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“Fach time new experiments are observed to agree with the predictions, the theory
survives and our confidence in it is increased; but if ever a new observation is found to
disagree, we have to abandon or modify the theory.

At least that is what it is supposed to happen, but you can always question the competence

of the person who carried out the observation.”

Stephan Hawking



Abstract

The goal of this thesis is a measurement of the cross section of the pp — W + bb +
X process using the data collected during 2012 at /s = 8 TeV. The data is provided
by the Large Hadron Collider (LHC) accelerator at CERN, Geneva and collected by
the Compact Muon Solenoid (CMS). The production of a W boson in association with
a pair of b quarks (Wbb) in proton collisions has been the topic of many theoretical
calculations and simulations. It is however still not well described due to divergences
which arise in theoretical calculations, in cases where b quarks are collinear or there is
a low energy massless particle irradiated. A precise measurement of Wbb production
will allow to further constrain theoretical predictions in the framework of perturbative
quantum chromodynamics (pQCD). On the other hand, Wbb is a background in the
measurements of different standard model processes as well as in several searches for

physics beyond standard model.

The presence of a W boson is identified through the detection of an energetic, isolated
lepton (muon or electron) and a significant amount of missing energy, which indicates the
presence of a neutrino. Jets in the detector are identified as collimated sprays of particles.

Selected jets are required to be tagged as jets originating from b quarks.

The cross section measurement was performed in the fiducial region defined by a
presence of a lepton and exactly two 2 b-tagged jets. The result is quoted separately in
the muon and electron channel. The measured values in the two channels are compatible,
as predicted by the standard model. The theoretical cross section was derived using
MCFM. The measured values are around one standard deviation higher than the predicted
theoretical values. The uncertainty on the measured values is dominated by the systematic
effects. The largest uncertainties are associated with the b tagging procedure, jet energy
scale and jet energy resolution. Reducing these uncertainties in the future, would allow

for more sensitive test of perturbative QCD calculation at next-to-leading order.

Keywords: LHC, CMS, Standard model, Wbb, cross section
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Chapter 1

Introduction

The standard model of particle physics tries to give an answer to the questions what is
matter made of and how does it interact. The predictions of the standard model have
been thoroughly tested through various precision measurements at different experiments.
Every time the standard model predictions were confirmed. The only missing link, the long
sought Higgs boson, was found in 2012, and its properties were measured in the following
years, thus completing the picture of elementary particles. However, the standard model
still leaves some unexplained phenomena, e.g. neutrino oscillations, matter-antimatter
asymmetry, the existence of dark matter and dark energy, motivating the searches for
physics beyond standard model. The sensitivity to such processes in high energy physics
experiments strongly depends on the precise measurements of known processes. In such
measurements, poorly known yields and kinematics of known processes would lead to high

uncertainties, and thus reducing the sensitivity of the experiment.

The production of a W boson in association with a pair of b quarks (Wbb) in proton
collisions has been the topic of many theoretical calculations and simulations. It is however
still not well described due to divergences which arise in theoretical calculations, in cases
where b quarks are collinear or there is a low energy massless particle irradiated. Several
theoretical approaches, implemented in different simulation packages, have been used to
describe the Wbb production mechanism. A precise measurement of Wbb production

1



Chapter 1. Introduction

will allow to further constrain theoretical predictions in the framework of perturbative
quantum chromodynamics (pQCD) and to test the validity of different theoretical models
used in simulations. On the other hand, Wbb is a background in the measurements of dif-
ferent standard model processes as well as in several searches for physics beyond standard
model. It is one of the main backgrounds in top quark and Higgs boson measurements.
When Higgs boson is produced in association with a W boson and decays to a pair of b

quarks, this shows the same signature in the detector as the Whb.

