materials like copper alloy and stainless steel. The absorber
plates are 5 cm thick in the barrel and 8 cm thick in the endcap. The active elements
of the entire central hadron calorimeter are 4 mm thick plastic scintillator tiles read
out using wavelength-shifting (WLS) plastic fibers.

In the region |n| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity
and 0.087 in azimuth (¢). In the n-¢ plane, and for |n| < 1.48, the HCAL cells map
on to 5x5 arrays of ECAL crystals to form calorimeter towers projecting radially
outwards from close to the nominal interaction point. For |n| > 1.74, the coverage
of the towers increases progressively to a maximum of 0.174 in An and A¢. Within
each tower, the energy deposits in ECAL and HCAL cells are summed to define the
calorimeter tower energies, which are subsequently used to provide the energies and
directions of hadronic jets.

To extend hermeticity beyond |n| = 3, the HF calorimeters placed at 11.2m
from the interaction point cover up to |n| = 5.2 using a Cherenkov-based, radiation-
hard technology. Since they use steel as absorber and quartz fibers as the sensitive
material, they are most receptive to the electromagnetic component of hadronic
showers and also serve as luminosity monitors.

When combining measurements from the tracker and the calorimeters, the jet
energy resolution amounts to 15% at 10 GeV, 8% at 100 GeV, and 4% at 1TeV, as
opposed to about 40%, 12%, and 5% obtained when only the ECAL and the HCAL
calorimeters are used [96]. The calibration of the hadronic calorimeters is described
in [97] and leads to a typical precision of less than 3%.

3.2.6 Forward Detectors

The Zero Degree and CASTOR calorimeters are made of quartz fibers and
plates embedded in tungsten absorbers. They are located far away from the main
structure of CMS and measure particles that emerge very parallel to the beam line
from the collision point.

3.2.6.1 CASTOR

The CASTOR (Centauro And STrange Object Research) [98] calorimeter was
proposed, built, and installed in the CMS experiment with the purpose of studying
very forward particle production in heavy ion (HI) and pp collisions. CASTOR is
located at 1cm surrounding the LHC beam line, with an outer radius of 40 cm and
a length of 160 cm, at 14.4m in the negative z direction from the CMS interaction
point. It extends the CMS acceptance to the very forward pseudorapidity range,
—6.6 < n < —5.2. The bulk of the mass is a tungsten absorber, and Cherenkov
photons are produced in quartz, both nonmagnetic materials. The location and
design of CASTOR are optimized for the study of electromagnetic and hadronic
showers from particles emitted very parallel to the beam direction. This detector
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is focused on searches for deeply penetrating particles, as well as measurements of
generic properties of particle production at forward rapidities in inelastic proton and
nuclear collisions.

3.2.6.2 ZDC

A set of two zero degree calorimeters (ZDC) [99] are designed to complement
the CMS very forward region. The ZDCs measure neutral particles, such as neutrons
and photons, for the heavy-ion and low-luminosity pp collisions at || > 8.3. The
ZDC calorimeter sections are sampling calorimeters with the core of each structure
consisting of a tungsten-plate and quartz-fiber-ribbon stack, with a design similar to
HF and CASTOR. A significant advantage of this technology is that the calorimeter
is compact, extremely fast, and radiation hard. Quartz fibers were chosen as the
active media of the ZDC calorimeters because of their unique radiation hardness
features and the intrinsic speed of the Cherenkov effect.

In order to measure neutrons and very forward photons the calorimeters are
located at roughly 140 m on each side of the interaction vertex. This neutral particle
absorbers were built with a detector slot of 1m length each, 96 mm width and
607 mm height. It contains copper absorber bars of 90 cm length and a transversally
segmented ionizing chamber serving as a pp luminosity monitor. The design of each
individual ZDC includes two independent calorimeter sections, the electromagnetic
(EM) section and the hadronic (HAD) section.

3.2.7 The Muon System

The muon system is the main component of the CMS detector, as suggested by
its middle name, and has been designed for the accurate identification and measure-
ment of muons. These particles rarely interact with matter and can easily escape
the inner components of the detector. Therefore, the muon system is placed outside
the magnet and consists of three types of gaseous detectors that cover the exter-
nal volume; drift tubes (DT) in the barrel region, cathode strip chambers (CSC)
in the endcap region, and resistive plate chambers (RPC) in both the barrel and
endcap [100].

The DT system is designed to provide muon track reconstruction and Level-1
trigger selection including muon charge identification and an accurate pp measure-
ment, as well as single bunch—crossing identification with good time resolution. It
covers the pseudorapidity region |n| < 1.2, where the neutron-induced background
is small, the muon rate is low and the 3.8 T magnetic field is uniform and mostly
contained in the steel yoke. Each DT working unit is called chamber and consists
on standard rectangular drift cells, with a central wire at a voltage of 3600V, two
electrodes (cathodes) on the sides and two more above and below the wires, each
of them at -1800 V. The volume is filled with a gas mixture of Ar(85%)/C0O2(15%),
corresponding to a drift time of 380 ns at the maximum path of 21 mm, thus keeping
the number of active channels to an affordable value while maintaining a negligible
occupancy to avoid the need for multi-hit electronics. Passing muons ionize the gas
and the electric field causes an electron drift that is then collected by the wire.
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The DT system consists of 240 muon chambers alternating with the layers of
the return yoke of the magnet and composed of three groups, called Super—Layers
(SL), of four staggered layers of independent drift cells. Two of the SLs have the
wires parallel to the beam direction and are devoted to trigger and position mea-
surements in the » — ¢ coordinate, while the other SL has wires perpendicular to the
beam direction and measures the z coordinate, providing a 3D measurement of the
muon track. The outermost station (MB4) is equipped with chambers containing
only the two r — ¢ SLs.

A group of chambers around the same value of r is called “station”, and across
a fixed ¢ is called “sector”. There are three stations of 12 sectors with four station
types and one station of 14 sectors in each of the five wheels of the CMS barrel
reaching a total of 172000 channels. The four station types are called MB1, MB2,
MB3, and MB4 from inside to outside, where MB stands for Muon Barrel. Although
the chambers of station type MB4 in sectors 4 and 10 are physically divided in two
parts, they are considered as a single unit. This layout is shown in Fig. 3.7 for one
wheel.
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Figure 3.7: Layout of the CMS barrel muon DT chambers in one of the 5 wheels.
The chambers in each wheel are identical with the exception of wheels -1 and +1
where the presence of cryogenic chimneys for the magnet shortens the chambers in
2 sectors [81].

In order to measure the drift time in each cell, chambers contain Time to Dig-
ital Converter (TDC) units as well as dedicated electronics to perform the Level-1
trigger algorithm, that we will describe later. For tracking purposes, the signals
recorded by the TDC units are converted to position coordinates, called “hits”,
calculated using the drift velocity. In each chamber, a linear fit to the hits recon-
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structs track segments, which are then used for the offline reconstruction of the
muon tracks. For triggering purposes, the DT Local Trigger algorithm searches for
trigger segments of aligned hits using dedicated electronics and algorithms.

The drift cells of each chamber are offset by a half-cell width with respect to
their neighbour to eliminate dead spots in the efficiency, as depicted in the top part
of Fig. 3.10. The two sets of four chambers in each station are separated as much
as possible to achieve the best angular resolution. The fine segmented chambers in
cells, and the good precision in measuring the drift time, allow the track segments to
be reconstructed with a spatial resolution better than 100 pm along r¢, and 150 pm
along r — z.

In the 2 endcap regions of CMS the muon system uses cathode strip cham-
bers (CSC), due to high muon rates and background levels, as well as a large and
non-uniform magnetic field. Their main qualities are their fast response time, fine
segmentation, and radiation resistance. These multiwire proportional chambers,
consisting of alternating layers of anode wire arrays and cathode panels inside a gas
volume, cover the range between |n| values of 0.9 and 2.4. There are four stations
of CSCs in each endcap, with chambers positioned perpendicular to the beam line
and alternating with the flux return plates. The cathode strips of each chamber are
aligned along the r axis and provide a precise measurement in the r-¢ bending plane.
The anode wires are installed almost perpendicular to the strips and provide mea-
surements of  and the beam-crossing time of a muon. The gas mixture for these cells
is 50% CO,, 40% Ar, and 10% CF,. Offline reconstruction efficiency of simulated
single-muon samples is typically 95-99% except in the regions around |n| = 0.25 and
0.8 (the regions between 2 DT wheels) and || = 1.2(the transition region between
the DT and CSC systems), where the efficiency drops. Negligible punch-through,
meaning high-energy hadron shower remnants that escape the HCAL, reaches the
system due to the amount of material in front of the muon system, which exceeds
16 interaction lengths.

Both DT and CSC chambers are capable of determining the pt and electric
charge of passing muons by precisely measuring their bending curvature in cooper-
ation with the inner tracker.

A complementary dedicated trigger system consisting of resistive plate cham-
bers (RPC) was added in both the barrel and endcap regions in order to reduce the
uncertainty in the background rates and to increase the ability of the muon system
to measure the correct beam-crossing time at full LHC luminosity. The chambers
are filled with a gas mixture consisting of 95.2% C,H,Fy, 4.5% i-C4H,, 0.3% SF.
Water vapour is added to the mixture until it reaches a relative humidity of 40-50%.
The RPCs provide a fast, independent, and highly-segmented trigger with a sharp
pr threshold over the range |n| < 1.6. The RPCs are double-gap chambers, operated
in avalanche mode to ensure good operation at high rates.

There are six layers of RPCs embedded in the barrel muon system, two in each
of the first two stations, and one in each of the last two stations. The redundancy
in the first two stations allows the trigger algorithm to also reconstruct low-pr
tracks that may not reach the outer two. In the endcap region, there is a plane of
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Figure 3.8: A pp collision event with two reconstructed muon tracks superimposed
on a cutaway image of the CMS detector, rotated around the y axis so that the
inner tracker appears offset relative to its true position in the center of the detector.
The four layers of muon chambers are alternated with three layers of the steel flux-
return yoke. The reconstructed invariant mass of the muon pair is 2.4 TeV. One
muon is reconstructed in the barrel with a pt of 0.7 TeV, while the second muon is
reconstructed in the endcap with pr of 1.0 TeV [101].

RPCs in each of the first three stations so that the coincidences may help reduce
the background, improve the time resolution for bunch crossing identification, and
achieve a good pr resolution. A final alignment system measures the positions of
the muon detectors with respect to each other and to the inner tracker in order to
optimize the muon momentum resolution.

All the muon chambers are aligned roughly perpendicular to the muon trajec-
tories and distributed to provide hermetic coverage for |n| < 2.4. The barrel DTs
cover |n| < 1.2 while the endcap CSCs cover 0.9 < |n| < 2.4. The RPCs cover
In| < 1.9 [101]. The muon detection system has nearly 1 million electronic channels.

The DT chambers in the second station were built by the CIEMAT-CMS
group, as well as their readout electronics and part of the alignment system between
the tracker and the muon system. CIEMAT members take essential part in the daily
activity of the the trigger, alignment, online and offline monitoring, and in the muon
reconstruction software.

3.2.8 Trigger and processing

The main function of the CMS trigger system is to reduce the vast amount
of data produced at the LHC collision point to an affordable level. Given that the
majority of collisions are uninteresting and can be discarded, events of interest are
selected using a two-tiered trigger system. The first level (1) is made of custom
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hardware and uses information from the calorimeters and muon detectors to select
events at a rate of around 100 kHz within a fixed latency of about 4 us [102]. The
second level is called the high-level trigger (HLT) and consists of a farm of commer-
cially available processors running a version of the full event reconstruction software
optimized for fast processing, which further reduces the event rate to around 1kHz
before data storage [103]. In total, there are ~10® data channels checked in each
bunch crossing.

3.2.8.1 L1 trigger

The L1 trigger is a hardware system that decides if an event is accepted or
rejected using information from the calorimeter and muon detectors for every bunch
crossing. The basic arrangement of this system is shown in Fig. 3.9. The trigger
primitives (TP) from the calorimeters and the muon detectors are processed in sev-
eral steps before the combined event information is evaluated in the Global Trigger
(GT) and a decision is made whether to accept the event or not.

The L1 calorimeter trigger works on two stages, a regional calorimeter trigger
(RCT) and a global calorimeter trigger (GCT). The RCT receives the transverse
energies and quality flags from the ECAL and HCAL towers. This is then processed
in parallel so that e/~ candidates and regional Er sums are sent as outputs. The
GCT then analyzes those candidates further, finds jets using the Er sums, and
calculates global quantities such as ER . Tts output is four isolated and nonisolated
e/~ candidates, twelve jets, and several other global quantities.

L1 Accept
Global Trigger [~ Trigger Control System
4y with MIP1SO bns/ WET Hy. 12 Ny, 7
Global Muon Trigger Global Calorimeter Trigger
4 4y MIP/ISO bits I
2x4u
DT — CSQ Regional Calorimeter Trigger
Track Finder| [Track Finder —
T T RPC
Local Local Tngger
DT Trigger CSC Trigger] I Trigger Primitive Generators
DT CSC RPC ECAL HCAL HF
[ Muon Trigger | | Calorimeter Trigger |

Figure 3.9: Architecture of the Level-1 Trigger, where each subdetector provides
candidates to the following step [103].

The muon trigger is built using all three muon detector systems to ensure
good coverage and redundancy. Specifically, for the DT and CSC systems the front-
end trigger electronics identifies track segments or hit patterns. These segments
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are transmitted via optical fibers to regional track finders in the electronics service
cavern approximately 90 m from the experimental cavern. Pattern recognition al-
gorithms are applied to identify muon candidates and measure their momenta from
their bending in the magnetic field. The DT track finder (DTTF) and CSC track
finder (CSCTF) share information for efficient coverage in the n region of overlap.
The RPCs send the hits directly from the front-end electronics to pattern compara-
tor trigger (PACT) logic boards that select muon candidates. A maximum of 4
(CSCTF, DTTF) or 8 (RPC) muon candidates are then sent to the global muon
trigger (GMT) every bunch crossing. Each candidate carries a pr, charge, (1, ¢)-
position and a quality code. The purpose of the GMT is to improve trigger efficiency,
reduce trigger rates and suppress background by merging muon candidates found
by more than one system. An example of the DT Local trigger can be found in
Fig. 3.10.
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Figure 3.10: The main components of the DT Local Trigger in the ¢ view of a muon
chamber. The Bunch and Track Identifiers (BTIs) detect hit alignments within
each superlayer, the Track Correlators (TRACOs) search for a proper matching
between superlayers, and the Trigger Server selects the best two candidates in the
chamber [104].

The GT is the final system that accepts or rejects an event at L1 using the
candidates coming from the GCT and GMT. The set of values of each candidate
goes through a menu of 128 algorithms based on simple combinatorial logic (AND-
OR-NOT), where any condition may be used as a trigger or as a veto. This menu
has a wide variety of options, from simple single-object selections with pr above
a threshold to jet multiplicity or complex combinations of objects with topological
conditions among them.
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3.2.8.2 HLT

The last step for the event selection is the HLT, consisting of a single proces-
sor farm composed of regular computers running Scientific Linux, called the event
filter farm (EVF). The validation of any event follows a similar procedure as the
offline processing. Objects accepted by the L1 such as electrons, muons, and jets
are reconstructed and go through the scrutiny of whether they are relevant for data
analysis or not. The HLT path is a set of algorithmic processing steps of increasing
complexity and refinement that both reconstructs physics objects and makes selec-
tions on these objects. In order to reduce the CPU required as well as the latency,
a key feature of the algorithms is to only reconstruct the necessary regions of the
the CMS detector, such as the muon chambers indicated by the L.1 and the corre-
sponding road in the tracker for the validation of a given muon [105]. The reduction
rate is O(10%), with an output rate of roughly 1kHz with a decision time of a few
hundred milliseconds.

The output rate of the L1 and HLT can be further adjusted by prescaling
the number of events that pass the selection criteria of specific algorithms. Events
accepted by the HLT are then stored by a software process called storage manager,
written on disk and sent to offline processing for physics analysis.

3.2.8.3 Offline computing infrastructure

The data produced by the HLT is processed and analyzed by a worldwide
computing infrastructure developed specifically for LHC, the Worldwide LHC Com-
puting Grid (WLCG) [106]. The goal of the LHC Computing Project is to build
and maintain a data storage and analysis infrastructure for all LHC users. This is
achieved with a globally distributed grid that shares the funding and responsibilities
amongst member organizations, while benefiting from robustness and data security
through redundancy amongst multiple centres.

The CMS offline computing system is arranged in four tiers [107]. A single
Tier-0 centre at CERN accepts data from the CMS Online Data Acquisition Sys-
tem, archives the data and performs prompt first pass reconstruction. Several Tier-1
centres in CMS collaborating countries provide services for data archiving, recon-
struction, calibration, skimming and other data-intensive analysis tasks. Smaller
but more numerous Tier-2 centres provide capacity for analysis, calibration activi-
ties and Monte Carlo simulation (see Fig. 3.11). CIEMAT hosts one of these centers.
Tier-3 centres provide interactive resources for local groups and additional best-effort
computing capacity for the collaboration. A CMS-CERN Analysis Facility centre
at CERN provides fast turnaround computing services local to the experiment.

