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Abstract

The cross sections of Z and W boson and their ratios is experimentally measured at the ATLAS
and CMS detector at the Large Hadron Collider (LHC) in proton-proton collision at various
center of mass energies. Theoretically predicted cross section of the W and Z boson production
cross section in a proton-proton collision at /s = 13 TeV and 14 TeV are presented in this
thesis.

The vector boson production cross section measurement at hadron collision provides a deep
understanding of quantum chromodynamics (QCD) and electroweak (EW) processes. The
production of W and Z bosons are best examples of hard scattering processes at Large Hadron

Collider. Theoretical predictions in perturbative chromodynamics are available at next-to-next-
to-leading order (NNLO).

Theoretically predicted production cross section and cross section ratios of W and Z vector
bosons are compared with the measured results at various center of mass energies. Kinematics
of these vector bosons and corresponding leptons are also presented.
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CHAPTER 1

Introduction

1.1 The Standard Model of Particle Physics

Particle physics deals with the fundamental matter particles and the interactions between them.
It also explains their properties such as mass, spin and charge.

1.1.1 The Fundamental Particles

In particle physics an elementary particle or fundamental particle is the one that has no internal
structure or is not made of other particles. The current fundamental particles are called fermions
which are called matter particles and other type are called anti-matter particles and bosons,
which are the force carrying particles and allow interactions between matter particles.

1.1.1.1 Fermions

In Standard Model (SM) there are two types of fermions, the quarks and the leptons. The
fermions obey the Pauli Exclusion Principle which states that two fermions can not have same
state at the same time i.e. two fermions can not have same quantum numbers. All fermions
have half integral spin. In SM there are twelve fermions which are divided into six generations,
each one has two particles. Fermions are divided into two groups, leptons and quarks. The
leptons have elementary charge of —1. Leptons have three flavors of charged particle, electron e,
muon u and tau 7, each lepton has corresponding neutral particle called neutrino. Electron is
the only lepton which is stable in the universe from these six leptons. All the other leptons are
massive and not stable hence decay into other stable particles.

Quarks have three generations and each one has two types. These six quarks are up (u),
down (d), strange (s), charm (c), bottom (b) and top (t). The up (u) and down (d) quarks
are only stable. The other quarks are very unstable and decay very quickly. Quarks interact
with each other by the exchange of particles called gluon. Quarks are the particles which make
hadrons (baryons and mesons). These twelve fermions have corresponding anti particles called
anti-fermions. Electron’s antiparticle is positron having same mass but opposite charge of +1,
and muon’s anti particle is anti muon with charge +1, similarly is the case for all other fermions.
Anti-fermion has same mass as that of the corresponding fermion but opposite charge.



CHAPTER 1: INTRODUCTION

Standard Model of Elementary Particles
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Figure 1.1: Fermions and Bosons in the Standard Model, figure adopted from [1].

1.1.1.2 Bosons

In standard model, vector bosons (photons, gluons, graviton, W and Z boson) have integer
spin (spin=1,2) and scaler boson (Higgs) has no spin (spin=0). The vector bosons are medi-
ator of interactions (force) between elementary particles and scaler boson gives mass to other
elementary particles. Boson are different from fermions as they obey Bose-Einstein distribu-
tion whereas fermions obey Fermi-Dirac distribution. Boson can exist in both states either
elementary, like photons, gluons or in a combined state, like mesons.

1.1.1.3 Gluons

Gluons mediate the strong interaction, which is responsible for the formation of hadrons. The
hadrons are of two types, baryons and mesons. Baryon is composed of three quarks and meson
has two quarks (quark-antiquark) state. Protons and neutrons are baryons, formed by the
gluons and form atomic nucleus. Like quarks, gluons have a color and an anti color charge.

1.1.1.4 Electroweak Bosons

Weak bosons are of three types: W+, W=, Z% These bosons are the mediators of weak in-
teraction. Unlike other bosons these are quite massive. The photon, which is a massless and
charge less stable particle, which mediates the electromagnetic interaction. These four bosons
are responsible for electroweak (combined electromagnetic and weak) interaction between fun-
damental particles.