The goal of this thesis is a measurement of the cross section of the pp — W +bb+ X
process using the data collected during 2012 at /s = 8 TeV. The data is provided by the
Large Hadron Collider (LHC) accelerator at CERN, Geneva and collected by the Compact
Muon Solenoid (CMS). W boson used in the analysis is decaying either to an electron or
muon, and a corresponding neutrino. The presence of a W boson is identified through the
detection of an energetic, isolated lepton, i.e. a lepton with low additional activity in some
predefined cone around it, and a significant amount of missing energy, which indicates the
presence of a neutrino. Jets in the detector are identified as collimated sprays of particles.
Selected jets are required to be tagged as jets originating from b quarks. This procedure
is called b-tagging and it exploits the unique properties of b quark to derive a single

discriminator value to distinguish between b jets and jets from lighter quarks, or gluons.

The thesis is organized as follows. Chapter 2 gives a brief introduction to the standard
model, including the discovery and the role of W boson and b quarks within the standard
model. An overview of the phenomenology of proton collisions at hadron colliders is shown.
All the steps for the theoretical calculation of the pp — W + bb + X process are given for
both, single parton scattering and double parton scattering production mechanisms. The
end of the chapter summarizes all previous measurements of W boson and b quarks in
the final state. Chapters 3 and 4 are focused on the description of the LHC and the CMS
respectively. All CMS subsystems are described and their role is explained. Chapter
5 describes the procedure for the reconstruction of various physics objects, including
electrons, muons and jets, and the estimation of missing energy. Chapter 6 lists all data

and Monte Carlo samples used. The criteria for the signal selection are described and

2



Chapter 1. Introduction

all major backgrounds are identified. Chapter 7 describes all steps in the cross section
determination, including the fitting procedure used to extract the final yields, and the
acceptance and efficiency estimation. In the end, the results are presented, together with
the comparison to theoretical predictions. Chapter 8 briefly summarizes the results, and

shows the prospects for the future research on this topic.






Chapter 2

Theoretical overview and previous

measurements

The standard model (SM) of elementary particles is a theory which emerged in the 1960s
and 1970s, which describes all of the known elementary particles and interactions ex-
cept gravity. The final formulation of the SM incorporates several theories: quantum
electrodynamics, Glashow-Weinberg-Salam theory of electroweak processes and quantum
chromodynamics. The first steps towards a formulation of SM occurred in 1961. when
Sheldon Glashow unified electromagnetic and weak interactions [1]. The difference in
strength between the weak and electromagnetic forces was puzzling for physicists at that
time, and Glashow proposed that it can be accounted for if the weak force were mediated
by massive bosons. However, he was not able to explain the origin of the mass for such
mediators. The explanation came in 1967 when Steven Weinberg and Abdul Salam used
the Higgs mechanism in the electroweak theory [2, 3], which suggested the existence of
an additional particle called Higgs boson. After the discovery of neutral currents, which
arise from the exchange of the neutral Z boson, the electroweak theory became generally
accepted. The W and Z bosons were discovered in 1983 at CERN [4, 5], and their masses
were in agreement with the SM prediction. The theory describing strong interactions got

its final form in 1974 when it was shown that hadrons consist of quarks. The final missing
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Chapter 2. Theoretical overview

link in the SM, the Higgs boson, was discovered in 2012 at CERN [6, 7]. However, there
are several unexplained phenomena which suggest the existence of physics beyond SM,
but so far its predictions were confirmed every time through numerous experimental tests.
In this chapter a brief overview of the SM particles and interactions will be shown with
the emphasis on the W boson and b quarks, which are the most relevant for this thesis.
An introduction to cross section determination at hadron colliders is given. In the last
part of the chapter an historical overview of the development of W+b-jets theoretical

calculations is described together with the existing experimental results.

2.1 Standard model overview

Elementary particle physics is described within the framework of the SM. We usually
imagine particles as point like objects which are subject to some forces between them.
These particles are fermions, leptons or quarks of spin s = 1/2. There are three charged
leptons, electron, muon and tau whose properties are the same except for their mass.
Each of the leptons has a corresponding neutrally charged neutrino with a very small
mass. There are six different types of quarks with charge either ) = 2/3 of Q = —1/3
as seen in figure 2.1. They also carry one additional quantum number, which is color
charge. All objects observed in nature are colorless giving rise to the concept of quark
confinement, which will be explained later. Colorless composite objects are classified into
two categories. Baryons are fermions made out of three quarks, protons and neutrons.
The other category is composed of mesons, which are made of quark and antiquark, like
pions. Quarks are divided into three generations with all identical properties except for

the masses of the particles.