The raw data coming from the Tier-0O is processed into the more manage-
able Analysis Object Data (AOD), and its reduced versions such as miniAOD and
nanoAOD. Events are further stored and analysed in ROOT files [109], that con-
tain all the relevant information and kinematics, providing a tree—like structure of
branches, leaves and histogram entries. Physics analyses such as the one presented in
this work are performed using an object—oriented dedicated framework, available to
the whole collaboration, called CMS Software (CMSSW) [110], with a local version
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Figure 3.11: WLCG Tier-1 and Tier-2 connections [108].

at CIEMAT, accessible with custom C++ and Python code.
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Chapter 4

Reconstruction of the W+4-c final
state

“Ph’nglui mglw’nafh Cthulhu R’lyeh wgah’nagl fhtagn.”
— H.P. Lovecraft, The Call of Cthulhu .

roton collisions in the LHC produce a large number of particles that inter-
act with the different parts of the CMS detector, losing energy which is converted
to electronic signals by the detector sensors, as depicted in Fig. 3.5. If we are to roll
back the film and investigate what kind of process took part in the original event
of interest, we must use these signals to reconstruct trajectories, momenta and en-
ergies of the particles, and to build more complex objects, such as particle jets and
interaction vertices. This is the way to study high-energy physics such as our topic
of interest, the W+-c production. In this chapter we will focus on the reconstruction
techniques of the building blocks of our analysis.

4.1. Physics objects and particle flow

The particle-flow (PF) reconstruction and global event description [96, 111] is
designed to identify and reconstruct every particle in any event using information
from all subdetectors. First of all, we must identify the flavour of the particle in
order to determine the particle direction and energy.

e Photons are identified as ECAL energy clusters not linked to the extrapolation
of any charged particle trajectory to the ECAL. The energy of photons is
obtained from the ECAL measurement.

e Electrons are identified as a primary charged particle track and potentially
many ECAL energy clusters corresponding to this track extrapolation to the
ECAL and to possible bremsstrahlung photons emitted along the way through
the tracker material. The energy of electrons is determined from a combina-
tion of the track momentum at the main interaction vertex, the corresponding
ECAL cluster energy, and the energy sum of all bremsstrahlung photons at-
tached to the track.

e Muons are identified as tracks in the central tracker consistent with either
a track or several hits in the muon system, and associated with calorimeter
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deposits compatible with the muon hypothesis of minimum ionizing particle.
The energy of muons is obtained from the corresponding track momentum.

e Charged hadrons are identified as charged particle tracks neither identified as
electrons, nor as muons. The energy of charged hadrons is determined from a
combination of the track momentum and the corresponding ECAL and HCAL
energies, corrected for the response function of the calorimeters to hadronic
showers.

e Neutral hadrons are identified as HCAL energy clusters not linked to any
charged hadron trajectory, or as a combined ECAL and HCAL energy excess
with respect to the expected charged hadron energy deposit. The energy
of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

After correctly identifying all the particles in an event, we sum their corre-
sponding energies and infer the presence of undetected neutrinos by missing trans-
verse energy ERss,

4.2. Track reconstruction

Charged particles leave a track when travelling across the CMS Tracker, as
described in Section 3.2.3. The first step of the reconstruction process is a local
reconstruction in this subdetector [89, 112]. It consists of the collection of signals
above adjustable thresholds in close-by pixel and strip channels into hits, and then
estimating the cluster positions and their uncertainties defined in a local coordinate
system. In the pixel detector, this is performed in the readout chips of the sensors.
Offline, pixel clusters are formed from adjacent pixels, including both side-by-side
and corner-by-corner adjacent cells. Hits from the local reconstruction in the local
coordinate system are then used to obtain estimates for the tracks of the traversing
charged particles in the global coordinate system. This translation takes into account
discrepancies between the assumed and actual location and surface deformation of
detector elements as found through the alignment process [113], as well as adding
the uncertainty in the detector element location to the intrinsic uncertainty in the
local hit position.

The tracking software used at CMS is the Combinatorial Track Finder (CTF),
an adaptation of the combinatorial Kalman filter [114, 115], which is also an ex-
tension of the Kalman filter [116] to allow pattern recognition and track fitting in
the same framework. Track reconstruction is produced by a process called itera-
tive tracking using multiple passes of the CTF, where each iteration excludes tracks
found in the previous one. The first iteration looks for the easiest tracks to find,
called prompt tracks, that originate near the pp interaction point. These tracks
must have pr > 0.8 GeV and three pixel hits. The next iteration recovers prompt
tracks that have only two pixel hits. The following one searches for low-pr prompt
tracks. Iterations 3-5 try to recover tracks not found in the previous iterations and
find tracks that originate outside the beam spot, defined as the 3-D profile of the
luminous region where the LHC beams collide in the CMS detector. Furthermore,
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each iteration proceeds in four steps. First, initial track candidates with two or
three hits are provided by a seed with the initial estimate of the trajectory and its
uncertainties. Second, a Kalman filter extrapolates the seed trajectories along the
expected flight path, searching for new hits that could match the track candidate.
Third, the tracks are fitted again in order to resolve ambiguity and provide the best
possible estimate of the parameters of each trajectory. Finally, quality flags are set,
from loose to tight, and tracks that fail certain specified criteria are rejected. Seed
generation and final track selection are the main differences between all iterations
of the process.

Track reconstruction using Kalman Filter techniques achieve efficiencies above
99% on single muons with pr > 1 GeV/c. However, LHC events with a high density
of charged particles produce high rate of fake combinatorial tracks for low pr ranges,
and nuclear interactions in the tracker material reduce the tracking efficiency for
charged hadrons. Despite that, these techniques are able to reconstruct charged
tracks with pr > 300 MeV/c using the tight selection with an average efficiency
~95%, keeping the fake rate at the per mill level [117].

4.3. Vertex reconstruction

In the context of high luminosity, there will be several collisions at the same
time in the beam spot region. First of all, we are interested in finding the primary
vertex (PV), the event vertex of the hard scattering. Furthermore, in this particular
analysis we will make use of secondary vertices (SV) inside of jets in order to identify
the decay of charmed hadrons. The specifics of each case are described as follows.

4.3.1 Primary vertex reconstruction

The identification of the PV is a key element for the study of high-energy
processes, and consists of three steps using solely information from the tracker:
selection of the tracks, clustering of the tracks that appear to originate from the
same interaction vertex, and fitting for the position of each vertex using its associated
tracks [89].

Track selection aims to find those produced promptly in the primary interac-
tion region, by imposing requirements on the maximum value of significance, defined
as the value of a variable over its uncertainty, of the transverse impact parameter
(< 5) relative to the centre of the beam spot, the number of strip and pixel hits
associated with a track (> 2 pixel layers, pixel+strip > 5 ), and the normalized x?
from a fit to the trajectory (< 20). There is no requirement on the pr of the tracks.
The selected tracks are then clustered on the basis of their z-coordinates at their
point of closest approach to the centre of the beam spot. This is achieved using a
deterministic annealing (DA) algorithm [118], balancing the efficiency for resolving
nearby vertices in cases of high pileup against the possibility of splitting a single
interaction vertex into more than one cluster of tracks.

Finally, the vertex candidates containing at least two tracks are then fitted
using an adaptive vertex fitter [119] to compute the best estimate of vertex param-
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eters. It provides the position (x, y, z), the covariance matrix, and indicators for
the success of the fit, such as the number of degrees of freedom for the vertex and
weights of the tracks used in the reconstruction, reflecting the likelihood that they
genuinely belong to the vertex.

Furthermore, we will additionally require for the good vertex selection that
the number of degree of freedom in the vertex fit is larger than 4, and the position
of the vertex must satisfy |z| < 24 cm along the beam line from the nominal centre
of the detector and a radius of |p| < 2cm in the transverse plane.

For all the vertices reconstructed using this method per bunch crossing, the
event PV is identified as the reconstructed vertex with the largest value of summed
physics-object p% [9]. The other vertices are considered as pileup vertices.

4.3.2 Secondary vertex reconstruction

A key to the selection of events for this analysis is the reconstruction of SVs
inside of jets coming from the decay of charmed hadrons. Given the relatively long
lifetime of those hadrons, of the order of 10725, these SVs must be displaced from
the PV, meaning that a minimum flight distance must be identified. Displaced
SVs are reconstructed with either the Simple Secondary Vertex (SSV) [120] or the
Inclusive Vertex Finder (IVF) [121, 122] algorithms, which differ in the tracks used.

The SSV algorithm uses the tracks constituting the jet that are not shared
with the PV to follow the adaptive vertex fitter technique. It also includes the
flight distance significance, being the flight distance divided by its uncertainty, as a
discriminating variable.

The IVF also follows the adaptive vertex fitter, but it starts from a displaced
track with respect to the PV, completely independent of jet reconstruction, as a seed
track. It then tries to build a vertex from nearby tracks in terms of their separation
distance in three dimensions and their angular separation around the seed track.
IVF vertices are then associated to the closest jet in a cone of AR = 0.3.

4.4. Lepton reconstruction

The correct reconstruction of leptons is another key point of high-energy anal-
yses. Leptonic and semileptonic decays of massive particles are the most abundant
ones and therefore a special treatment is required. We will focus on electrons and
muons, since taus have a very short lifetime [17].

4.4.1 Electrons

Electrons leave a distinctive signal in the ECAL as an isolated energy deposit
that is also associated with a trace in the silicon tracker [123, 124]. They may inter-
act with the detector material and emit bremsstrahlung photons that in turn split
into an electron-positron pair. Thus, the final detection signature may no longer be
a single particle but a shower of multiple electrons and photons. Clustering from
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the collection particles into a single object is required to calculate the energy of the
original electron. Moreover, the loss of momentum caused by the bremsstrahlung ra-
diation changes the curvature of the flying electron in the tracker. Another dedicated
tracking algorithm, based on the Gaussian Sum Filter (GSF), is used to estimate
the track parameters for electrons [125]. Electron reconstruction in CMS is fully
integrated into the PF framework and follows the same principles as other particles.

The initial steps of the energy reconstruction algorithm lead to the clustering
of ECAL crystals with energies over a predefined threshold. The cluster containing
most of the energy deposited in any specific region of is defined as the seed clus-
ter, with a minimum transverse energy above 1 GeV. Superclusters (SC) are then
arranged in a small window in 7 and an extended window in ¢ around the elec-
tron direction to include photon conversions and bremsstrahlung losses around the
seed cluster. ECAL clusters, SCs, GSF tracks and generic tracks associated with
electrons are then linked into blocks of particles using the PF algorithm. Objects
meeting the loose selection requirements with an associated GSF track are labeled
as electrons; otherwise as photons. Electrons in jets are more difficult to resolve
because the energy and position of the associated supercluster are contaminated by
other particle deposits. Therefore, we will only consider isolated electrons in our
analysis and exclude electrons in jets, as will be described in Section 5.3.

Background sources for prompt electrons can originate from photon conver-
sions, misidentified hadrons, and semileptonic decays of b or ¢ quarks. Identifica-
tion of electrons can be achieved using two different techniques. The first one is
cut-based and works on sequential requirements using seven identification variables,
while the other is based on a multivariate discriminant. In this analysis we will only
use the cut-based method [123]. The first variable to reject electron and photon
backgrounds involves isolation energy sums. The combined PF isolation applies in-
formation from momentum of charged hadrons and energy from photons and neutral

hadrons in a cone AR = \/An® + A¢* < 0.3 around electrons. It is defined as:
Icomb = IchAhad + maX(07 Int.had + I'y - IPU)7 (441>

where I, hqq is the isolation of charged hadrons, [, 5. is the isolation of neutral
hadrons, I, is the isolation of photons, and Ipy is the PU contribution of neutral
particles from pileup vertices. This last one is estimated and subtracted with the
jet area method described in Ref. [126]. A threshold is then set for the electron’s
relative combined PF isolation ...,/ ETr. The next variable exploits the shape of
the electromagnetic shower in the ECAL, knowing that a wider shower profile is
expected from two photons coming from the decay of neutral hadrons inside a jet
than the one from a single incident electron. The hadronic over electromagnetic
energy ratio (H/E) is then defined as the energy deposited in the HCAL in a cone of
radius AR = 0.15 around the SC direction over the energy of the electron candidate.
The variable ¢, is defined as the second moment of the log-weighted distribution
of crystal energies in 7, calculated in the 5 x 5 matrix around the most energetic
crystal in the SC and rescaled to units of crystal size. This quantity is tuned to
reject ECAL noise and essentially depends on the distance between two crystals in
n. The distribution of 0y, is expected to be narrow for electron showers, and broad
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for two-photon showers that arise from neutral meson decays. The other relevant
variables are tracker-related, such as |1/E — 1/p|, combining the SC energy E and
the track momentum p at the point of closest approach to the vertex. The |Angeed|
is defined as |Nseced — Mirack|, Where nseed is the position of the seed cluster in 7, and
ntrack is the track n extrapolated from the innermost track position. In the same
way, |A¢i,| uses the SC energy-weighted position in ¢ instead of the seed cluster ¢
as |¢sc — Guack|. Finally, if photon conversion takes place inside the tracker volume,
it is very probable that the first hit of the new electron tracks is not located in the
innermost tracker layer, whereas no missing hits are expected in those layers for

prompt electrons.

There are four working points generally used in CMS, depending on the values
required for the set of parameters described above. The veto working point, corre-
sponding to an average signal efficiency of about 95%, aims to reject events with
more reconstructed electrons than expected from the signal topology. The loose
working point refers to a signal efficiency of around 90%, and is chosen for anal-
yses with low backgrounds to electrons. The medium working point results from
an average signal efficiency of around 80%, and may be used for generic measure-
ments involving heavy bosons. Finally, the tight working point corresponds to an
efficiency of around 70% for genuine electrons, and is used for analyses with larger
backgrounds.

The electron momentum is estimated by combining the energy measurement
in the ECAL with the momentum measurement in the tracker. The momentum
resolution for electrons with pr ~ 45 GeV from Z — e*e™ decays ranges from 1.6 to
5%. This variation depends on the electron 7, being generally better in the barrel
region than in the endcaps, and also on the bremsstrahlung energy emitted by the
electron as it traverses the material in front of the ECAL [123, 124].

4.4.2 Muons

Muons are reconstructed using the muon detectors, as well as the inner tracker
to measure their momentum. In fact, we can make a distinction between standalone,
global, and tracker muons, depending on the detector where they are reconstructed.
Standalone muons are built clustering hits from D'T's or CSCs as seeds and gathering
CSC, DT, and RPC hits along the muon trajectory using a Kalman-filter technique.
Tracker muons are built matching tracker tracks with pr > 0.5GeV and a total
momentum p > 2.5GeV to a muon segment of at least one layer of the DTs or
CSCs. Finally, global muons are built by matching standalone-muon tracks with
tracker tracks with the Kalman filter and checking if the parameters of the two
tracks propagated onto a common surface are compatible. We will only use global
muons in this analysis taking advantage of the higher efficiency in reconstruction
due to the activation of more than one muon detector plane and the inner track
information.

A kink-finding algorithm splits the muon track in the tracker detector into two
separate tracks at several places along the trajectory. For each split the algorithm
makes a comparison between the two separate tracks, requiring that the two tracks
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are compatible with being a single track. This kinks would indicate the decay of
charged pions or kaons into a muon and a neutrino. The neutrino escapes the
detector and the track of the new muon suffers a sudden change of direction.

Once we have selected our global muons, we can further classify them depend-
ing on how pure we want them to be, using some variables such as track fit x2,
the number of hits per track or the degree of matching between tracker tracks and
standalone-muon tracks.

Loose muon identification (ID) requires the selected candidate only to be either
a tracker or a global muon. This aims to identify prompt muons and those from light
and heavy flavour decays with a low rate of the misidentification of punch-through.

Medium muon ID is applied to a loose muon with a tracker track that uses
hits from more than 80% of the inner tracker layers it traverses. This is optimized
for prompt and heavy flavour decay muons.

Tight muon ID requires a muon reconstructed as both a tracker and a global,
with a tracker track that uses hits from at least six layers of the inner tracker
including at least one pixel hit and a segment matching in at least two of the
muon stations. The global muon fit must have goodness-of-fit per degree of free-
dom x?/dof < 10 and include at least one hit from the muon system. It must be
compatible with the primary vertex, considering impact transverse and longitudinal
parameters |dzy| < 0.2cm and |dz| < 0.5cm. This aims to suppress muons from
decay in flight and from hadronic punch-through.

Soft muon ID is optimized for low-pt muons in physics analyses involving heavy
flavour quarks. It is a tracker muon with a tracker track that uses hits from at least
six layers of the inner tracker including at least one pixel hit. This muon may be
loosely compatible with the primary vertex, with |dzy| < 0.3 cm and |dz| < 20 cm.