1.1.1.5 Higgs boson

In the Standard Model, the only massive scalar boson with zero spin is the Higgs boson, an
unstable particle with zero electric charge and no colour charge. Higgs boson decays into
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Name Discovered at Mass Charge | Colour | Spin Lifetime
electron ¢ Cavendish Laboratory (1897) 0.511 MeV -1 no 1/2 stable
muon jo Caltech & Harvard (1937) 105.66 MeV -1 no 1/2 2.2 %107 sec
tau SLAC (1976) 1776.82 MeV -1 no 1/2 | 2.9% 107" sec
electron neutrino v, Savannah River Plant (1956) < 2eV 0 no 1/2 stable
muon neutrino v, Brookhaven (1962) < 0.19 MeV 0 no 1/2 stable
tau neutrino v Fermilab (2000) < 18.2 MeV 0 no 1/2 stable
up quark u SLAC (1968) 2.3 MeV 2/3 yes 1/2 stable
down quark d SLAC (1968) 1.8 MeV -1/3 yes 1/2 stable
charm quark e Brookhaven & SLAC (1974) 1.275 GeV 2/3 yes 1/2 1.1 % 1077 sec
strange quark s Manchester University (1947) 95 MeV 1/3 yes 1/2 | 1.24% 107 sec
top quark ¢ Fermilab (1995) 173.21 GeV 2/3 yes 1/2 1.2 % 107" sec
bottom quark b Fermilab (1977) 1.18 GeV -1/3 yes 1/2 1.3 % 1077 sec
photon Washington University (1923) o 0 no 1 stable
gluon g DESY (1979) 0 0 yes 1 stable
W boson CERN (1983) 80.385 GeV L1 no 1 3% 107 sec
Z boson CERN (1983) 01.1876 GeV 0 no 1 33 1077 sec
Higgs boson H CERN (2012) 125.7 GeV 0 no 0 156 % 10777 sec

Figure 1.2: Known Elementary particles in Standard Model. Parameters are taken from [2].

other particles almost immediately after it’s production. The Higgs boson are the quanta of
field called Higgs field which gives mass to elementary particles via mechanism called Higgs
mechanism.

1.2 Beyond Standard Model

The theoretical predictions that try to explain the shortcomings in SM are referred to as Physics
Beyond Standard Model (BSM). The SM successfully explains particle physics phenomenology
in &~ TeV scale. There are six major question in SM [3]:

« Higgs Sector (What is the nature of electro-weak symmetry breaking?)
« Naturalness (Is the mass of Higgs natural?)
« Neutrino mass (What is the mechanism by which neutrinos gain mass?)

o Baryon Asymmetry of the Universe (How the Universe has more baryons than anti
baryons?)

« Strong CP Problem (Small neutron electric dipole moment?)

o Dark Matter (what is the nature of non-luminous but gravitationally interacting matter?)

1.2.1 Grand Unification

The Grand Unification theory (GUT) predicts that electromagnetic, strong and weak force can
merge into a single force at very high energy scale. According to Grand Unified Theory we
can merge all three fundamental forces into single one called electro nuclear force. Such unified
force can be broken into three fundamental forces by a Higgs like mechanism. Grand unification
models are expected at very high energy scale of about ~ 101 GeV .

1.2.2 Supersymmetry (SUSY)

Supersymmetry [4] predicts that each particle in SM either fermion or boson has a partner
particle called superpartner. This can help us to explain why particles have mass. Symmetries
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are very important in modern physics, since they give a nice way to construct Lagrangian
for a field or particle from which equation of motion can be found. Well-known examples of
symmetries are symmetry under Lorentz transformation, translational symmetry in space-time
as well as symmetry under isospin transformations. Supersymmetry is different from these
symmetries in that it is invariant under transformation of bosonic field/particle to fermionic
field /particle and vice versa. Supersymmetry combines fermionic field and bosonic field in a
single field called a super field.