The SM is based on a gauge symmetry SU(3)c x SU(2), x U(1)y. Strong interaction
symmetries are described by SU(3)¢ group, while the electroweak sector is described by
SU(2)r x U(1)y. All interactions within the SM are mediated by elementary particles

which are a spin 1 bosons. In the case of electromagnetic interactions, the mediator is a
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massless photon. Thus the range of electromagnetic interaction is infinite. For the weak
force the mediators are the three massive bosons W and Z and its range is very small
(10716 m). These four bosons are the gauge bosons of the SU(2); x U(1)y group. The
interaction between electroweak bosons is allowed in the SM as long as charge conservation
principle remains valid. The strong force is mediated by the exchange of 8 massless gauge
bosons for SU(3)¢ called gluons. Although gluons are massless, the range of the strong
force is not infinite. Due to the effect of confinement, the range of the strong force is
approximately the size of the lightest hadrons (10~ 3cm).

Three generations
of matter (fermions)

1.27 Gevyc? [l [171.2 Gevic?

»C

charm

mass —| 2.4 Mev/c?

charge —| 24
son-| Ul
up

name —

4.8 Mev/c? 104 Mev/c?

P -4 Y3

= Y2 EZ)

=] down strange

& g
<2.2 evjc? <0.17 Mev/c?fl] |<15.5 MeVjc?
0 0 0
»Ve ll[xVu [|1=Vr
electron muon tau

neutrino neutrino neutrino

0.511 Mevjc?

+€

electron

105.7 Mew/c?
-1
Y2

muon

1.777 GeVjc?

-1
|
tau

Gauge bosons

Leptons

FIGURE 2.1: List of the SM elementary particles.

The fact that weak gauge bosons are massive indicates that SU(2), x U(1)y is not
a good symmetry of the vacuum. Photons, on the other hand, are massless, U(1)p, is
thus a good symmetry of the vacuum. This means that the SU(2), x U(1)y electroweak
symmetry is somehow spontaneously broken to U(1).,, of electromagnetism. Spontaneous
symmetry breaking is implemented through the Higgs mechanism, which gives masses to
fermions, W¥ and Z boson and leaves the photon massless. Details of the mechanism can
be found elsewhere, e.g. [8] but the main point is that it also predicts a new scalar and
electrically neutral particle which is called Higgs boson. The search for the Higgs boson

lasted few decades before finally in 2012, a new particle was discovered with a mass of 125
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Chapter 2. Theoretical overview

GeV [6, 7]. In the last three years, properties of this new particle have been measured. At
this point, all measurements agree within the experimental and theoretical uncertainties

with SM predictions for the Higgs boson.

2.1.1 The bottom quark

The history of the bottom quark begins in 1973, when Makoto Kobayashi and Toshihide
Maskawa first introduced the third generation of quarks to explain the charge-parity (CP)
violation observed in neutral K mesons [9]. CP violation is introduced as a small phase
factor § in the Cabibbo-Kobayashi-Maskawa (CKM) matrix provided there are at least
three generations of quarks. This prediction was done even before the discovery of ¢ quark.
Kobayashi and Maskawa received the 2008 Nobel Prize in Physics for their explanation
of CP-violation after several experiments confirmed that the predicted behavior is not

exclusive for K mesons, but can be seen also in B mesons [10, 11].

The name "bottom” was introduced in 1975 by Haim Harari. The bottom quark
was discovered in 1977 by the Fermilab E288 experiment team led by Leon M. Lederman
through the observation of the T resonance, which is formed from a bottom quark and

its antiparticle [12].

At the LHC, the main production mechanism for b quarks is through strong inter-
action (any diagram involving g — bb). Other important contribution for this analysis is
also from top quark decay (t — Wb). Every b quark, after production, goes through the
process of hadronization, forming one of the color neutral B hadrons. Excited B hadrons
decay strongly or electromagnetically, while ground state B hadrons decay weakly, result-
ing in relatively long lifetime of ~1.5 ps. Bottom quark can decay either to ¢ quark or u

quark. Both of these decays are suppressed by the CKM matrix 2.1.