High momentum muon ID refers to muons with pr > 200 GeV. It is recon-
structed as both a tracker and a global muon and has the same initial requirements
as the tight muon, but the global muon fit x?/dof is removed. This removes ineffi-
ciencies at high pr when muons radiate as they pass through the steel flux-return
yoke and produce additional hits in the muon chambers.

In order to resolve prompt muons from those inside of a jet coming from
hadronic decays we must evaluate some isolation criteria. This variable is defined
as the sum of the transverse momenta of the charged hadrons and the transverse
energy of the neutral hadrons and photons, around a cone centred on the lepton

direction with radius AR = \/An* + A¢* < 0.4:

]comb = Z PT + Z ET -+ Z Er — %PZU]?T, (442)

ch.had nt.had o

where the sums run over the charged hadrons, neutral hadrons and photons, with a
distance AR to the lepton, and the pile-up term accounts for the additional energy
from adjacent collisions. Selection criteria will be relative to the transverse momen-
tum of the muon candidate. The factor one-half accounts for the expected ratio of
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neutral to charged particle production in hadronic interactions.

Matching muons to tracks measured in the silicon tracker results in a relative
transverse momentum resolution, for muons with pr up to 100 GeV, of 1% in the
barrel and 3% in the endcaps. The pt resolution in the barrel is better than 7% for
muons with pr up to 1TeV [101].

4.5. Jet reconstruction

Having identified and removed from the PF blocks muons, electrons, and
isolated photons, we focus on hadrons from jet fragmentation and hadronization.
Quarks and gluons emerging from pp collisions cannot live alone due to the asymp-
totic freedom of colour-carrying particles, as seen in Section 2.1.3.1. This hadroniza-
tion process also involves the creation of quark-antiquark pairs from the vacuum due
to the high energy density. Each member of the pair would find suitable partners
from nearby interactions, leading to the formation of a colour string, which in turn
may produce high multiplicity hadronic jets in the form of a collimated spray.

For each event, hadronic jets are clustered from these reconstructed particles
using the infrared and collinear safe anti-kt algorithm [127, 128] with a distance
parameter of AR = 0.4. There are three types of jets, depending on the the combi-
nation of individual contributions from each subdetector: Calorimeter jets (CALO),
Jet-Plus-Track (JPT) jets and Particle-Flow (PF) jets. CALO jets are reconstructed
from energy deposits in the calorimeter towers, consisting of at least one HCAL
cells and the corresponding ECAL crystals. JPT jets are reconstructed CALO jets
improved by adding tracking information, according to the Jet-Plus-Track algo-
rithm [129]. The PF jets are reconstructed by clustering the four-momentum vectors
of PF candidates, described earlier. We will only use PF jets in this analysis.

Jet momentum is determined as the vectorial sum of all particle momenta in
the jet, and is found from simulation to be within 5 to 10% of the true momentum
over the whole pt spectrum and detector acceptance. On average, 65% of the jet
energy is carried by charged hadrons, 25% by photons, and 10% by neutral hadrons.
Pileup can contribute with additional tracks and calorimetric energy depositions
to the jet momentum. To mitigate this effect, charged particles identified to be
originating from pileup vertices are discarded and an offset correction is applied to
correct for remaining contributions. Jet energy corrections (JEC) are derived from
simulation to bring the measured response of jets to that of particle level jets on
average. In situ measurements of the momentum balance in dijet, photon + jet,
Z+jet, and multijet events are used to account for any residual differences in the jet
energy scale (JES) between data and simulation [130]. The (JER) amounts typically
to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [130]. Additional selection
criteria are applied to each jet to remove jets potentially dominated by anomalous
contributions from various subdetector components or reconstruction failures.

The PF jet momentum and spatial resolutions are greatly improved with re-
spect to calorimeter jets, as the use of the tracking detectors and of the high granu-
larity of ECAL allows resolution and measurement of charged hadrons and photons
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inside a jet, which together constitute ~85% of the jet energy [131].

In order to mitigate the impact of PU on the jet reconstruction, charged
hadrons can be identified as coming from pileup by associating their track with
a pileup vertex, thus removing them from the list of reconstructed particles used to
form physics objects in the event. This algorithm is called pileup charged-hadron
subtraction (CHS) [96].

4.5.1 Jet flavour tagging

The nature of the particles coming from the original interaction may be better
identified if we are able to correctly classify jets as originating from light-flavour
or heavy-flavour quarks. Current techniques make use of machine learning and
neural networks such as DeeplJet [132, 133] and DeepCSV [134, 135] to identify
light-flavour jets from u, d, s quarks or gluons, charm jets from ¢ quarks, and heavy-
flavour jets from b quarks. These taggers evaluate the probability or likelihood of a
jet of being associated with one flavour or another, making use of information from
the tracks and secondary vertices to reconstruct the flight path and disintegration
of the hadron. Further comparison of these algorithms using simulation and real
data is used to better understand the performance of the detector. In general, the
reconstruction of simulated data tends to identify heavy-flavour jets more efficiently
than in observed data. Therefore, multiplicative scale factors are used to correct the
differences in efficiency.

The distributions of the tagging variables for ¢ jets lie in between the distri-
butions for b and light-flavour jets [136]. The reason for this is the shorter lifetime
of the charmed hadrons, as well as the lower secondary vertex multiplicity and the
smaller ¢ quark mass. Since efficiently identifying charm jets has proven to be partic-
ularly challenging, in this analysis we will not use this kind of techniques, but rather
a simplified and more inclusive selection of jets that provide both the charm tagging
and the electric charge of the original charm quark. We will use two strategies,
requiring that the jet that potentially contains the charmed hadron either includes
a muon from the semileptonic decay of the ¢ quark, or a displaced secondary vertex
from the hadronic decay of the ¢ quark. We will discuss this selection in detail in
Section 5.3.2.

4.6. Missing transverse momentum

The decay of a W boson into a charged lepton and its corresponding neutrino
cannot be precisely measured because of the amount of energy carried away by the
neutrino that escapes the detector. Nevertheless, we can estimate the unmeasured
(missing) momentum using the PF event reconstruction described earlier and bear-
ing in mind a key feature of hadron colliders. The net momentum in the plane
transverse to the beam is known to be nearly zero in pp collisions. We can therefore
compute the sum of the transverse momenta of all the PF candidates in an event
and define the negative resulting vector as the the missing transverse momentum

miss

vector, with its magnitude denoted as pf*>* [137]:
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P ==Y pr (4.6.1)

The p* relies on the accurate measurement of the reconstructed physics
objects, namely muons, electrons, photons, hadronically decaying taus, jets, and
unclustered energy (Fy). The Ey is the contribution from the PF candidates not
associated with any of the previous physics objects.

The pr is modified to account for corrections to the energy scale (JES) of the
reconstructed jets in the event. Specifically, the particle-flow objects clustered in
a jet are replaced by the corrected jet. The JES uncertainties are less than 3%
for jets within the tracker acceptance and 1-12% for those outside. The jet energy
resolution (JER) uncertainties typically range between 5-20%. The muon energy
scale uncertainty is 0.2%, and the electron and photon energy scale uncertainties
are 0.6% in the barrel and 1.5% in the endcap [138]. The uncertainties related to
the leptons are significantly smaller than those of JES and JER and are therefore
not considered.

There are some processes, like Z — ¢t¢~ or v decays, that do not produce
neutrinos, but the recorded events also present some amount of E25. This may be
due to the finite resolution of the calorimeters and other instrumental effects, such
as insensitive areas at the location of cables and pipes. The analysis of these events
is a useful tool to calibrate the detector and provide a reliable measurement of Efiss
for those processes that do present neutrinos (or any other exotic particle for that
matter).
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Chapter 5

Analysis of W+-c production

“En fait, nous sommes une liberté qui choisit, mais nous ne choisissons pas d’étre
libres: nous sommes condamnés a la liberté.”
— J.P. Sartre, L’étre et le néant.

Qlfter describing the mathematical and experimental tools required for a high
energy physics investigation, we can now proceed with the detailed analysis of the
associated production of a W boson and a charm quark (W+-c production). Follow-
ing a general overview of the analysis, we introduce the data and simulated samples
used for the measurements and the selection strategy followed to isolate the W+c
signal events and evaluate the background contributions. Finally, we evaluate the
systematic effects that affect our measurements and quantify their impact.

5.1. Overview of the analysis

As mentioned earlier, the associated production of a W boson and a single
charm quark in pp collisions is directly sensitive to the strange quark content of the
colliding protons at an energy scale of the order of the W boson mass. This is due to
the dominance of the sg—W-+c contribution, following the CKM-matrix elements
in Eq. 2.1.31, over the strongly Cabibbo suppressed process dg—W+c at tree level,
as depicted in Fig. 5.1. Furthermore, the production of W +c events provides a
useful calibration sample for the measurements and searches at the LHC involving
electroweak bosons and ¢ quarks in the final state [139, 140]. Precise measurements
of W + ¢ production can be used to verify the theoretical calculation of this process
and its modeling in the currently available MC event generators.

Previous publications, like the ones by the CMS [7-9], ATLAS [10] and LHCb [11]
Collaborations at center-of-mass energies of 7, 8 and 13TeV, identify the charm
quark via exclusive decay channels of charmed hadrons, or inclusive final states re-
constructed through a muon or a secondary vertex inside a jet. In this study we
follow the strategy developed in the CMS 8 TeV W+-c analysis, selecting four sepa-
rated data samples depending on the W boson leptonic decay (either to electron or
muon, and a neutrino) and the charm tagging mode (muon or SV inside a jet).

We are using data collected by the CMS detector between 2016 and 2018 of pp
collisions at y/s = 13 TeV corresponding to an integrated luminosity of 138 fb=!. The
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(a) (b)

Figure 5.1: Leading order diagrams for the associated production of a W boson and
a charm quark. The electric charges of the W boson and ¢ quark have opposite sign.

cross sections o(W +¢) = o(pp = W+c+X)B(W — (v) and the cross section ratio
REf =0(W" +¢)/oc(W~ +c¢) are measured. Inclusive and differential cross sections
are measured as functions of the transverse momentum (p%) and pseudorapidity (n*)
of the lepton from the W boson decay.

The first step of the analysis consists on the selection of W+-c events. We will
identify the W boson through its leptonic decay into an electron or a muon, and
a neutrino. We do not consider the channel where the W boson decays to a tau
lepton. The electrons or muons with enough transverse momentum and within the
acceptance of the detector will fire the online trigger selection of the event. Events
with an electron or muon coming from the decay of a tau lepton, which in turn comes
from the decay of a W boson, are considered as a background. This contribution is
small, around 1%, given the relatively small leptonic decay fraction of the tau lepton
(~17%) and the lower transverse momentum of the resulting electron or muon that
in most cases is below the trigger threshold.

Electrons are detected at the ECAL, muons are reconstructed using the muon
chambers and the escaping neutrinos will be estimated as missing transverse mo-
mentum. Since the W boson is quite massive, the resulting electron or muon will
carry high momentum. In addition, the lepton from the W decay will be isolated
from surrounding particles, contrary to leptons produced inside jets. The ¢ quark
cannot be measured directly but can be inferred through the reconstruction of the
jet of particles coming from its fragmentation and hadronization.

The signal signature, an isolated, high-momentum lepton and a heavy flavour
jet, can also be mimicked by other processes, the so-called backgrounds, that will
be suppressed through the selection process described below, and their remaining
contributions will be evaluated. Backgrounds include top quark-antiquark pair pro-
duction (tt, Fig. 5.2a), single top production (Fig. 5.2b), diboson processes (WW,
WZ, and ZZ, Figures 5.4), the production of a Z boson (or a virtual photon) in
association with jets (Z-+jets, Fig. 5.3a), W+cc or W+bb events, and events com-
posed uniquely of jets produced through the strong interaction, referred to as QCD
multijet events (Fig. 5.3b).
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e/t

VeV,

b 7./ v,
(a) tt production. (b) Single top production.

Figure 5.2: Feynman diagrams of top quark background processes.

p
(a) Z+jets production. (b) Multijet QCD production.

Figure 5.3: Feynman diagrams of Z+jets and QCD background processes.

One of the fundamental aspects of this analysis is the technique applied to
reduce or eliminate background processes and achieve a ¢ jet enriched signal sam-
ple. In the W+c process, the electric charges of the lepton from the W decay and
the ¢ quark always have opposite sign (OS), whereas most backgrounds present an
even number of final states with same sign (SS) and OS electric charges with equal
probability and identical kinematics. We can then obtain an effectively enriched
sample of ¢ jets by statistical OS-SS substraction, applying negative weights to the
SS events in our analysis.

We use MC simulations to estimate the background contributions after OS-SS
substraction. We will also use MC W+-c samples to calculate the fraction of signal
events that fulfill the reconstruction and selection criteria of the analysis. This
efficiency, defined as the number of selected signal events divided by the number of
produced events in the kinematical region of the analysis, is an important ingredient
in the cross section measurements.

5.2. Data and simulated samples

This analysis has been performed using data from pp collisions at a center-of-
mass of 13 TeV collected by the CMS experiment corresponding to an integrated lu-
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(a) WW production. (b) WZ production

Figure 5.4: Feynman diagrams of diboson background processes.

minosity of 138 fb~! during the 2016 (36.3 fb™!), 2017 (41.5fb™!) and 2018 (59.7 fb~1)
data-taking periods [141-143].

Events with a high-pr lepton from the decay of a W boson are selected online
by a single-lepton trigger path that requires the presence of an electron (muon)
candidate with minimum pr that varies for each data-taking period. Each trigger
path is the lowest non-prescaled one available for each year, all of them still looser
than the minimum pr required for the analysis. Therefore, we require that the
event fires the trigger paths corresponding to an electron (muon) candidate with
minimum pr of 27, 32, and 32 GeV (24, 27, and 24 GeV) during the 2016, 2017, and
2018 data-taking periods, respectively.

Samples of signal and background events are simulated using MC event gen-
erators based on a fixed-order perturbative QCD calculation, supplemented with
parton showering and multiparton interactions. Signal samples of W boson plus
jets are generated with MADGRAPH5 _AMCQ@NLO v2.6.3. Two sets of samples were
produced, a set with up to four partons in the final state calculated with LO ac-
curacy, and a second set with up to two partons computed at NLO accuracy. The
scheme for merging the events produced on the basis of the matrix elements cal-
culations for the hard, partonic process, and those produced with parton showers,
in the samples generated at LO is MLM [63] whereas at NLO is FxFx [144]. The
parton shower, hadronization and the underlying events are modelled by PYTHIA
v8.212. The PYTHIAS parameters for the underlying event modeling are set to the
CP5 tune (2017, and 2018 samples) and CUETP8M1 tune (2016 sample), respec-
tively. For 2017 and 2018 samples, the NNLO NNPDF 3.1 [145] set is used. The
MC samples for 2016 conditions include the NLO NNPDF 3.0 [146] as PDF set. The
matching scale m? = (10 GeV)? and the factorization and normalization scales are
set at ¢ = M3 + (pY¥)%

Regarding the main backgrounds, a sample of tt events is generated with
POWHEG v2.0, interfaced with PYTHIA8. The Z+jets background is generated
with MADGRAPH5_AMC@NLO under the same conditions as the W+jets samples.
The cross sections of the Z/W + jets simulations are normalized to the NNLO
cross section predictions from FEWZ [147]. We also consider small contributions
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from WW, WZ and ZZ diboson events generated with PYTHIAS. The single top
quark t—channel, tW, and s—channel processes are simulated with POWHEG and
MADGRAPH5_AMC@NLO, respectively, and interfaced with PYTHIAS8 for parton
showering and hadronization.

The generated events are processed through the full GEANT4 detector simu-
lation and trigger emulation. These events are then reconstructed using the same
algorithms as those used to reconstruct collision data.

The simulated signal sample is composed of W bosons accompanied by jets
originating from quarks of all flavours (b, ¢, and light) and gluons. Simulated W+jets
events are classified according to the flavour of the outgoing generated partons. A
W+jets event is categorized as W+b if at least one bottom quark was generated in
the hard process. It is classified as W+c signal event if it contains an odd number
of charm quarks in the final state, as expected from the presence of a weak charged
current exchange. Only outgoing quarks from the hard interaction are considered.
Events containing an even (non-zero) number of charm quarks are assigned to the
W-ce category. Remaining events, where no bottom or charm quark was produced,
are defined as W+usdg. Only generator level partons with angular separation with
respect to the generator lepton from the W-boson decay larger than AR > 0.4 are
considered.

The simulated samples generated using Monte Carlo methods, with their cross
sections, for the signal and main background processes are listed in Table 5.1.

Table 5.1: Simulated signal and background datasets and their corresponding gen-
erators with parton shower and merging schemes.