There are two class of particles in SM, fermions or bosons based on their spin. All Fermions have
1/2 units of spin, while the bosons have integer spin i.e. 0, 1, 2. According to Supersymmetry
theory each particle in SM has a partner particle whose spin differs from the particle in integer
multiple of 1/2. In this manner Supersymmetry brings two types of SM particles fermions and
bosons together.

1.2.3 String Theory

According to String Theory the sub-atomic particles are like a vibrating one dimensional strings
rather zero dimensional point particles. The mode of vibration of the string corresponds to the
mass, charge and other properties of particle. These strings exist in an eleven dimensional
or twelve dimensional universe. These strings can vibrate with different frequencies. These
frequencies are responsible for the strings mass, charge and spin. A string can have many
shapes, open like a line or closed like a circle or more complicated shapes.

1.3 Elementary Particles Dynamics

There are four fundamental forces in nature through which matter particles interacts with each
other. These forces are carried by particles called mediators of force. On the basis of mediating
particles these interactions are divided into several types, each one explained below, briefly.

1.3.1 Quantum Electrodynamics

In Quantum Electrodynamics (QED) the electrically charged particles interact with each other
by exchange of fields known as photon.

In above figure time flows horizontally, an electron and positron scattering mediated by a pho-
ton is shown. The anti-particle line is always directed backward in time while the particle is
going forward. Pair production, Compton scattering and pair annihilation are the fundamental
QED processes. In quantum electrodynamics the force mediators could be photons, electrons
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or positrons. According the Feynman rule, momentum is conserved at each vertex of Feynman
diagram and for the whole process also.
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1.3.2 Quantum Chromodynamics

Quantum chromodynamics is the theory of strong interaction between quarks and gluons, these
are the fundamental particle that make up composite particles like hadrons.

Quarks have color charge and can be one of the three color charges red, blue, green. For any
fundamental QCD process ¢ — g + ¢ the color charge of the quark can change but the flavour
remains same. For example in a QCD interaction the color of up (u) quark may change but
its flavour does not change. The color charge is always conserved in any QCD interaction. In
the following Feynman diagram gluon must carry a unit of green and anti blue color charge to
ensure color conservation.

Gluons have color charge unlike photons which are electrically neutral, thus the gluons can
interact with other gluons.

The coupling constant for QCD is different from the QED. In QED at each vertex we need a
factor of @ = 1/137, because this number is very small thus we only need to consider Feynman
diagrams with a small number of vertices. QCD coupling constant «, depends upon the sepa-
ration distance of the interacting particles (we call it a running coupling constant) at very small
distance the value of strong coupling constant become very small, this phenomenon in known
as asymptotic freedom. Thus quarks and anti-quarks inside the proton wander like free par-
ticles, such behavior was found experimentally in deep inelastic scattering experiments (DIS).
Asymptotic freedom becomes more important in perturbation QCD theory.
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1.3.3 Weak Interaction

All quarks and all leptons interact through weak force (leptons have no color charge hence
can not interact though strong interaction; neutrinos are charge less, so they cannot interact
through electromagnetic forces; but all quarks and leptons can interact through weak interac-
tions.) There are two types of weak interactions: charged weak interactions which are mediated
by W boson and weak neutral interactions mediated by neutral Z boson.
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The interactions in which the mediator is a Z boson is known as neutral weak interaction.
The strong, electromagnetic and neutral weak interaction all share the feature that the same
quark or lepton comes out when interaction occurs by an exchange of gluon, photon or Z boson.
In QCD the color of the quark may change but flavour of particle does not. The charged weak
interactions are the only interactions that change flavor of the particles and in this sense they
are the only ones capable of causing a true decay.