Vua Vus Vi 0.974 0.225 0.003
Vea Ves Vo | = [ 0.225 0.973 0.041 (2.1)
Vie Vis Vi 0.009 0.040 0.999
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B mesons traverse a substantial distance inside the detector before decaying due to their
long lifetime. The displacement of the decay vertex is of the order of few millimetres,
which is well above the precision of CMS Pixel detector. This fact is used in the creation
of various b-tagging algorithms which are taking into account tracks originating from

displaced vertices, discussed in Section 5.4.4.

2.1.2 W boson

The W boson is one of the massive mediators of the weak interaction. It has with a mass of
my = 80.1 GeV. The discovery of W and Z bosons in proton-antiproton collisions at UA1
and UA2 experiments was one of the major successes of the CERN experimental facility.
The Super Proton Synchrotron was the first accelerator powerful enough to produce W
and Z bosons. Both collaborations reported their findings in 1983 [13, 14]. The W
boson at the LHC is primarily produced through quark-antiquark annihilation. In the
majority of the cases, the W boson decays to quark-antiquark pair (66% of all W boson
decays). Other decay channels include creation of a lepton and its corresponding neutrino
(~ 10% per lepton generation). This decay channel was the most important for the W
boson discovery and it is still essential for W boson detection at hadron colliders despite
the large hadronic backgrounds because it includes easily identifiable isolated lepton and

significant missing energy.

The detailed study of W boson production in association with jets at hadron colliders
started in the 1980s motivated by the top quark searches. Additional jets come from radi-
ation of additional quarks or gluons. Because they carry color charge, quarks and gluons
undergo the process of parton shower and hadronization forming jets in the detector.
Parton shower is a process in which a high energy colored particle emits a low energy
colored particles, while hadronization is a process in which colored particles combine to
form color neutral particles. Parton shower and hadronization cannot be computed ana-

lytically. They have to be modelled using Monte Carlo simulations. As a result of these
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processes, the number of jets in the final state doesn’t necessarily correspond to the num-
ber of partons outgoing from the hard process. Many theoretical issues arise when trying
to compute cross sections for W+jets processes. Divergences while calculating amplitudes
come from emission of low energy particles or collinear jets. These problems are solved by
introducing a cut-off called factorization scale. Other divergences come from integrating
higher-order loops. Usually this type of divergence is than included into renormalized
coupling constant. This procedure, however introduces a certain scale dependence into

the result which will be further discussed in Section 2.2.1.

2.2 W -+ b jets at hadron colliders

First theoretical computations of W boson production in association with b jets were
published in 1993 [15]. However only recently enough luminosity has been collected at
hadron colliders to allow cross section measurements. This process was first interesting
as a background to top quark searches and measurements where top quark decays to W
boson and a b quark. In the past few years, with the Higgs boson discovery, an important
open question is whether this new particle also couples to fermions, and in particular
to bottom quarks. SM Higgs boson (my = 125 GeV) branching ratio for decays into a
bottom quark-antiquark pair (bb) is ~ 58%. The study of this decay channel is therefore
essential in determining the nature of the newly discovered boson. The measurement of
the H — bb decay will be the first direct test the observed boson interaction with the quark
sector. Direct measurement of this coupling requires a measurement of the corresponding
Higgs boson decay. The result of the study of Higgs decay to bottom quarks was recently
reported by the CMS experiment in [16, 17] which shows Standard model Higgs boson
coupling with the significance of 2.1 standard deviations. Higgs coupling to the top quark
is measured in the gluon-gluon fusion production channel. In the SM this process is
dominated by the virtual top quark loop. Measurement for the top-quark couplings show

agreement with the SM prediction [18]. There are also searches for beyond SM physics
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where contributions from W+Db jets process is substantial, among others supersymmetry

searches with lepton, b jets and missing energy in the final state [19].

The complexity of the proton