Process Generator
WHjets (LO)
WH-1jet
W+2jets MADGRAPH5_AMC@NLO MLM
W3jets
W-+4jets
W+jets (NLO) MADGRAPH5_AMC@NLO FxFx
Z+jets MADGRAPH5_AMC@NLO MLM
tt semileptonic
tt dileptonic POWHEG + PYTHIAS

tt hadronic

t (s channel) | MADGRAPH5_AMC@NLO + PYTHIAS
t (¢ channel)
t (¢ channel)

t (tW channel)

t ({tW channel)

WW
WZ7 PYTHIAS
77

POWHEG -+ PYTHIAS
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5.2.1 Simulation corrections

These simulated samples are corrected by a series of data/simulation SFs that
take into account the discrepancies between data and MC due to inefficiencies in
identification and reconstruction of the various physical objects. Most of these SFs
are provided by dedicated groups of CMS and we will describe in detail those that
we have calculated specifically for this analysis.

5.2.1.1 Pileup

In many cases, it is useful to know the total number of pp interactions per
bunch crossing. The most straightforward way of doing this is to use the instanta-
neous luminosity, given by a method involving the total pp inelastic cross section
and the LHC orbit frequency, necessary to convert from the instantaneous luminos-
ity, which is a per-time quantity, to a per-collision quantity. This quantity can be
computed on a per-lumi section basis, where a lumi section is the fundamental unit
of CMS luminosity calculation. The pileup estimation obtained from the luminosity
can be compared with the number of reconstructed primary vertices per event. As
the latter is affected by the vertex reconstruction efficiency, these two quantities will
not necessarily agree. However, these can be used to measure the vertex reconstruc-
tion efficiency or validate the results. The value obtained from the instantaneous
luminosity is a measure of the average pileup during a single lumi section. The
distribution of pileup for individual events will therefore be a Poisson distribution
around this average.

The Monte Carlo simulated samples, in addition to the hard scattering colli-
sion, incorporate a number of pileup collisions which are registered together when
building the event data. To reach an optimal agreement with the experimental data,

the simulated distributions are reweighted assuming a total inelastic pp cross section
of 69.2mb.

5.2.1.2 Charm hadron fragmentation fractions and decay branching ra-
tios

To account for discrepancies between PYTHIAS and data in the charm frag-
mentation fractions (¢ — Dj,), defined as the probabilities for ¢ quarks to hadronize
as particular charm hadrons, and branching ratios (D, — ¢ or Dy, — h), we have
updated the simulation to match the charm fractions and decay branching ratios
to more modern values. We have reweighted the charm fractions to match the val-
ues in [148] and the decay branching ratios with [149]. Given the large number of
hadronic decay modes, we have reweighted only those with 3 or more tracks in the
final state and a branching ratio >5%. The weights used in the analysis are listed
in Tables 5.2 and 5.3. For each value of the weight, its error was propagated from
the original relative error.

5.2.1.3 Lepton efficiencies

Simulated samples are corrected for differences between data and MC descrip-
tion in lepton trigger, reconstruction and identification efficiencies (e;). Lepton
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Table 5.2: The fragmentation fractions have been reevaluated with the latest set of
PDG values applying the weights shown here. For each value of w the error was
propagated from the original relative error.

Fragmentation fractions
W, po = 1.08 + 0.01
We_,px = 0.83 = 0.01
we—sp, = 0.83 £ 0.05
Wesp, = 1.74 £ 0.06

Table 5.3: The decay branching ratios have been updated to more modern values
with the weights shown here. For each value of w the error was propagated from
the original relative error.

Branching ratios

Wpoye = 099E£0.01 | wpogree = L11+0.02| wps gy = 14.90 £ 0.60
Wpty = 1.0340.02 | wposgrrmme = 1124002 | wp, sxxx = 4.90 +0.13
wp,e = 0.82+025| wpiger = 1024001 | wa prr = 2.94+0.15
wp, e = 0.76 4010 | wpi_grrne = 520+ 0.15

efficiencies are evaluated by dedicated teams within the Collaboration devoted to
understand the reconstructed objects in data and simulation. With that purpose,
clean samples of dilepton events in the Z mass peak are evaluated with the tag-and-
probe method [150] and a correction factor €@ /eMC binned in pr and 7 of the
leptons is computed. The difference in performance in data and MC is corrected by
the centrally provided ratio. These scale factors (SF) are applied to the simulation
as weights on an event-by-event basis. In addition, for 2016 data-taking period, the
SE' was calculated separately for the beginning and the end of the period, so that
the final SF for 2016 is estimated as the weighted sum of the two SFs using the
integrated luminosities corresponding to each subperiod.

The muon momentum scale is also corrected separately to compensate for
biases caused by detector misalignment or magnetic field uncertainties. This is
called Rochester correction [151], as the university responsible for developing it, and
is applied to both MC samples and data before the selection cuts to mitigate the
biases occurred during muon pr reconstruction by reweighting the muon pt by the
corresponding SF. These SFs are calculated using the invariant mass spectrum of
the dimuon decay of the Z boson to find the momentum scale bias.

During the 2016 and 2017 data-taking, a gradual shift in the timing of the
inputs of the ECAL L1 trigger in the region at |n| > 2.0 caused a specific trigger
inefficiency [102]. As a result, a fraction of high-n trigger primitives are being
mistakenly associated to the previous bunch crossing (BX-1). Since the L1 trigger
rules forbid two consecutive bunch crossing to fire, the event can veto itself if large
ECAL energy is found in the region 2 < |n| < 3. Around 1(2)% of the events for
Nu(ne) > 2.1 are lost when no correction is accounted for. For events containing
an electron (a jet) with pr larger than ~50 GeV (=100 GeV), in the region 2.5 <
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In| < 3.0 the efficiency loss is ~10-20%, depending on pr, 1, and time. This effect is
present in 2016 and 2017 data set and is not simulated in the MC. Correction factors
were computed from data and applied to the acceptance evaluated by simulation.
The uncertainties related to the L1 prefiring problem are at the per mil level and not
considered in this analysis except for the last bin in 7 of the u differential analysis,
where we assign a 5%.

5.2.1.4 Jet corrections

The detector response to particles is not linear and therefore it is not straight-
forward to translate the measured jet energy to the true particle or parton en-
ergy [131]. The jet corrections are a set of tools that allows the proper mapping of
the measured jet energy deposition to the particle-level jet energy. CMS has adopted
a factorized solution to the problem of jet energy corrections, where each level of
correction takes care of a different effect. Each level of correction is essentially a
scaling of the jet four momentum with a SF which depends on various jet related
quantities (pr, 1, flavour, etc.). The levels of correction are applied sequentially,
meaning that the output of each step is the input to the next, and with fixed order.

L1 Pile Up. The goal of the L1 correction is to remove the energy coming from
pile-up events. In principle this will remove any dataset dependence on luminosity
so that the following corrections are applied upon a luminosity independent sample.
The pileup offset corrections are determined from the simulation of a sample of QCD
dijet events processed with and without pileup overlay. They are parameterized as a
function of offset energy density p, jet area A, jet n and pr. Different L1 corrections
are applied to data and MC.

L2L3 MC-truth corrections. The simulated jet response corrections are deter-
mined on a QCD dijet sample, by comparing the reconstructed pr to the particle-
level one. The corrections are derived as a function of jet pr and n and make the
response uniform over these two variables.

L5 flavour corrections. As explained, the MC-truth based corrections are ex-
tracted for a QCD flavour mixture sample. Optional jet-flavour corrections are
derived from MC simulation, using Z+jet and photon+jets simulated events. These
corrections are provided for the Z+jet and photon+jets mixtures, and also for pure
flavours. JEC flavour uncertainties are also extracted, and can be applied to data vs
simulation comparisons regardless of whether or not the jet-flavour corrections are
applied in the analysis. The flavour corrections and their uncertainties for b-quark
jets are checked in data with Z+b events.

L2L3 Residuals. The L2 and L3 residuals are meant to correct for remaining
small differences (of the order of %) within jet response in data and MC. The
L2Residuals n-dependent corrections are determined with dijet events, relative to
a jet of similar pr in the barrel reference region. These corrections include a pr
dependence of the JES relative to the JES of the barrel jet. The L3Residuals
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5.2. Data and simulated samples

correct the jet absolute scale (JES vs pr). These corrections are determined, for
barrel jets, using Z(up, ee)+jet, photon+jet and multijet events. Relative (vs 7)
and Absolute (pr) residual corrections are determined separately, but are stored in
one single L2L3Residuals step for the analysers.

5.2.2 Signal kinematics

Before describing the selection requirements at the detector level, it is impor-
tant to explore what kind of signal we expect to find at the generator level. The
following plots represent the kinematic distributions of our process of interest, fo-
cusing on the transverse momentum and angular distribution of the leptons coming
from the W boson and the ¢ quark. The following distributions are normalized to
1 in order to show the probability density of each variable, so that we can estimate
which values are most probable or what fraction of events is lost after any selection
requirement. We expect very similar kinematics for each decay channel, so that we
can safely unify the selection requirements.

Figure 5.5 shows the distributions of the charm quark before hadronization,
with Fig. 5.5a being the n and Fig. 5.5b the pr. Due to the symmetry of the pp
collision along the z axis, we observe a symmetric distribution in 7, which may allow
us to later consider absolute values of this variable. About 90% of the produced
¢ quarks lie within the detector acceptance (|n| < 2.5). The pr distribution peaks
sharply at around 25 GeV, with a smooth tail to higher values. This can be an initial
consideration for our lower selection requirements for the transverse momentum of
the jet containing the charm decays.
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Figure 5.5: Distributions of the pseudorapidity and transverse momentum of the
charm quark at generator level.
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Figures 5.6a and 5.7a show the distributions of the 7 of the electron coming
from the W boson decay and of the muon coming from the decay of the charm
hadron, respectively. Due to the symmetry of the collision, we also observe symmet-
ric distributions, which can be propagated to a selection requirement considering
only absolute values. We are only showing the W — erv channel because the kine-
matical distributions will be identical for the W — pv channel, since the energy of
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the process is much higher than the masses of both leptons.
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Figure 5.6: Distributions of the pseudorapidity and transverse momentum of the
electron coming from the decay of the W boson at generator level.
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Figure 5.7: Distributions of the pseudorapidity and transverse momentum of the
muon coming from the decay of the charm hadron at generator level for the SL
channel.

Figure 5.6b shows the distribution of the pr of the lepton coming from the W
boson. In this case the peak is reached at around 30 GeV, and the threshold of the
online trigger paths will force us to lose almost half of the events. Finally, Fig. 5.7b
presents the distribution of the pr of the muon coming from the semileptonic decay
of the charm hadron. The distribution peaks at very low values and then quickly
decays, with very few events over 25 GeV. It is worth noting that muons with pr
lower than around 3 GeV will not activate enough layers in the muon chambers and
those events will therefore be lost. The amount of such muons is also around 50%
of the total sample.
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5.3. Event selection

The selection of W-+c events follows closely the strategy used in the published
W+c cross section analysis at /s = 7TeV [7] and /s = 8 TeV [8]. We first apply
a set of requirements to select events with a W boson that decays leptonically
W — ¢+ v (where ¢ = e, 1) and then select events with a ¢ jet. The first condition
that will be required for an event to be accepted is the presence of an isolated high-
pr electron or muon. Therefore, the event must fire the corresponding trigger paths
described in the previous section.

5.3.1 W — / + v selection

The leptonic decay of a W boson into a muon or an electron and a neutrino
is characterized by the presence of a high-transverse-momentum, isolated lepton.
Electrons and muons are selected using tight identification criteria following the
definitions provided in Refs. [101, 123], as described in Section 4.4. Although they
share very similar selection requirements, we will treat these two decay channels
separately throughout this analysis, since both leptons are two different objects
from the detector point of view, with their specific reconstruction and systematics.

Figure 5.8: Generic W+c signature signal. The W boson decays at the PV while
the decay length of the ¢ quark, inside a ¢ hadron, follows a exponential function
with a tail extending up to some millimetres from the PV.

Electrons or muons must be in the region |nf] < 2.4 and p§ > 35GeV. The
combined isolation I, is used to quantify the additional hadronic activity around
the selected leptons. The lepton candidate is considered to be isolated if I .pmp/ pfr <
0.15.

Events with an additional isolated lepton with p% > 20GeV, and opposite
electric charge, are rejected to suppress the contribution from Z+jets and ¢t events.

The transverse mass (Mrt) of the lepton and ps is defined as,

Mt = V2 P PRI 1 — cos(¢hy — Ppmiss )|, (5.3.1)
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where ¢, and ¢p$iss are the azimuthal angles of the lepton and the piss vector.
Events with Mt < 55 GeV are discarded from the analysis to reduce the contami-
nation from QCD multijet events [138].

The electric charge of the W boson will be that of the isolated lepton selected
with the above requirements. For muons with pp > 10 GeV the charge assigned is
correct in >99.9% of the cases. For electrons the charge assigned is correct in >99%
of the cases and the difference between data and MC is at the per mil level. Further
explanation can be found in Refs. [123, 152-154].

5.3.2 Identification of charm jets

Hadrons with ¢ quark content decay through weak interaction with lifetimes
of the order of 107125 and mean decay lengths larger than 100 um at TeV ener-
gies [17]. Secondary vertices well separated from the PV can be reconstructed from
the charged particle tracks. In a sizeable fraction of the heavy flavour hadron decays
(~10-15%) there is a muon in the final state. We make use of these properties to
define two independent data samples, identifying jets originating from a ¢ quark in
two different ways:

e The Semileptonic (SL) channel, where a muon coming from the semileptonic
decay of a ¢ hadron is identified inside of a jet (Fig. 5.9a).

e The Secondary Vertex (SV) channel, where a displaced SV is reconstructed
inside of the jet (Fig. 5.9b).

(a) SL channel. (b) SV channel.

Figure 5.9: Graphic representation of the SL (a) and SV (b) charm identification
channels.

If an event fulfils the selection requirements of both topologies, it is assigned
to the SL channel. Thus, the SL and the SV channels are mutually exclusive, i.e.,
the samples selected in each channel are statistically independent.

We require the presence of at least one jet with p]Tet > 30GeV and |nJet < 2.4.
Jets with an angular separation between the jet axis and the selected isolated lepton
AR(jet, ) < 0.4 are not considered.
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5.3.2.1 Charm jet tagging in the SL channel

The W+charm SL sample is selected using semileptonic decays of charm

hadrons into a muon plus anything, identified by a reconstructed muon among the
constituents of any of the selected jets. Semileptonic decays of c-quarks into elec-
trons are not considered because of the complexity of identifying electrons inside

jets.

Muons from semileptonic decays of charm hadrons are usually very close to

the jet axis and non-isolated from hadron activity. Therefore, the following selection
requirements enrich the SL sample:

Muon candidates must have been identified with the Tight identification work-
ing point, following the same quality criteria as with the muons from the W
decay.

The transverse momentum of the muon candidate must be pf < 25 GeV and
the absolute value of the pseudorapidity must be |[n*| < 2.4. This cut is
introduced in order to remove background with prompt muons overlapped
with jets. Thus, we further reduce the Z+jets contamination. No minimum
pr threshold is explicitly required, but the muon reconstruction algorithm
sets a natural threshold around 3 GeV (2GeV) in the barrel (endcap) region
since the muon must traverse the material in front of the muon detector and
penetrate deep enough into the muon system to be reconstructed and satisfy
the identification criteria.

Muon candidates must be non-isolated from hadron activity, i.e., the combined
isolation variable built from the sum of transverse energies or momenta of
reconstructed particles, .omp/Ph, in a cone of AR < 0.4 must be greater than
0.2.

The track of the muon coming from a semileptonic decay of a charm hadron
tends to have a considerable transverse impact parameter with respect to the
PV. We require the transverse impact parameter significance (IPS) of the
muon in the jet, defined as the muon transverse impact parameter divided by
its uncertainty, to be larger than 2.

In addition, muon pair candidates (one isolated and one inside of a jet) with
an invariant mass around the Z boson mass peak 70 < m,, < 110GeV are
rejected in order to reduce Z — pu*p~ contamination. Moreover, any muon
pair with an invariant mass m,, < 12GeV is rejected in order to reduce
contamination coming from low-mass resonances J/¥, ¥ or T mesons.

If more than one such muon is identified, the one with the highest pr is selected.

Figures 5.10 and 5.11 illustrate the difference between the background popu-

lations for the W — er and W — pv decay channels after OS-SS substraction. It
is straightforward to recognize the abundance of Z+jets (in orange) in the muon
channel and its absence in the electron channel.
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Figure 5.10: Distribution of the pr of the lepton coming from the decay of the W
boson in the SL channel.
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Figure 5.11: Distribution of the n of the lepton coming from the decay of the W
boson in the SL channel.

5.3.2.2 Charm jet tagging in the SV channel

An independent W+charm sample is selected using hadronic decays of charm
hadrons by looking for secondary decay vertices within the reconstructed jets, de-
scribed in Section 4.3.2. Tracks used for the reconstruction of SVs must have pr >
1GeV to avoid mis-reconstructed or poorly reconstructed tracks. Vertices recon-
structed with the IVF algorithm are considered first. If no IVF vertex is found,
then we look for SSV vertices, thus providing additional (~3%) event candidates.
If more than one SV within a jet are reconstructed, the one with the highest pr,
computed from its associated tracks, is considered. If there are several jets with a
SV, only the SV associated to the jet of highest pr is selected.