Above Feynman diagram shows weak interaction of leptons in which a negative lepton (e~, u=, 77)
converts into the corresponding neutrino mediated by W~ boson, [~ — 1, + W ™. Note in case
of weak interaction of leptons, it can only convert into same generation i.e. e~ converts to v,
and pu~ — p~ with the emission or absorption of W’s boson, but e~ never convert into p~
nor - to v.. Thus electroweak theory conserves the electron number, muon number, and tau
number.
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If a quark interacts with W boson it will convert into an other quark of same generation i.e
d-quark with charge -1/3 will convert into a u-quark of charge 2/3, similarly for other quarks.
In such interactions the flavor of quark changes but color remain same. W and Z bosons also
known as Intermediate vector bosons or weak bosons are the mediator of Weak Interactions.
They are also called vector bosons due to their spin (s=1). W bosons have charge +1 and Z
boson is electrically neutral. W+ and W™ are anti-particles of eachother and Z boson is its own
anti-particle. The life time of these bosons is very small with a half-life of about 3 x 10~**sec.

The W boson is the only one which can cause nuclear transmutation by emission or absorption
of leptons. The interaction with the exchange of Z boson is similar to the interactions in QED.
Z boson can only transfer momentum or spin between interacting particles. In interaction with
exchange of Z boson electrically charged particles can not be emit or absorbed.

The W and Z boson are massive elementary particles with masses 80.4 GeV [5] and 91.2 GeV [5]
respectively, due to their high mass range of weak interaction is very small. Photon is the force
carrier of Electromagnetic force and has no mass thus EM interactions have infinite range.
The hypothetical Graviton also has no mass, Gluons also have no mass but range of strong
interaction is not infinite due to the reason called color confinement.

1.3.3.1 Decay of W and Z Boson:

The W and Z bosons decay into lepton-anti lepton pairs and quark-antiquark pairs but these
boson can not decay into top quark because its mass is higher than these bosons. In leptonic
decay it decays into charged and neutral leptons and in hadronic decay into a quark and
antiquark of different types with opposite electric charge. The W boson decays leptonically

with a branching fraction & = 32.12% and hadronic “aden — 67.60% [6].
Similarly Z boson can decay leptonically as well as hadronically with % = 30.7% and F’“‘Fﬂ =

69.2% respectively. The hadronic to leptonic decay ratio for Z boson is FF};“% = 20.767% [7]

1.4 Theoretical Overview of Particle Physics

1.4.1 Theory of Quantum Electrodynamics

The problem with the non-relativistic Schrodinger equation is that, it has first order derivative
of time component and second order derivative of space components. Klein-Gordon used the
relativistic energy momentum relation and wrote the Schrodinger equation in a compact way [8].

(0,0" +m*)¢p = 0, (1.4.1)

In Eq. 1410, = (%ﬁ) and O = (%, —V) with i = ¢ = 1. This Equation represents free
particle case. Using Klein-Gordon equation for a wave function ¢

9 0
ot ot

p=1(o* ), (1.4.2)

7
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J = —u(¢"Ve — V"), (1.4.3)

The Equation 1.4.2 represents probability density and Equation 1.4.3 represents probability
current. Consider the plane wave solution for the K-G equation i.e ¢ = N exp(1p.T + tEt), we
get;

E =++/p* 4+ m?2, (1.4.4)

p=2E|N|? (1.4.5)

The problem with K-G equation is that it has negative energy solutions (F < 0) and similarly
with the probability density.

1.4.1.1 Dynamics of Photon

In electrodynamics, charge density p and current density J of electromagnetic field are deter-
mined by Maxwell’s equations in vaccum, where F is the electric field and B is the magnetic
field,

VE="L (1.4.6)
€0
< — OB
VXxFE=—— 1.4.7
V.B =0, (1.4.8)
= — - O0F
VXxB=J+—, 1.4.9
X + 5 (1.4.9)
The electric and magnetic fields in terms of an electromagnetic potential are given as,
— =, 04
E=-V¢— —, 1.4.10
s- (1.4.10)
B=VxA, (1.4.11)
In relativistic notation,the field tensor for E and B, F* [9] is,
0 —-E, —-E, —FE,
v _ E, 0 —-B, B,
E, B, 0 —-B,
E, -B, B, 0
The inhomogeneous Maxwell equations can be written In terms of field tensor:
o " = Jv, (1.4.12)
and similarly for homogeneous Maxwell equations:
9, F" = 0, (1.4.13)

The F* is called dual or antisymmetric field tensor. The Equations 1.4.10 and 1.4.11 can be
written in relativistic notation:

Fr = 9rAY — 9V AM, (1.4.14)
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here A* = (¢, A) is the four vector potential. In terms of four vector potential the inhomoge-
neous Maxwell Equations can be written :

T = 0,0M A" — 0”.0,A", (1.4.15)

In the potential formulation we can not uniquely determine V' (scalar potential) and A (vector
potential). So we transform A*:
AR = AR 4 OFy, (1.4.16)

This transformation A# = Ar+ Oy is called gauge transformation and E and B fields remain
invariant under gauge transformation. Here yx is some scalar function of position and time.
The freedom to choose any AP = A 4 O is called gauge freedom. The gauge condition can
be applied to potential in the following way:

9, A" = 0, (1.4.17)

called Lorentz condition, Maxwell equations with this Lorentz condition applied become:

0, 0"AY = J¥, (1.4.18)
Maxwell equation with Lorentz gauge condition is applied. For the empty space J* = 0 and
Maxwell equation reduces to,

0,0"A” = 0, (1.4.19)

this equation is recognised as Klein-Gordon equation for massless particles. In QED A" is the
wave function of free photon, and plane wave solution for the massless photons are given by,

AY = ae’(p)e P*, (1.4.20)

Here €” is polarization vector, by substituting this solution into Equation1.4.19 we get

P'P, =0, E = pc, (1.4.21)
which should be true for massless particles. Lorentz condition 9,A" = 0 requires that
Pte, = 0 (1.4.22)
In the Coulomb’s gauge
e =0 (1.4.23)

These equations show that the polarization vector of photon (¢) is perpendicular to the direction
of propagation; if the direction of propagation is z — awis, then photon will be polarized in
xy —axis., thus we have only two linearly independent vectors perpendicular to p; for example,
if p is in the z direction, we might choose;

e =(1,0,0) (1.4.24)
e =(0,1,0) (1.4.25)

A particle with mass have 2s+1 spin directions and massless particle has only two, independent
of its spin, along its direction of motion it can only have my = 4+ sormg, = —s.
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1.4.1.2 Dynamics of Spin 1/2 Particles

The problem with Schrodinger equation is that it cannot explain the dynamics of relativistic
particles because it is quadratic in space or position coordinate but first order derivative of
time parameter, and problem with the Klein-Gordon equation is that, it cannot explain the
dynamics of spin 1/2 particles. To address these problems Dirac introduced Dirac equation [10].
It was known that;

H%*) = (p* +m?), (1.4.26)

Dirac introduced;
Hy = (a.p+ pm)y, (1.4.27)

Here o and (8 are matrices with the following properties;

1. Eigen values = =£1.
Trace = 0.

«;, 0 are hermitian matrices.

= W N

All matrices are linearly independent.

Thus 4 x 4 is the minimum number of dimensions required for the Dirac matrices. Dirac
matrices may be written as;

here @; are the 2 x 2 Pauli matrices, we can write Dirac matrices in standard notation;

Y = (B, pa); (1.4.28)

here 4 = B,9! = Bay,y? = Bay and ¥3 = Bas. Dirac equation in compact notation may be
written as
("0, —m)y = 0. (1.4.29)

1.4.1.3 Plane Wave Solution of Dirac Equation

For a particle at rest p = 0; !

a(t) = e, (0), (1.4.30)
() = e (0), (1.4.31)

Where /4 represents a particle with positive energy and g represents a particle with negative
energy. Here 4= ¥ and Yp= Vs
(& (N
when p # 0;
¢ = ae_b%u’ (1432)
¢ = ae' v, (1.4.33)

here u and v are Dirac four dimensional spin matrices.

Hor detail see:David Griffith’s Introduction to elementary particles(second revised edition),Section 7.2

10
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1.4.1.4 Interacting Charged Fermions

Dirac equation for free a particle:?

(Y*pu —m)y =0, (1.4.34)
(v’po —7.p—m)¢ =0, (1.4.35)
EY = (Y7 +m2"), (1.4.36)
For Interaction:
P = p = QA" (1.4.37)
for the case of electron
P — pt + eAH, (1.4.38)

so the Dirac equation for an electron interacting with E-M field (A*)

Y (pu + €A —myp =0, (1.4.39)
B = (7.5 +mA°)p — ey A, (1.4.40)

here
V = ey’ A, (1.4.41)

The potential for an electron interacting with EM field. The transition amplitude for the
electron from state 1; to ¢ is

Tyi = —t / iV d'a, (1.4.42)
By putting the value in Eq. 1.4.42 from Eq. 1.4.41 we get:
Ty =—t / JFA,d ', (1.4.43)
here J* is four vector current:
JH = —ep* v, (1.4.44)

and A, is the E-M potential through which electron interacts. The source field A, must satisfy
the equation

0, 0" Al = g+, (1.4.45)
and its solution is ]
Al = — " (1.4.46)
Now Equation 1.4.43 become
g 174 v
T = — / T2 sata, (1.4.47)

2For detail see: chapter six of Quarks and Leptons:An introductory Course by Francis Halzen and Alan
D.Martin

11
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Ji'(Pe) JY(Pp)

J1'(Pa) Jy (Pp)

The above Feynman diagram represents electron-electron interaction,in which photon is a me-
diator of force.

T =~ b, (1.4.48)
J = —evive, (1.4.49)
By substituting Equations 1.4.48 and 1.4.49 in 1.4.47 we get:

Tt = —1(27)*6*(Pa + P. — Py — Pp).M, (1.4.50)

— Guv —
M = (—eUpVUy)(—————)(—eUpy"Ur), 1.4.51
( ev BY A)( (pA_pB)2)( eU pYy C) ( )

M is called "Lorentz Invariant Transition Amplitude'

Example( we may write electron-muon scattering amplitude as:)

By following Feynman rules we can write out Scattering amplitude (M for the above diagram):

M = —ﬁ [@s(ps)y" s (p1)][Wa (pa) Y2 (p2)] (1.4.52)

1.4.2 Theory of Quantum Chromodynamics

Quantum electrodynamics (QED) explains the interaction between charged particles; Quantum
chromodynamics (QCD) describes the interaction between coloured particles; The mediator of
electromagnetic interactions are photon and strong interactions are mediated by gluons which
also massless particle. The coupling constant for the electromagnetic interaction is given by

ge = Vi« (1.4.53)

and coupling constant for the strong force is set by strong coupling constant
gs = VAmas (1.4.54)

Quarks can be labeled with different colour quantum number, red (r), blue (b) and green (g),
therefore to describe the colour of quarks we must have an additional term in the Dirac spinor

12
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which gives the colour factor of these quarks. For red:

—_

c=10 (1.4.55)

e

for blue:

ja)

O
I
—_

(1.4.56)

e

and for green:

0
c=10 (1.4.57)
1

Each gluon carries one unit of colour and one unit of anti-colour then, there should be nine
species of gluons. In term of SU(3) symmetry these nine states constitutes a ’colour octet’ and
a 'colour singlet’® Gluons are also massless spin 1 particles; similarly as for the photon, e is
the polarisation vector of gluon which is perpendicular to the momentum of gluon:

e'p, =0 (1.4.58)

And Coulomb gauge condition gives
=0 (1.4.59)

1.4.2.1 Quark anti-quark Interaction

In quark and an antiquark interaction, both have different flavors, the interaction amplitude is
given by:

M= @Al PG < RGN el (1450)
Thus
M = _49;2 [@(3)y"u(1)][7(2)7v (4)][ciAer] [ A"cd] (1.4.61)

Here g, is replaced by g,, and the extra term, which is called color factor.

3For detail see chapter 8 of Introduction to Elementary Particles’ by David Griffith’s

13
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f = i(chrven)(eAnes)

The color factor for the octet configuration is -1/6 and for the singlet configuration is -4/3.
Thus the quark-antiquark potential are

_ 4ashe
Vrﬁ - ;S}a
V. = ashe

qaq —  6r

for color singlet and color octet configuration respectively.