In order to suppress the background contributions (as explained below), only
SVs with at least three tracks and well separated from the PV are considered.
The displacement significance of the SV, defined as the three-dimensional distance
between the primary and the secondary vertices divided by its uncertainty is required
to be larger than 8.
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5.3.2.3 Charm jet tagging efficiency

The efficiency of the SL and SV charm tagging methods has been evaluated
with the W+jets simulation for different generated jet flavours. The efficiency values
are shown in Table 5.4 before OS-SS substraction.

Table 5.4: Charm tagging efficiency for each jet flavour, after all selection require-
ments but before OS-SS substraction.

Jet flavour ¢ uds g b
Efficiency SL(%) | 1.57 £ 0.03 | 0.29 £ 0.04 | 0.07 £ 0.005 | 4.4 + 0.3
Efficiency SV(%) | 4.5 £ 0.1 1.0 + 0.1 0.15 £ 0.01 24 +£1

The tagging efficiency of charm jets is small, 1.6% for the SL. method and 4.5%
for the SV method. Only about 10% of the charm hadrons decay semileptonically
to a muon, and a small fraction of them have enough momentum to reach the muon
detector and get reconstructed. Similarly, only a small fraction of the charm hadrons
produce an SV with at least three tracks that is well separated from the PV.

The suppression of jets initiated by light quarks and gluons is very large. Less
than 1% of the light-quark jets are mistagged as ¢ jets, while the mistag rate for
gluon jets is about 0.1%.

The SL and SV tagging methods also tag jets coming from the hadronization
of b quarks as ¢ jets. The b jets have similar characteristics as the c jets, containing
muons and SVs from the decay of the b hadrons. The contribution of b jets comes
from the processes W +bb and tt. In both cases, it is equally likely to identify the b
jet with the same or opposite charge than that of the W boson, and therefore these
contributions are very efficiently removed by the OS-SS subtraction.

5.3.3 Determination of the charm quark electric charge

In order to apply the OS-SS technique to reduce the backgrounds of our analy-
sis, we have to correctly identify the sign (positive or negative) of the electric charges
of the W boson and the charm quark. As mentioned earlier, the charge of the W
boson is carried away by the isolated high-pr electron or muon. The charge of the
charm quark will be determined differently for the SL and SV channels.

For the SL channel, the sign of the electric charge of the charm quark is
that of the low-pr non-isolated muon found inside of the jet, that comes from the
semileptonic decay of a charmed hadron.

The charge determination of the charm quark in the SV channel is not as
straight forward as the previous case. For charged charm hadrons, the sign of
the sum of the charges of the decay products reflects that of the ¢ quark. For
neutral charm hadrons, the sign of the charge of the closest hadron produced in
the fragmentation process can indicate that of the ¢ quark [155, 156]. Hence, we
assign a charge equal to the sign of the sum of the charges of the particle tracks
associated with the SV. If the SV charge is zero, we take the charge of the PV track
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that is closest in angular separation to the SV. We only consider PV tracks with
pr > 0.3GeV and within an angular separation with the SV direction of 0.1 in the
(n, @) space. If nonzero charge can be assigned, the event is accepted.

According to the simulation, the charge assignment procedure provides a nonzero
charge for 99% of the selected SVs. In 13% of the SVs the ¢ quark charge is assigned
from the PV track, and the charge assignment is correct in 65% of the cases. In
the remaining 87% of events, the ¢ quark charge is given by the SV charge with a
86% true charge assignment rate. Overall, the correct charge assignment efficiency
is therefore 83%.

The modeling of the SV charge assignment in the simulation has been validated
with data. Events passing both the SL and SV selection criteria are used to compare
the charges of the muon inside the jet and the SV. In 95% of these events the
charges agree. The difference in the charge assignment efficiency between data and
simulation, around 1%, is taken as a systematic uncertainty in the cross section
measurements, as detailed in Section 5.7.

The event selection requirements are summarized in Table 5.5 for the four
selection channels of the analysis, the Wboson decay channels to electron or muon,
and the SL and SV charm identification channels.

Table 5.5: Summary of the selection requirements for the four selection channels of
the analysis.

SL SL SV SV
W — ev W — uv W—=ev | W= uv
Lepton p% > 35 GeV
Lepton |n‘| <24
Lepton isolation I.pmp/p5 < 0.15
Transverse mass Mt > 55 GeV
Jet pt > 30 GeV
Jet 7| <24
AR(jet, 0) > 0.4
Muon in jet pk < 25GeV
Muon in jet plj/piS" < 0.6
Muon in jet |n#| <24
Muon in jet Leoms/ P > 0.2
Muon in jet IPS > 2
Muon in jet my, > 12GeV &
¢ [70,110 GeV]
SV number of tracks > 2
SV displacement signific. > 8
SV charge #0
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5.4. Background determination and suppression

In this section we show how we increase the signal proportion from about 30%
to 80% by further suppressing the backgrounds after the selection cuts discussed in
the previous section. The OS-SS subtraction is the main cause of this reduction.
In addition, we show below how we further suppress the W+udsg and Z+jets back-
grounds using properties of the SVs and muons inside the jets. We also show how
we set the absolute normalization of the backgrounds using control regions where
we can directly compare the detector data with the simulations.

The SL and SV signatures are also featured by weakly decaying b hadrons.
Events from processes involving the associated production of W bosons and b quarks
will be abundantly selected in the two categories. As stated previously, a key prop-
erty of the qg — W + ¢ process is the presence in the final state of a charm quark
and a W boson with opposite sign electric charges (OS). By contrast, most of the
background processes deliver evenly OS and same sign (SS) events.

e The dominant background contribution stem from ¢t production, where a pair
of W bosons and two b jets are produced in the decay of the top quark-
antiquark pair. This final state mimics the analysis topology when at least
one of the W bosons decays leptonically, and there is an identified muon or
a reconstructed SV inside one of the b jets. However, this background is
effectively suppressed by the OS-SS subtraction. The chance to identify a
muon or a SV inside the b jet with opposite or same charge than the charge of
the W candidate is expected to be the same, thus delivering an equal amount
of OS and SS events (see Fig. 5.2a).

e Top quark-antiquark events where one of the W bosons decays hadronically
into a ¢§ (or ¢s) pair may result in additional event candidates if the SL or
SV signature originates from the ¢ jet. This topology produces genuine OS
events, which contribute to the remaining background contamination after
OS-SS subtraction.

e Similarly, single top quark production also produces OS events, but at a lower
level because of the smaller production cross section (see Fig. 5.2b).

e The production of a W boson and a single b quark through the process
qg — W + b produces OS events, but it is heavily Cabibbo-suppressed and its
contribution is found to be negligible.

e The other source of a W boson and a b quark is W + bb events where the bb
pair originates from a gluon splitting mechanism and only one of the two b jets
is identified. These events are also charge symmetric as it is equally likely to
identify the b jet with the same or opposite charge than that of the W boson.
Its contribution cancels out after the OS-SS subtraction.

Figure 5.12 shows the procedure explained above, illustrated with the distri-
bution of the ¢ of the c-tagged jet. The first two plots present the event yields after
the selection requirements for the SL and SV charm tagging channels without ap-
plying the OS-SS technique, where we can observe the large backgrounds described

69



CHAPTER 5. ANALYSIS OF W+C PRODUCTION

previously. The second row shows a selection of only OS event yields, with a larger
population of signal events. Following that, we present a selection of only SS event
yields, which shows that for a fraction of the signal W+-c events the charm hadron
is not correctly identified resulting in a SS configuration of the event. Finally, the
substraction technique is applied and we obtain a very pure sample of W+c event
yields. The reason for the appearance of SS events for the signal is different for the
SL and SV channels. In the SL channel, the muon electric charge identification is
very accurate, so the main source of contamination may be the presence of muons
from in flight decays of pions and kaons not eliminated by the reconstruction algo-
rithm. In the case of the SV channel, the main source of contamination may be the
incorrect assignment of the electric charge of the SV and the contribution of fake
vertices.

5.4.1 Suppression of the W+usdg background

The contribution of the W+udsg background after OS-SS subtraction is still
substantial in the SV sample, mostly from the processes ug - W+ + d and dg —
W~ 4 u, which produce OS events. Looking at the distribution of the number of
tracks forming the SVs in Fig. 5.13, we observe that most of the W+udsg events
correspond to two-track SVs. We therefore select only SVs with at least three tracks
to largely suppress this contribution. This also reduces the systematic uncertainty
associated to the SV reconstruction efficiency, since vertices reconstructed using two
tracks may be result of the casual encounter of uncorrelated tracks.

We are aware that by doing so, we are also losing a large sample of signal
events. According to the simulation, the selection of SVs with at least three tracks
reduces the signal sample in ~38%. However, we are not discouraged because the
measurements will not be dominated by the statistical uncertainty, so we can afford
this reduction of the signal for the benefit of better background control and the
reduction of its associated systematic uncertainty.

In order to further reduce the contribution from light hadron decays, we make
sure that the SV is well separated from the PV and avoid light hadrons of short
lifetime, we require the displacement significance, defined as the three dimensional
distance between the primary and the secondary vertices divided by its uncertainty,
to be larger than 8. We show the distribution of this variable in Fig. 5.14 before
this requirement.

5.4.2 Suppression of the Z+jets background

The decay of a W boson into a muon and a neutrino plus a ¢ jet containing a
muon from the semileptonic decay of the charmed hadron can be mimicked by the
Z+jets production process where the Z boson decays into two opposite-sign muons,
such that one is reconstructed isolated and the other one is found inside a jet (see
Figs. 5.3a and 5.9a). In the W — pur SL channel, this background is sizeable and
must be reduced.

The track of the muon coming from a semileptonic decay of a charm hadron
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Figure 5.12: Distribution of the ¢ of the c-tagged jet before and after OS-SS sub-

straction.
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tends to have a larger transverse impact parameter than that of a prompt muon
coming from the decay of a Z boson. We therefore require the transverse impact
parameter significance of the muon to be greater than 2, defined as the 2D impact
parameter in the transverse plane to the beam axis of the track considered to be the
muon divided by its uncertainty, in order to reduce the Z+jets contamination. This
is only required in the W — pv channel, because the W — erv decay would produce
a pair e-y, which cannot be originated from a Z boson. A comparison between data
and simulation of this variable can be seen in Fig. 5.15.

5.4.3 Evaluation and normalization of the dominant back-
grounds

In order to extract the signal content of the data, the contributions of the
remaining backgrounds after all selection requirements and OS-SS subtraction must
be properly normalized. For this purpose, we use control samples, where we can di-
rectly compare data and simulations, to avoid relying in the normalization provided
by the simulations. This is the case for the ¢t and Z+jets backgrounds.

The tt data control sample is established selecting events with at least three
high-pr jets, two of which are tagged as b jets using the loose working point of the
DeepCSV b-tagging algorithm, and the third jet contains a muon. A normalization
factor of 0.92 & 0.02 is required to bring into agreement data and ¢f simulation, as
seen in Fig. 5.16. The uncertainty in the background normalization factors reflects
the statistical uncertainty of the data and the simulations in the control sample.

A Z+jets data control sample is defined using the same selection criteria as in
the analysis in the SL channel but inverting the dimuon invariant mass requirement
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Figure 5.14: Distribution of the flight distance significance of the SV before applying
the selection requirement. The last bin is cumulative for the overflow.

to select events close to the Z boson mass peak (70 < m,, < 110GeV). A normal-
ization factor of 1.08 4 0.01 is required to match the Z+jets simulation with data,
as seen in Fig. 5.17.

Regarding the single top background, we use the distribution of the corrected
secondary vertex mass to normalize its contribution, together with the already nor-
malized ¢t sample (see Fig. 5.22). We define the corrected SV mass, MY, as the
invariant mass of all charged particles associated with the SV, assumed to be pions,
Mgy, corrected for additional particles, either charged or neutral, that may have
been produced but were not reconstructed [157]:

Mg = /M2, + pdy sin®0 + psy sin, (5.4.1)

where pgy is the modulus of the vectorial sum of the momenta of all charged particles
associated with the SV, and @ is the angle between the momentum vector sum and
the vector from the PV to the SV. The corrected SV mass is thus the minimum mass
the long-lived hadron can have that is consistent with the direction of its momentum.
Single top quark events populate the tail of the M§y" distribution. A normalization
factor of 1.5 4 0.2 for the single top quark contribution was found to be required to
match data and simulation predictions.

Finally, after the normalizations of the tt, Z+jets and single top backgrounds
have been fixed with the data control samples, the contribution of the W+jets
simulation is scaled so that the sum of the events from all predicted contributions is
equal to the number of events in the selected data sample. The normalization factor
of the W +jets simulation (about 5%) has only a minor effect in the contribution
of the (small) predicted W+udsg background. The resulting overall normalization
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of the W+c signal simulation is irrelevant for the analysis, as it is only used for
acceptance and efficiency calculations and the normalization term cancels out in
those ratios.

5.5. Signal extraction

This section presents the yields and flavour composition after event selection,
including OS-SS subtraction, for each W lepton decay channels in each of the charm
decay channels. Table 5.6 shows the event and background yields in both W decay
channels for the SL channel, after the selection requirements described above and
after OS-SS subtraction. The signal and background composition of the selected
sample according to simulation are shown in Table 5.7.

Table 5.6: Data and background event yields, with statistical uncertainties, after
selection and OS-SS subtraction for the SL channels.

SL channel Data Background
W —ev 424047 £ 1286 80646 + 933
W = purv 263669 = 918 68108 + 917

After OS-SS substraction, the fraction of signal W + ¢ events in the W — ev
channel is above 80%, while in the W — puv channel it drops to 74% because of
the additional Z+ jets background (around 6%). In contrast, the purity would be
31(38)% without the OS-SS technique, showing how powerful it is. The dominant
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Figure 5.16: Distribution of the py of the jet for the ¢¢ control sample in the W — ev
and SL channel.

background, tf production, where one of the W bosons decays leptonically and the
other hadronically with a charm quark in the final state, amounts to approximately
10%.

Table 5.7: Simulated signal and background composition (in percentage) of the SL
sample after event selection, before and after OS-SS subtraction. The W + QQ
stands for the sum of the contributions of W + cé and W + bb. The uncertainties
shown as 0.1% mean <0.1%.

SL W+ec WH+QQ WHudsg Z+jets tt single t VvV

W —ev OS4+SS 309 0.1 2.5 +0.1 223+02 34+01 31.2+01 93=£0.1 0.4+ 0.1
OS—SS 81.0+£0.6 0.5+0.3 3.1 £0.5 04£01 10.0=*0.1 4.4 £0.1 0.6 £0.1

W — v OS4SS 37.8+0.1 20+£0.1 9.5 £0.1 44+01 350£01 109+0.1 03=£0.1
OS—-S8S 74.2+£05 0.5+0.3 20+ 04 55+02 116 £0.1 5.8 £ 0.1 0.4 +£0.1

Table 5.8 shows the event and background estimation yields in both W decay
channels for the SV channel, after the selection requirements and OS-SS subtraction.
The signal and background composition of the selected sample, as predicted by the
simulation, are shown in Table 5.9. The purity of signal W + ¢ events is above 80%
after OS-SS substraction, as opposed to less than 30% without that technique. The
dominant backgrounds come from ¢t (8%) and single top (9%) production.

5.6. Data modeling
Once the selection criteria have been fixed and the remaining background con-

tributions have been carefully evaluated, we present in this section the comparison
of data and simulation of relevant observables to show that we have an appropriate
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the W — pv and SL channel, with the same selection as in the analysis but this
reverting the m,, mass requirement.

Table 5.8: Data and background event yields, with their statistical uncertainties,
after selection and OS-SS subtraction for the SV channels.

SV channel Data Background
W —ev 338504 + 1717 60565 4+ 1577
W — purv 494264 4+ 1876 94356 £ 2002

modeling of the data. Distributions for the charm decay channels are presented
separately, with the cumulative contribution of both W boson decay channels.

Figures 5.18 and 5.19 show the distribution of the pr and the 7 of the lepton
coming from the decay of the W boson, respectively. Figures 5.20 and 5.21 show the
distribution of the pr and the n of the c-tagged jet, respectively. Figure 5.22 shows
the distribution of the mass of the SV inside the c-tagged jet. Figure 5.23 shows
the distribution of the pr of the muon inside the c-tagged jet. Finally, Figs. 5.24
and 5.25 show the distribution of the Mt of the reconstructed W boson, and the
missing transverse of the event, respectively. Every distribution includes a shaded
band that represents the systematic uncertainties, that will be discussed in the next
section.

5.7. Systematic uncertainties

The impact of various sources of uncertainty in the measurements presented
in Chapter 6 is estimated by recalculating the cross sections with the relevant pa-
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Table 5.9: Simulated signal and background composition (in percentage) of the SV
sample after event selection, before and after OS-SS subtraction. The W + QQ
stands for the sum of the contributions of W + c¢ and W + bb. The uncertainties
shown as 0.1% mean <0.1%.

SV W+ec W+QQ WHudsg Z+jets tt single t \AY
W — ev OS+SS  21.6 £0.1 3.3+ 0.1 11.7 £ 0.1 54+ 0.1 43.0+ 0.1 14.6 £ 0.1 0.3 +0.1
OS—SS 82.1+0.8 0.7+ 04 1.0 £ 0.6 0.1 +£0.2 7.2 4+ 0.1 84+ 0.1 0.5+ 0.1
W — pur OS+SS 29.9 +0.1 3.0+ 0.1 8.3+ 0.1 39+ 01 40.6 +£0.1 04 +£0.1 14.0 + 0.1
OS—SS 80.9 £ 0.6 0.7+ 0.3 0.5+ 04 0.5+ 0.2 8.0 £ 0.1 0.5+ 0.1 8.9 4+ 0.1
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Figure 5.18: Distribution of the pt of the lepton coming from the decay of the W
boson.

rameters varied up and down by one standard deviation of their uncertainties.

The combined uncertainty in the trigger, reconstruction, and identification
efficiencies for isolated leptons results in an uncertainty in the cross section mea-
surements of about 2 (1)% for the W — ev (W — uv) channel. The uncertainty in
the identification efficiency of non-isolated muons inside jets is approximately 3%,
according to dedicated studies with Z+ jets events. We required an isolated muon
and a non-isolated muon, and then reweighted the pr distribution of the Z study
to the equivalent one of the W — pv SL channel of our analysis. We observed a
difference between data and MC of the mentioned 3%. This uncertainty only affects
the SL channel.

The effects of the uncertainty in the JES and JER are assessed by varying up
and down the pr values of jets with the corresponding uncertainty factors. The JES
and JER uncertainties are also propagated to p&*. Measurements show that the
JER in data is worse than in the simulation and the jets in MC need to be smeared to
describe the data. With the scaling method, the corrected four-momentum of a re-
constructed jet is rescaled with a factor calculated using its transverse momentum,
the transverse momentum of the corresponding jet clustered from generator-level
particles, and a data-to-simulation core resolution scale factor. The resulting uncer-
tainty in the cross section is about 2 (1)% for the SL (SV) channel. The uncertainty
from a piss mismeasurement in the event is estimated by varying within its uncer-
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Figure 5.19: Distribution of the n of the lepton coming from the decay of the W
boson.
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Figure 5.20: Distribution of the pr of the c-tagged jet.

tainty the contribution of the energy unassociated with reconstructed particle-flow
objects. The effect in the cross section measurement is <0.5%. Uncertainties in the
pileup modeling are calculated using a modified pileup profile obtained by changing
the mean number of interactions by ~5%. This variation covers the uncertainty in
the pp inelastic cross section [158] and in the modeling of the pileup simulation. It
results in less than 0.5% uncertainty in the cross section measurements.

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods
are individually known with uncertainties in the 1.2-2.5% range [141-143], while the
total 2016-2018 integrated luminosity has an uncertainty of 1.6%. The improvement
in precision arises from the (uncorrelated) time evolution of some systematic effects.

The uncertainty in the scale factor correcting the SV reconstruction efficiency
in the simulation propagates into a systematic uncertainty of 3% in the cross section.
The uncertainty in the SV charge determination is estimated as the difference (1%)
in the rate obtained in data and simulation of correct SV charge assignment in the
validation test described in Section 5.3.3.
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Figure 5.21: Distribution of the 7 of the c-tagged jet.

Given the dependence of the SV reconstruction efficiency on the SV displace-
ment, we have evaluated the effect produced by an imperfect modeling of this observ-
able by reweighting the SV displacement significance distribution of the simulation
to match that of the data. The resulting uncertainty in the cross section mea-
surement is 1-2%. In addition, the stability of the results with the minimum SV
displacement significance requirement has been checked by changing the threshold
from 8 to 7. The effect in the results is also at the 1% level.

The background contributions are evaluated with the simulations validated in
data control samples, as discussed in Section 5.4.3. The uncertainty in the predicted
background levels has an effect of 1% in the cross section measurements.

The signal samples used for the acceptance and efficiency calculations were gen-
erated with MADGRAPH + PYTHIAS using the NNPDF 3.0 and NNPDF 3.1 PDF
sets. The envelope of the systematical variations (replicas) of the nominal PDF is
taken as the systematic uncertainty due to an imperfect knowledge of the PDFs,; as
recommended in Ref. [159]. The effect is approximately 1%. The statistical uncer-
tainty in the determination of the selection efficiency using the simulated samples is
1%, and is propagated as an additional systematic uncertainty.

To estimate the effect originated by the uncertainties in the corrected val-
ues used in the simulation for the charm fragmentation and decay branching frac-
tions [17, 148], we have varied those values within their uncertainties. The impact
in the cross section measurements is 1-2%, both for the fragmentation fractions and
decay branching ratios.

The main systematic uncertainties are summarized in Table 5.10 for the four
selection channels of the analysis. Overall, the total systematic uncertainty in the
W + ¢ fiducial cross section is approximately 5% in all channels.

Most of the reconstruction and selection efficiencies cancel out in the measure-
ment of the cross section ratio RE. Possible efficiency differences between positive
and negative leptons and SVs are taken into account as systematic uncertainties.
We evaluate effects stemming from charge confusion and charge-dependent recon-
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Figure 5.22: Distribution of the mass of the secondary vertex inside the c-tagged
jet.

struction efficiencies.

The probability of mistakenly assigning the incorrect charge to a lepton is
studied with data using Z — ¢T¢~ events reconstructed with SS or OS leptons.
For the muons, the charge misidentification probability is found to be negligible
(< 1073). For the electrons, the effect is around 1% but propagates into a negligible
uncertainty in the cross section ratio. The charge confusion rate for the SVs is
significantly larger, 17%, as described in Section 5.3.3. However, assuming that the
charge confusion probability is the same for positive and negative SVs, the effect in
the cross section ratio cancels out.

Potential differences in the reconstruction efficiencies of positive and negative
leptons or SVs are studied with the W 4+ ¢ MC simulation. Efficiency ratios are
calculated independently for the four channels of the analysis and are found to be
consistent with unity within the statistical uncertainty (1.2-1.4%). No corrections
are made in the R measurements but the statistical uncertainties in the efficiency
ratios are treated as systematic uncertainties.
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Table 5.10: Summary of the main systematic uncertainties, in percentage of the
measured fiducial cross section, for the four selection channels of the analysis.

SL SV SV

W—=ev W—opuw W—oev W= v

Source Uncertainty [%)]

Isolated lepton identification 1.6 0.9 1.6 0.9
Jet energy scale and resolution 2.0 2.0 1.0 1.0
Muon in jet identification 3.0 3.0 - -
SV reconstruction - - 3.7 3.7
Charm fragmentation and decay 2.6 2.6 2.4 2.4
PDF in MC samples 1.0 1.0 1.0 1.0
Stat. uncert. selection efficiency 0.9 1.2 0.9 0.8
Background contributions 0.6 0.9 1.3 1.3
Integrated luminosity 1.6 1.6 1.6 1.6
Total 5.2 5.1 5.4 5.2
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Chapter 6

Measurement of the W+-c
production cross sections

“Living is worthwhile if one can contribute in some small way to this endless chain
of progress.”
— P. Dirac, Notes.

‘Zhe main results of the analysis will be the focus of this chapter. We will
first show the inclusive cross section measurement within the fiducial phase space
region and then the differential cross section as a function of p5 and |nf|. Each
measurement is first performed independently in the four decay channels described
previously, i.e., the two W boson decay channels and the two charm identification
channels. These four measurements are then combined to improve the precision of
the overall result. The cross section ratio, RE, and comparisons of the measurements
with theoretical predictions are also presented.

6.1. Cross section definition and fiducial volume

We will restrict our measurements to a phase space region that is close to the
experimental volume with optimized sensitivity for the signal process. The fiducial
region is then defined following the selection cuts in Section 5.3. We select a lepton at
generator level coming from the decay of a W boson with pT > 35GeV and |nf| < 2.4,
together with a generator-level c-jet with plt' > 30 GeV and |7'**| < 2.4. Processes
where a pair of charm quark and antiquark is produced in the hard interaction are
removed from the signal definition. The c-jet should be well separated from the
lepton by an angular distance of AR(c-jet, ¢) > 0.4.

The cross section is defined as,

)/sel - kag
cc ’

where Yy is the OS-SS event yield, and Yy, the background yield in data after OS-
SS subtraction, estimated from simulation and normalized using the data control
samples described in Section 5.4. L is the integrated luminosity of the data sample.
The factor C corrects for acceptance and efficiency losses in the selection process
of W + ¢ events produced in the fiducial region at the generator level. It also

(W) = (6.1.1)
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subtracts the contributions from W + ¢ events outside the kinematic region of the
measurements (around 12%) and from W +c events with W — 7v, where 7 — e+ X
or 7 — u+ X. It is calculated, using the sample of simulated signal events, as the
ratio between the event yield of the selected W+-c sample (according to the procedure
described in Section 5.3 and after OS-SS subtraction) and the number of W+-c events
satisfying the phase space definition at the generator level. Independent correction
factors C are computed at the particle and parton levels, and for the four selection
channels.

Cross sections of the W+c associated production will be calculated using
Eq. 6.1.1, unfolded to the particle and parton levels. The difference between these
two resides in the nature of the simulated c-jets. At particle level, jets are formed
using generator particles produced after the hadronization process. This measure-
ment will be used to compare with MC simulations, that include parton shower
and hadronization models. At parton level, jets are constructed from the hard
interaction partons, so this measurement can be compared with fixed-order QCD
theoretical calculations and can be used in a QCD analysis to extract the strange
quark PDF of the proton.

6.2. Measurements at particle level

In this section we are presenting the W+-c cross section measurements unfolded
to the particle level. The measurements for the four channels are shown separately
in Table 6.1, as well as the C correction factors. The different C values reflect the
different reconstruction and selection efficiencies in the four channels.

Table 6.1: Measured production cross sections o(W + ¢) unfolded to the particle
level in the four channels (electron and muon W decay modes, SL and SV charm
tagging modes) together with statistical (first) and systematic (second) uncertain-
ties. The acceptance times efficiency values (C) are also given.

Channel C(%) o(W +¢) [pb]
W —ev, SL  1.568 £+ 0.014 £ 0.077 158.7 £ 0.6 £ 8.3
W — pr, SL 0.946 +£ 0.011 4+ 0.044 1498 £ 0.7 £ 7.7
W —er, SV 1.389 £ 0.013 £ 0.068 145.0 £ 0.9 = 7.6
W — pv, SV 1.966 £ 0.015 + 0.093 1474 + 0.7 £ 7.5

The measurements of the W + ¢ cross sections in the four different channels
are consistent within uncertainties, and are combined using the best linear unbiased
estimator (BLUE) [160] that takes into account individual uncertainties and their
correlations. Each systematic uncertainty is considered to be uncorrelated with the
others but those arising from a common source and affecting several measurements
are considered to be fully correlated. In particular,

e Electron (muon) efficiencies are considered correlated (uncorrelated) between
the two W — ev channels and uncorrelated (correlated) for the W — puv
channels.
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e The PU, JES, MET and luminosity uncertainties are considered correlated
among the four channels.

e Secondary vertex reconstruction efficiency and secondary vertex charge deter-
minaton are considered to be correlated in the two SV channels.

e Monte Carlo statistics is considered to be uncorrelated among the four chan-
nels.

e Semileptonic fragmentation fractions and branching ratios are taken as corre-
lated in the two SL channels.

e The SV fragmentation fractions and branching ratios are taken as correlated
in the two SV channels.

The combined measured cross section unfolded to the particle level is:

o(W +c) = 148.7 £ 0.4 (stat) £ 5.6 (syst) pb. (6.2.1)

CMS Preliminary 138 fb* (13 TeV

Particle level

Total uncertainty > 30 GeV, |n° ) < 2.4
T

Statistical uncertainty 5 > 35 Gev, || < 2.4
T ! :

Combination :148.7+ 0.4 (stat.)+5.6 (syst.) pb

vW - ev,SL:158.7+0.6 £8.3 pb —v—
®W - pv,SL:149.8+0.7 £7.7 pb —@—
mW - ev,SV:1450+0.9 7.6 pb —H
AW - UV, SV:147.4+0.7 =75 pb —A—
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260
o(W + c) [pb]

Figure 6.1: Comparison of the combined measurement of the fiducial o(W + c¢) cross
section unfolded to the particle level with the individual measurements obtained for
each of the selection channels.

The combined cross section measurement is shown in Fig. 6.1 together with the
four individual measurements obtained for each selection channel. As a cross-check,
we have measured the fiducial W+-c production cross section separately for each year
of data taking (2016-2018), see Fig. 6.2. The measurements are compatible within
uncertainties indicating that they can be combined.

The measured cross section unfolded to the particle level is then compared
with the predictions from the MADGRAPH5_AMC@NLO MC generator, as shown in
Fig. 6.3. The predictions are computed using two different PDF sets, NNPDF 3.0
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NLO and NNPDF 3.1 NNLO. It is worth noting that, as described in Section 5.2,
the two predictions differ as well in the tune used in PYTHIAS8 for the parton show-
ering, hadronization and underlying event modelling (CUETP8M1 and CP5). The
predicted cross sections are about 10% (using NLO NNPDF 3.0) and 20% (NNLO
NNPDF 3.1) higher than the measured value, with relative uncertainties close to
10%. The uncertainty associated with the MC predictions takes into account the
uncertainties associated with the renormalization and factorization scales, as well as
the uncertainty related to the PDF's used in the simulation. The scale uncertainties
are estimated using a set of weights provided by the generator that corresponds to
independent variations of the scales by factor of 0.5, 1, and 2. The prediction is ob-
tained for all combinations (excluding the cases where one scale is reduced and the
other is increased at the same time) and their envelope is quoted as the uncertainty.

The uncertainty in the PDFs is estimated using different Hessian eigenvectors of
each PDF set.

CMS Preliminary ' ' 138 fb* (13 Tev
Particle level
Total uncertainty po > 30 Gev, N < 2.4
Statistical uncertainty p! > 35 GeV, || < 2.4
T

Data:148.7 + 0.4 (stat.) + 5.6 (syst.) pb

v 2016 36 fbo: 143.7+ 1.0 +5.1 pb v

@ 2017 42 fb: 151.8£0.7 +6.8 pb He
m 2018 60 fb: 153.0£ 0.6 6.6 pb Hm
0 50 100 150

200
o(W +c) [pb]

Figure 6.2: Comparison of the combined measurement of the fiducial o(W + ¢) cross
section unfolded to the particle level with the individual measurements obtained for
each of the three years of data taking.

The (W + ¢) production cross section is also measured differentially as a func-
tion of |n‘| and p%, dividing the total sample into subsamples of these variables and
computing the cross section with Eq. (6.1.1) as well. The binning of the differen-
tial distributions is chosen in such a way that each bin is sufficiently populated to
perform the measurement.

We have evaluated the possibility of event migration between neighbouring bins
caused by detector resolution effects with the simulated signal sample and concluded
that it is negligible, as seen in Figures 6.4 for p} and 6.5 for |nf|. We compare
the reconstructed value of a given variable minus its generated one, divided by the
generated one, which results in a normal distribution of events. Its mean value would
show a bias on the detector measurement, and the standard deviation corresponds
to the resolution. We show in these figures the bias (point) and resolution (error
bar) for each bin in which we calculate the differential cross section, and conclude
that we do not need to correct for migrations in p% or |n‘| because the size of each
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CMS Preliminary 138 fb ™! (13 TeV)
Particle level
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Figure 6.3: Comparison of the measured fiducial o(W + ¢) cross section unfolded to
the particle level with the predictions from the MADGRAPH5_AMC@NLO simulation
using two different PDF sets (NLO NNPDF 3.0 and NNLO NNPDF3.1). Two
different tunes (CUETP8M1 and CP5) for the parton showering, hadronization and
underlying event modelling in PYTHIAS are also used.

bin is larger than the corresponding resolutions. Respectively, resolutions are about
2% in p% and 0.5% in |n*|, with biases much smaller than 1%.
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(a) Electron SL channel. (b) Muon SL channel.

Figure 6.4: Migration studies in bins of p%. Each point is the mean value of the
distribution of the ratio of the difference between the reconstructed and generated
events over the generated ones, and shows any bias of the detector. The error
bars are the standard deviation of that distribution and show the resolution of the

detector.

The charm identification efficiency and its description in simulation vary with
the pr of the jet containing the ¢ quark. Furthermore, in W + ¢ events there is a
correlation between the transverse momentum of the ¢ jet and that of the lepton from
the W boson decay. Thus, for the determination of the differential cross sections as
a function of p%, we must apply jet pr-dependent charm identification SFs to the
simulated samples. These are determined using the same procedure described in
Section 5.3.2 and dividing the SL sample into subsamples depending on the jet-pr,
and computing data/MC SFs for the efficiency of charm identification through the
reconstruction of a SV for each of them. The value of the SFs range from 0.9 to 1.
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Figure 6.5: Migration studies in bins of |n‘|. Each point is the mean value of the
distribution of the ratio of the difference between the reconstructed and generated
events over the generated ones, and shows any bias of the detector. The error
bars are the standard deviation of that distribution and show the resolution of the
detector.

Systematic uncertainties in the differential o(W + c) cross section measure-
ments are in the range of 4-6%. The main sources of systematic uncertainty, as
discussed in Section 5.7, are related to the charm hadron fragmentation and decay
fractions in the simulation (2%), and the efficiency of identifying a SV or a muon
inside a jet (3%).

The o(W + ¢) differential cross section as a function of |n‘| and p%, obtained
after the combination of the measurements in the four measurement channels, is
shown in Fig. 6.6, compared with the predictions from the MADGRAPH5_AMCQNLO
simulation. Observed shape differences are within 10%.

6.3. Measurements at parton level

In this section we present the measurements unfolded to the parton level includ-
ing an additional correction to account for the c-quark fragmentation and hadroniza-
tion processes.

Results of the fiducial cross sections in the four selection channels are presented
in Table 6.2 and the combined measurement is:

o(W +c¢) =163.4 + 0.5 (stat) + 6.2 (syst) pb. (6.3.1)

The combined cross section measurement is shown in Fig. 6.7 together with the
four individual measurements. The measurements in each channel are compatible
with each other within uncertainties. The fiducial cross section measured at parton
level is 10% larger than that at particle level. During the hadronization and jet
clustering processes, the momentum of the ¢ quark gets smeared and biased towards
slightly smaller values, as seen in Fig. 6.12. A fraction of charm quarks (about 16%)
near the p§ > 30 GeV threshold of the fiducial region of the measurement do not
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Figure 6.6: Measured differential cross sections do(W + ¢)/d|n’| (left) and do(W +
c)/dp% (right) unfolded to the particle level, compared with the predictions of the
MADGRAPH5_AMC@NLO simulation. The lower panels are the individual ratios of
the measurement over each prediction.

Table 6.2: Measured production cross sections o(W + ¢) unfolded to the parton level
in the four channels (electron and muon W decay modes, SL and SV charm tagging
modes) together with statistical (first) and systematic (second) uncertainties. The
acceptance times efficiency values (C) are also given.

Channel C(%) o(W +c¢) [pb]
W —ev, S 1.419 £ 0.012 + 0.069 175.3 £ 0.7 & 9.2
W — uv, S 0.856 £ 0.010 £ 0.040 165.4 £ 0.8 £ 8.5
W —ev, SV 1.261 £ 0.012 4+ 0.062 159.6 + 1.0 &+ 8.4
W — puv, SV 1.786 + 0.014 + 0.084 162.3 + 0.8 £+ 8.2

result in ¢ jets with pCT_jet > 30GeV (Fig. 6.11a). On the other hand, a number of
W + ¢ events with a ¢ quark with p§ < 30 GeV get reconstructed with a generator
level jet with p5’® > 30GeV (Fig. 6.11b). The net effect is the reduction of the
cross section at the particle level by the mentioned amount of 10%.

As a similar cross-check as in the previous section, we have computed the cross
section separately for the three data-taking years (2016-2018). As can be seen in
Fig. 6.8, the measurements are compatible within uncertainties and the combination
makes sense.

The measurement unfolded to the parton level can be compared with an-
alytical calculations of W + ¢ production. We have used the MCFM9.1 pro-
gram [161] to evaluate the cross section predictions in the phase space of the analysis:
ph > 35GeV, |nf] < 2.4, pi > 30 GeV and |57 < 2.4, with jets clustered using
the anti-kr jet algorithm with a distance parameter R = 0.4. The W + ¢ pro-
cess description is available in MCFM up to O (a,?) with a massive charm quark
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Figure 6.7: Comparison of the combined measurement of the fiducial o(W + ¢) cross
section unfolded to the parton level with the individual measurements obtained for
each of the selection channels.

(m. = 1.5GeV). We only consider charm production via the coupling of a strange
or down quark to the W boson and the contributions from gluon splitting into cc
are not included. We have computed predictions using the following NLO PDF
sets: MSHT20 [162], CT18 [163], CT18Z [163], ABMP16 [164], NNPDF 3.0 [165]
and NNPDF 3.1 [145].

The LHAPDF library [166] was used to access the PDF sets, which were de-
rived using strangeness-sensitive experimental data, including LHC W/Z and jet
production cross-section measurements. The NNPDF and MSHT20 sets addition-
ally incorporate the CMS W+-c production at /s = 7TeV data. CT18Z differs
from CT18 in that the former includes the ATLAS W/Z 7 TeV precision measure-
ments [167] leading to an enhancement of the strange PDF. The PDF parameteri-
zations of the MSHT20 and NNPDF groups allow for strangeness asymmetry.

The factorization and the renormalization scales are set to the value of the
W boson mass [149]. The uncertainty from missing higher perturbative orders is
estimated by computing cross section predictions varying independently the factor-
ization and renormalization scales to twice and half of their nominal values, with
the constraint that the ratio of scales is never larger than 2. The envelope of the
resulting cross sections with these scale variations defines the theoretical scale un-
certainty. The value in the calculation of the strong coupling constant (Eq. 2.1.39)
at the energy scale of the mass of the Z boson, as(my), is set to the recommended
values by each of the PDF groups. Uncertainties in the predicted cross sections
associated with ag(myz) are evaluated as half the difference in the predicted cross
sections evaluated with a variation of A(as) = £0.002.
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Figure 6.8: Comparison of the combined measurement of the fiducial o(W + ¢) cross

section unfolded to the parton level with the individual measurements obtained for
each of the three years of data taking.

The theoretical predictions for the fiducial W 4 ¢ cross section in the phase
space of the measurements are summarized in Table 6.3, along with the measured
cross section for comparison. The central value of each prediction is provided to-
gether with the relative uncertainties arising from the PDF variations within each
set, the choice of scales and a,. The size of these uncertainties depends on the
different input data and methodology used by the various groups. In particular,
they depend on the parameterization of the strange quark PDF and on the defi-
nition of the one standard deviation uncertainty band. The maximum difference
between the central values of the various PDF predictions is ~10%, which is smaller
than the total uncertainty in each of the individual predictions. Theoretical predic-
tions lie slightly above the measured cross section but are in agreement within the
uncertainties, as depicted in Fig. 6.9.

The o(W + c¢) production cross section is also measured differentially as a
function of |n‘| and p%. The comparison of the measured values with the predictions
calculated with MCFM is displayed in Fig. 6.10. The predictions are generally
consistent with the measurements within uncertainties.

6.4. Measurements of the o(W*+¢)/o(W™+¢) cross
section ratio
The cross section ratio o(W* +4¢)/o(W ™~ +¢) is measured in the four channels

as the ratio of the event yields in which the lepton from the W-boson decay is
positively or negatively charged:

+
RE = = (6.4.1)
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Table 6.3: Predictions for (W + ¢) production from MCFM at NLO for the phase
space of the analysis. For every PDF set, the central value of the prediction is given,
together with the uncertainty as prescribed from the PDF set, and the uncertainties
associated with the scale variations and with the value of ag. The total uncertainty
is given in the last column. The last row in the table gives the experimental results
presented in this document.

PDF set (W +c¢) [pb] Appr [pb] Ascales [Pb] Aa, [pb] Total uncert. [pb]

MSHT20 176.3 +68 o £0.01 oz
CT18 164.9 HLL o1 0 i
CT18Z 176.4 35 tro 08 e
ABMP16 183.6 +3.3 72 e e
NNPDF 3.0 161.9 16.2 38 +0.01 53
NNPDF 3.1 175.2 +6.1 +66 +0.01 o
CMS 163.4 4+ 0.5 (stat) = 6.2 (syst) pb

where it is assumed that the acceptance x efficiency factor C is the same for both
processes.

The background contributions, Ybig and Yy, estimated with the simulations,
are subtracted from the selected event yields Y.}, and Y__;. The statistical uncertainty
in the background contributions in the four analysis channels is treated as a source

of systematic uncertainty (0.5-0.8%) in the cross section ratio.

The R measurements in the four channels are presented in Table 6.4. The four
measurements are combined considering as fully correlated the systematic uncertain-
ties of electron, muon and SV reconstruction efficiencies affecting several channels.
The combined cross section ratio measurement is:

RE = 0.950 4 0.005 (stat) £ 0.010 (syst). (6.4.2)

Figure 6.13 shows the comparison of the combined measurement with those
obtained with each selection channel. Individual measurements are compatible with
each other within uncertainties. The precision in the RF measurement has been
improved by factor of two with respect to previous CMS measurements [7-9], leading
to the most precise measurement of RE to date. Following the same reasoning
as before, we have also computed the cross section ratio separately for the three
data-taking years (2016-2018). The measurements are shown in Fig. 6.14, and are
compatible within uncertainties.

The RF measurement is compared in Fig. 6.15 with the MCFM calculations
using various PDF sets. Theoretical predictions for (W™ +¢) and (W™ + ¢) are
computed independently under the same conditions explained in Section 6.3 and for
the same |n‘| and p4 ranges used in the analysis. Expectations for RE are derived
from them and presented in Table 6.5. All theoretical uncertainties are significantly
reduced in the cross section ratio prediction.
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Figure 6.9: Comparison of the experimental measurement of (W + ¢), unfolded
to the parton level, with the predictions from the MCFM NLO calculations using
different NLO PDF sets.

The R observable is sensitive to a potential strangeness asymmetry in the
proton but also to the down quark and antiquark asymmetry through the Cabibbo-
suppressed down quark contribution to the W+c production. In the absence of
strangeness asymmetry, as in the PDF sets CT18 and ABMP16, the predicted R*
value in the kinematical region of the analysis ranges from 0.955 to 0.964 with a
small uncertainty of about 2 per mille. The predictions calculated using PDF sets
that allow for strangeness asymmetry in the proton (MSHT20 and NNPDF) are
about 2% lower, ranging from 0.935 to 0.948 with a 2% uncertainty as a result of
the larger uncertainty associated with the difference between the strange quark and
antiquark PDFs. Within experimental and theoretical uncertainties, the measured
R¥ value is consistent with both sets of predictions.

The cross section ratio RE is also measured differentially as a function of |n‘|
and p%. The measurements are compared with MCFM predictions in Fig. 6.16.
The predictions are generally consistent with the measurements, with some modest
deviations in shape within 5%.
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Figure 6.10: Measured differential cross sections do(W +c)/d|n‘| (left) and do (W +
¢)/dp5 (right) unfolded to the parton level, compared with the predictions from the
MCFM NLO calculations using different NLO PDF sets. The lower panels are the
individual ratios of the measurement over each PDF set.

Table 6.4: Measured production cross section ratio R in the four channels (electron
and muon W decay modes, SL and SV charm tagging modes). Statistical (first) and
systematic (second) uncertainties are also given.

Channel R*
W —ev, SL  0.934 + 0.006 £ 0.013
W — pv, SL - 0.940 + 0.006 £ 0.014
W —er, SV 0.961 = 0.008 £ 0.013
W — uv, SV 0.974 £ 0.006 = 0.015

6.5. Comparison with NNLO QCD NLO EW pre-
dictions

The NLO QCD cross sections for W 4 ¢ production at the Tevatron [168] and
at the LHC [169] have been known for a long time. The first computation of NNLO
QCD corrections was only recently presented [170]. In that work, off-diagonal CKM
elements were included only at LO and the flavoured kt jet clustering algorithm
was used. In addition, EW corrections for W + ¢ production were not known at
that moment and were not included in the calculations. The W 4+ ¢ NNLO QCD
calculations have been extended [171] with full CKM dependence and including
the dominant NLO EW corrections. Furthermore, predictions have been computed
using the infrared-safe flavoured anti-kt jet algorithm recently proposed [172]. This
is important for a fair comparison between theory predictions and experimental
measurements, since experimental results are derived using the anti-ky jet algorithm.
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Figure 6.11: Distribution of the transverse momentum of the charm jet at particle
level when the matched charm quark is not in the acceptance region (left), and when
the matched charm quark is in the acceptance region (right).

o

Predictions corresponding to the phase space of the measurements, p4 >
35GeV, 0] < 2.4, p5I > 30GeV, |n°7 < 2.4, AR(jet,¢) > 0.4, have been
specifically computed by the authors of Ref. [171] for the purpose of this compar-
ison. The input parameters of the calculations are the same as those used in that
reference. The charge-dependent flavoured anti-kt jet algorithm with distance pa-
rameter a = 0.1 is used [172]. The theoretical cross sections are provided at LO,
NLO, and NNLO QCD accuracies. At LO, the W + ¢ process is defined at order
O(asa?) in the strong and EW couplings. At NLO, the QCD corrections include all
virtual and real contributions of order O(a?a?). In the same way, at NNLO accu-
racy all double-virtual, double-real, and real-virtual contributions of order O(a2a?)
are taken into account. The calculation is carried out in the 5-flavour scheme with
massless bottom and charm quarks, which can therefore be found in both initial
and final states. NLO EW corrections of order O(agza?) are calculated including all
virtual corrections and the real corrections involving single real photon emission to
cancel the corresponding IR divergences appearing in the EW one-loop amplitude.

The nominal renormalization (ur) and factorization (ur) scales are set both to
L EBrw + pT7"), where Erw = /Mg + (5f + p¥)?. To estimate missing higher-
order QCD corrections, the scale uncertainty is obtained by taking the envelope of

the 7-point variations of the renormalization and factorization scales {(%,uR, % UF),
(3w ), (s 1)y (s i)y (s 200, (2, i), (2m, 200p) }-

The NNLO QCD NNPDF 3.1 PDF set was used for computing the predictions
for all orders, following the PDF4LHC recommendation [159]. To evaluate the PDF
uncertainty of the NNPDF 3.1 sets, specialized minimal PDF sets [173] which contain
only 8 replicas were used. The PDF uncertainty is calculated as the square root of
the quadratic sum of the differences between the cross section obtained with the
nominal PDF and that obtained with each replica.

In Table 6.6, the theoretical predictions for the OS, SS, and OS-SS inclusive
fiducial cross section are given at LO, NLO, and NNLO QCD accuracy. The QCD
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Figure 6.12: Distribution of the transverse momentum of the charm jet at particle
level versus the transverse momentum of the matched charm quark.

corrections show good perturbative convergence, the NNLO QCD corrections being
significantly smaller than the NLO ones. The NNLO correction for the OS-SS
cross section is negative, about -2%. This is due to the fact that the NNLO QCD
corrections to SS are larger than those for OS. Note that at LO there is no SS
contribution to the W + ¢ process and the first SS contribution enters at NLO. The
last line in Table 6.6 corresponds to the cross section calculated at NNLO QCD
including the NLO EW corrections. The EW corrections amount to -2%. It has
been included as a multiplicative factor with negligible statistical uncertainty.

At LO and NLO the total uncertainty in the predictions is dominated by
the scale uncertainty (around 5% at NLO) while at NNLO the scale uncertainty is
reduced to 1% and the PDF uncertainty (4%) dominates. The inclusion of NNLO
QCD corrections can therefore allow a more precise determination of the strange
quark content of the proton from the cross section observable.

The predictions are compared to the fiducial cross section measurement in
Fig. 6.17. The OS-SS predictions are used in the comparison given that the ex-
perimental measurement was performed with OS-SS subtraction. The reasons for
this were to suppress the backgrounds and to enhance the sensitivity to the strange
quark content of the proton by removing contributions not directly related to the
strange PDF, such as gluon splitting into c¢, which contribute equally to OS and
SS final states. The OS-SS subtraction reduces the NNLO corrections, but does
not remove them completely. The inclusion of the NNLO corrections decreases the
uncertainty in the prediction and also brings it closer to the experimental measure-
ment. The EW NLO corrections further improves the theory/data agreement. The
theory prediction and the experimental measurement agree within uncertainties.

The predictions are also compared with the differential cross section measure-
ments do(W + ¢)/d|n’| and do(W + c)/dp% in Fig. 6.17. The NLO correction is
approximately flat in |n‘| while it is larger at low and high values of p%. The NLO
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Figure 6.13: Comparison of the combined measurement of the fiducial RE cross
section ratio with the individual measurements obtained for each of the selection
channels.

predictions are very similar to those shown in Fig. 6.10 calculated with MCFM at
NLO using the same PDF set (NNPDF 3.1). The NNLO correction is small and
does not change the shape of the NLO predictions. The EW NLO correction is flat
in |n| and gets larger with p%, from 0.99 in the first bin to 0.90 in the highest p%
bin.

Predictions for the OS-SS cross section ratio RE have also been computed
and are collected in Table 6.7. In computing the scale variation of RZ, the scale
uncertainty for the positive and negative signatures is taken as correlated. The RE
observable is rather stable under perturbative QCD corrections, varying in less than
1% from LO to NNLO accuracy. The NLO EW correction does not affect RE, the
change being smaller than one per mille. The comparison of the predictions with the
fiducial inclusive and differential measurements are presented in Figs. 6.19 and 6.20,
showing a good agreement.
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CMS Preliminary 138 fb™ (13 TeV)

Total uncertainty PS> 30 Gev, n°| < 2.4
[ statistical uncertainty i s 35 gev, | < 2.4
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Figure 6.14: Comparison of the combined measurement of the fiducial cross section
ratio R with the individual measurements obtained for each of the three years of
data taking.

CMS Preliminary 138 fb™ (13 TeV)

Total uncertainty

pS’* > 30 GeV, n°| < 2.4
- Statistical uncertainty p'T >35GeV, |n| <24

Predictions: NLO MCFM + NLO PDF Data
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Figure 6.15: Comparison of the experimental measurement of R* with the MCFM
NLO calculations using different NLO PDF sets.
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6.5. Comparison with NNLO QCD NLO EW predictions

Table 6.5: Theoretical predictions for RE calculated with MCFM at NLO. The
kinematic selection follows the experimental requirements. For every PDF set, the
central value of the prediction is given, together with the uncertainty as prescribed
from the PDF set, and the uncertainties associated with the scale variations and
with the value of ag. The total uncertainty is given in the last column. The last row
in the table gives the experimental results presented in this work.

PDF set R* Appr  Ageales A, Total uncert.
MSHT20 0948 9921 40,001 +0.0001 oo
CT18  0.955 =+0.003 =40.003 =0.001 +0.004
CT18Z  0.958 =+0.003 +0.001 =+0.001 +0.003
ABMP16  0.964 +0.002 +0.001 =0.001 +0.002

NNPDF3.0 0935 =+0.017 =+0.001 =40.0001 +0.017

NNPDF3.1 0939 +0.020 =+0.001 =40.0001 +0.020
CMS 0.950 £ 0.005 (stat) 4= 0.010 (syst)
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Figure 6.16: Measured cross section ratio RE as a function of the absolute value of
n* (left) and p% (right), compared with the MCFM NLO calculations using different
PDF sets. The lower panels are the individual ratios of the measurement over each
PDF set.
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Table 6.6: Predictions for (W + ¢) in the phase space of the analysis. For each
QCD and EW order, the central values of the OS, SS and OS-SS predictions are
given, together with the statistical, scales, PDF, and total uncertainties of the OS-
SS prediction. All values are given in pb.

QCD O EW O 0@, off. ofn® AQTT AN ARSS AL
LO LO 1374 0 1374 01 5§ £51  Fli3
NLO  LO 1824 41 1783  +03 i  +68 ¢
NNLO LO 1829 82 1747 £10 12 168  +I0

NNLO NLO 1791 80 1711 410  *12 +6.8 M

CMS Preliminary 138 fb™ (13 TeV)

Parton level

Total uncertainty pijet >30GeV, n°<2.4

Statistical uncertainty p|T >35GeV, <24

Data:163.4 + 0.5 (stat.) + 6.2 (syst.) pb

¥V CMPP LO QCD: 137.4*174 pb ——

© CMPP NLO QCD: 178.3+ 11.6 pb —0—i
¢» CMPP NNLO QCD: 174.7*7% pb 0

* CMPP NNLO QCD, NLO EW: 171.1*79 pb >

0 50 100 150

200
o(W + ) [pb]

Figure 6.17: Comparison of the experimental measurement of (W + ¢) unfolded to
the parton level with the OS-SS LO, NLO, and NNLO QCD predictions, and NLO
EW corrections. The NNLO QCD NNPDF 3.1 PDF set is used for computing all
the predictions. CMPP stands for the authors of the calculations.

Table 6.7: Theoretical predictions for REX. For each QCD order, the central values
are given, together with the MC statistical, scales, PDF, and total uncertainties.

QCD order RZE Agtat Agcales Appr Arotal
LO 0.945 4+0.001 =+0.001 =£0.022 40.022
NLO 0.939 +0.004 +0.002 +0.023 +£0.023

NNLO 0.936 =£0.011 #£0.002 #£0.023 =£0.026
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Figure 6.18: Comparison of the measured differential cross sections do(W +c¢)/d|n’|
(left) and do(W + c¢)/dp% (right) with the OS-SS LO, NLO, and NNLO QCD pre-
dictions, and NLO EW corrections. The NNLO QCD NNPDF 3.1 PDF set is used
for computing all the predictions. CMPP stands for the authors of the calculations.
The ratios of data to predictions are shown in the lower panels. The uncertainty in
the ratio includes the uncertainties in the data and prediction.
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Figure 6.19: Comparison of the experimental measurement of RF with the OS-SS
LO, NLO and NNLO QCD predictions. The NNLO QCD NNPDF 3.1 PDF set
is used for computing all the predictions. CMPP stands for the authors of the
calculations.
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Figure 6.20: Comparison of the measured differential cross section ratio RE as a
function of the absolute value of n‘ (left) and p4 (right) with the OS-SS LO, NLO,
and NNLO QCD predictions. The NNLO QCD NNPDF 3.1 PDF set is used for
computing all the predictions. CMPP stands for the authors of the calculations.
The ratios of data to predictions are shown in the lower panels. The uncertainty in
the ratio includes the uncertainties in the data and prediction.
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Chapter 7

Conclusions

“El que no come después de harto, no trabaja después de cansado.”
- Miguel Navas Martin.

zhis Ph.D. thesis is the result of my research in the CMS Collaboration,
as a member of the Basic Research Department at CIEMAT (Madrid). I have
analyzed proton-proton collisions produced in the LHC at a centre-of mass-energy
never reached before in this kind of experiment, 13 TeV, and collected with the
CMS detector during the Run 2 data-taking period (2016-2018). The recorded data
sample corresponds to an integrated luminosity of 138 fb!.

The goal of this work was to perform measurements probing the strange quark
content of the proton, whose PDF is one of the least constrained. The associated
production of a W boson and a single charm quark (W+c) in pp collisions at the
CERN LHC is directly sensitive to the strange quark content of the colliding protons
at an energy scale of the order of the W boson mass. This sensitivity comes from
the fact that the W+c final state is predominantly generated by a strange quark in
the initial state, coupling to a gluon from the other proton.

The W + ¢ process is selected based on the presence of a high transverse
momentum lepton (electron or muon), coming from a W boson decay, and a jet
with the signature of a charm hadron decay. Charm hadron decays are identified
either by the presence of a muon inside a jet or by reconstructing a secondary decay
vertex within the jet. Measurements are combined from the four different channels
(electron and muon W boson decay channels, muon and secondary vertex charm
identification channels).

The W+c production cross section measurements are performed within a fidu-
cial region defined by the kinematics of the lepton from the W boson decay and
the jet originated by the charm quark (ph > 35GeV, 0] < 2.4, p57% > 30GeV,
|n°7i%| < 2.4). The cross sections are measured at two levels, the particle and
the parton levels. The measurements unfolded to the particle level, using particles
produced after quark fragmentation and hadronization, can be directly compared
with the predictions from MC generators, which implement matrix elements of the
W-c process up to certain order in QCD and simulate the contributions of higher
QCD orders by means of parton showers. These MC generators also implement par-
ton fragmentation and particle hadronization. The measurements at parton level,
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defined by the partons created in the hard interaction, can be compared with fixed-
order QCD theoretical calculations.

The cross sections are also measured differentially as functions of the transverse
momentum p% and absolute value of the pseudorapidity |n| of the lepton from the
W boson decay, allowing for a more detailed exploration of the kinematics of the
W+c production and the dependence of the strange PDF on the momentum fraction
of the proton taken by the strange quark in the production process.

The W+c cross section is measured separately for each year of data taking and
for each of the four selection channels. Results are compatible within uncertainties
and the individual measurements are combined taking into account the correlations
of the systematic effects. The combined measurement of the fiducial o(W + ¢) pro-
duction cross section, unfolded to the particle level, is:

olpp > W+c+X) x B(W — lv) =148.74+ 0.4 (stat) £ 5.6 (syst) [pb].

The cross section measurement unfolded to the parton level yields:

olpp > W+c+X) x B(W — lv) =163.4+ 0.5 (stat) £ 6.2 (syst) [pb].

The cross section ratio for the processes W* + ¢ and W™ + ¢ is sensitive to
a potential asymmetry between strange quarks and antiquarks in the proton in the
phase space of the measurements. The measured ovw+,s/0w-,. Cross section ratio
is:
o(pp = W +¢é+X)
o(pp > W™ +c+ X)

R:t

= 0.950 £ 0.005 (stat) £ 0.010 (syst).

The measurements presented in these thesis work are the most precise to date
for the W+-c production process. On the one hand, the inclusion of the large dataset
collected during the LHC Run 2, together with the combination of four indepen-
dent signal channels, have made it possible to significantly reduce the statistical
uncertainty. The systematic uncertainties have also been reduced thanks to a more
precise description of charm fragmentation and decay in the simulation and to a re-
duction of the background systematics, as a result of a more aggressive background
suppression allowed by the availability of a large data sample.

The particle level measurements are compared with the predictions of the
MADGRAPHS5_AMC@NLO MC generator. The fiducial cross section measurement is
somewhat lower than the prediction, but compatible within uncertainties.

The parton level measurements and the cross section ratio measurement are
compared with predictions from the MCFM program that implements QCD NLO
calculations. The comparison is done using different NLO PDF sets, some of them
assuming symmetric contributions of the strange quark and antiquark PDFs, and
the others allowing for asymmetry. The measurements are compatible with all the
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predictions within experimental and theoretical uncertainties. Even though the mea-
surements are the most precise to date, discrimination between predictions would
require a further reduction of uncertainties.

The measurements unfolded to the parton level are also compared with recently
available calculations that compute the W+c process at NNLO in QCD and include
NLO electroweak corrections. The authors of the calculations have provided us
with specific predictions for the phase space of our measurements. This is the
first comparison of experimental measurements of W-c production at 13 TeV with
NNLO QCD predictions. The inclusion of the NNLO QCD and NLO electroweak
corrections improves the agreement data/theory for the inclusive and differential
cross sections. The cross section ratio is essentially insensitive to these corrections.

The theoretical uncertainties are dominated by the uncertainty introduced by
the strange PDF. This highlights the importance of our measurements: the inclusion
of these high precision measurements in future PDF fits should improve the modeling
of the strange PDF in the proton.

The analysis described in this thesis has been published as a CMS Physics
Analysis Summary [174] and has been presented in the major conference of the
field, the International Conference on High Energy Physics (ICHEP) in Bologna
(Italy) [175]. The analysis has undergone a thorough review process by the CMS
collaboration and it is about to be submitted for publication to the European Phys-
ical Journal.
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Abstract

Scientific knowledge experienced an age of explosion during the XX century,
fruitful in discoveries that radically changed the perspective we had of Nature. Our
current quest is, however, to continue questioning the fundamental aspects of ev-
erything that surrounds us, to test until the very end how far the great theories
can go, and to pursue with the undeniable task of human restlessness to answer the
question “and why is that?”. In the specific topic of this work, we will make use
of the largest machine ever built to obtain information about some of the smallest
elements of matter, measuring with the best precision up to date the cross section
of a process that could shed some light on the mystery of fundamental asymmetry
between matter and antimatter in the Universe. Our mind demands symmetry.

The associated production of a W boson and a single charm quark (W+c)
in proton-proton collisions at the LHC is directly sensitive to the strange quark
content of the colliding protons at an energy scale of the order of the W boson
mass. Studies of this process provide valuable information on the strange quark
parton distribution function (PDF), which is one of the least constrained PDFs of
the proton. Accurate measurements of the W +c production cross section and of
the Rf = o(W™+¢)/a(W™ +c) cross section ratio can probe the level of asymmetry
between the s and § PDFs and help to measure their relative content with respect
to the up and down antiquarks coming from the quark-gluon sea of the proton.

A measurement of the associated production of a W boson and a charm quark
in proton-proton collisions at a centre-of-mass energy of 13 TeV is reported. The
analysis uses a data sample corresponding to a total integrated luminosity of 138 fb~1
collected by the CMS detector at the LHC. W bosons are identified through their
leptonic decays to an electron or a muon, and a neutrino. Charm jets are tagged by
the presence of a muon or a secondary vertex inside the jet. The W+c production
cross section and the cross section ratio RE are measured inclusively in a fiducial
region of phase space, and differentially as a function of the transverse momentum
and the absolute value of the pseudorapidity of the lepton from the W boson decay.

We present the measurement of the W+c production cross section at /s =
13 TeV in four independent selection channels: the decay of the W boson into elec-
tron or muon and a neutrino, and the identification of jets originated from a ¢ quark
through the reconstruction of a muon (SL) or a secondary vertex (SV) inside the
jet. Systematic uncertainties have been reduced with respect to previous CMS W+c
analyses, resulting in the most accurate measurements up to date. Measurements
are performed at the particle (hadron) and parton levels, and are compared to pre-
dictions from Monte Carlo generators as well as theoretical calculations. Specifically,
the measurements unfolded to the particle level are compared to the MADGRAPH
Monte Carlo generator, that implements calculations up to next-to-leading order
(NLO) in perturbative quantum chromodynamics (QCD) interfaced with parton
showering simulations, whereas the measurements unfolded to the parton level are
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compared at fixed-order perturbative QCD calculations at the NLO and next-to-
next-to-leading order (NNLO) accuracies. The theoretical predictions agree with
the measurements within experimental and theoretical uncertainties. The measure-
ments presented in this work will help increase the accuracy of the determination of
the strange quark PDF of the proton.
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Resumen

El conocimiento cientifico vivié una época de explosion durante el siglo XX, con
numerosos descubrimientos que cambiaron radicalmente la perspectiva que teniamos
de la Naturaleza. Nuestra misién actual es, sin embargo, continuar cuestionandonos
los aspectos fundamentales de todo lo que nos rodea, comprobar a fondo hasta dénde
son capaces de llegar las grandes teorias desarrolladas y continuar con la innegable
tarea de la inquietud humana de responder a la pregunta de “;y eso por qué?”. En el
caso concreto de este trabajo, utilizaremos la maquina més grande jamas construida
para obtener informacion de algunos de los elementos més pequenos de la materia,
midiendo con la mejor precision hasta la fecha la seccion eficaz de un proceso que
podria arrojar luz sobre la incognita de la asimetria fundamental entre materia y
antimateria en el Universo. Nuestra mente necesita simetria.

La produccién asociada de un bosén W y un tinico quark encanto (charm, c) en
colisiones protén-protén en el LHC es directamente sensible al contenido en quark
extrano (strange, s) de los protones incidentes a la escala de energias del orden de la
masa del bosén W. Los estudios de este proceso proporcionan informacion valiosa
sobre la funcién de distribucién de partones (PDF) del quark strange, que es la PDF
medida con menor precision del proton. Unas medidas precisas de la seccién eficaz de
produccién de W+-c y del cociente de secciones eficaces RE = (Wt +¢)/o(W™ +c¢)
permiten examinar el nivel de asimetria entre las PDF del s y el § y medir su
contenido relativo respecto a los antiquarks up y down procedentes del mar de
quarks y gluones del protén.

Se presenta una medida de la produccién asociada de un bosén W y un quark
¢ en colisiones de proton-protén a energia del centro de masas de 13 TeV. El analisis
utiliza una muestra de datos correspondiente a una luminosidad integrada total de
138 fb~! registrados por el detector CMS en el LHC. Los bosones W se identifican
a través de su desintegracion leptonica a un electron o un muon y un neutrino. Los
chorros o jets procedentes del quark charm se identifican por la presencia de un
muon o un vértice secundario dentro del jet. Se mide la seccion eficaz de produccion
de W+c y del cociente RE de forma inclusiva en una regién fiducial del espacio de
fases y de forma diferencial en funcion del momento transverso y del valor absoluto
de la pseudorrapidez del lepton de la desintegracion del W.

Presentamos la medida de la seccién eficaz de produccién de W+c a /s =
13 TeV en cuatro canales de seleccién independientes: la desintegraciéon de un bosén
W en un electrén o un muon y un neutrino y la identificacion de jets procedentes de
un quark ¢ a través de la reconstruccién de un muon (SL) o un vértice secundario
(SV) dentro de un jet. Las incertidumbres sistemédticas se han reducido con respecto
a anteriores analisis de W+c en CMS, dando lugar a las medidas maés precisas hasta
la fecha. Se realizan las medidas a los niveles de particulas (hadrones) y de partones
y se comparan con predicciones de generadores de Monte Carlo y calculos tedricos.
Especificamente, las medidas a nivel de particulas se comparan con el generador
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MADGRAPH de Monte Carlo, que implementa calculos hasta segundo orden en teoria
de perturbaciones (NLO) de cromodindmica cudntica (QCD) junto con simulacién
de lluvia de partones, mientras que las medidas a nivel de partones se comparan con
calculos a orden fijo de teoria de perturbaciones en QCD con precision de segundo y
tercer orden (NNLO). Las predicciones tedricas concuerdan con los datos dentro de
las incertidumbres experimentales y tedricas. Las medidas realizadas en este trabajo
serviran para aumentar la precision con la que puede determinarse la PDF del quark
strange dentro del protén.
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