1.4.2.2 Quark Quark Interaction

For the interaction between quark-quark the invariant amplitude can be written as:

M = ) DX N ) (1.4.62)

The colour factor for this interaction is given by:

f=Lcxve) (chres)

!

The color factor for the triplet configuration is -2/6 and for the sextet configuration is 1/3.
Thus the quark-antiquark potential

_ 2ashe
V;ﬁ__ir?
V. — ashe

a9 —  3r

for color triplet and color sextet configuration respectively.

1.4.2.3 Asymptotic Freedom

In QED, the electron charge is directly related to momentum transfer of the interaction ¢. * In
QCD the running coupling constant is

Oés( 2) — QS(Mz)
1+ (202 (11n — 2f) In(%)

127

(1.4.63)

here n is the number of color(3) and f is the number of flavour(6). «ay is inversely proportional
to ¢ and at short distance or high ¢? the a, becomes very small and the strong force becomes
relatively weak, this is also called asymptotic freedom. The coupling strength increase as we
increase the distance between two quarks (antiquarks) and strong force becomes very large. If
we try to separate two quarks then new quark-antiquark pairs are formed and process of hadro-
nisation occurs. That’s why the quarks are always confined inside hadrons and phenomenon
is called quark confinement, that is why no single quark or gluon could be observed. In QCD
long distance or low ¢? i.e. ¢> = 0 is not allowed, because at this scale a, becomes very large,
and perturbative QCD calculation can not be applied. For QCD perturbation expansions, we
must set a reference scale where oy is small enough that perturbative expansion can be done.
Equation 1.4.63 is expressed in term of a,(p?) so that a,(u?) << 1, the running coupling
constant can be expressed in terms of a single parameter:

127
2 2
as(q”) = (@ >>
(11n —2f)in()
4Equation 8.91 ’introduction to Elementary Particles’ by David Griffith’s

A?), (1.4.64)

14
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Figure 1.3: Trend of QED running coupling constant with @* (left), QCD running coupling
constant with Q? (right), figure adopted from [11].

1.4.2.4 Running Coupling

The coupling strength for QED, QCD and Electro weak (EW) processes are energy scale depen-
dent. The pair production of electrically charged virtual particles leads to vacuum polarisation
around charged fermions and consequently a distance-dependent shielding of their fundamental
electric charge. This causes running coupling constant g. to increase with the energy scale of the
interaction ¢?, and decreasing length-scale. The running of QCD and EW coupling constants
follow the opposite trend, at least up to the symmetry breaking scale. The equivalent effect for
colour charge, quark pair production and gluon self-coupling contributions (cubic and quartic),
effect the range of QCD interactions. If as in nature, 2Ny — 11N, # 0 (N; = 6, N, = 3) then
quarks will experience asymptotic freedom such that g, increases with length-scale and with
decreasing Q. As a result of the running of the strong coupling strength, at low energies ¢ the
perturbative approximation are invalid. The bare quarks will produce qq pairs from the vacuum
to exist as colour charge-neutral states in a process known as confinement. These colourless
states are known as hadrons which include ¢g (mesons) and gqq/qgg(baryons)

1.4.3 Theory of Weak Interactions

Weak interaction are mediated by (as photons for QED and gluons for QCD) the W and Z°
bosons and these mediators are extremely heavy. Experimentally M,, = 80.387 & 0.016 GV [13]
and M, = 91.188 £ 0.0031 GeV/ [13].

We know that the massless photons and gluons have two polarization states after impos-
ing Lorentz condition and Coulomb gauge condition but particles with mass and spin one,
are allowed to have three polarization states my, = (—1,0,1), Thus for the W and Z boson
the completeness relation is quite different and propagator factor no longer remain same but

becomes, 24 here we assume ¢* << (Mc?).
C
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Figure 1.4: The change in the vale of ag with the energy scale Q and the current world average
value is illustrated, Figure taken from [12]

1.4.3.1 Charged Weak Interaction

e(pl) vep(3)

vup(2) pip(4)
Considered the process, v, + e~ — =~ + v, The amplitude for this interaction is

-M:a%%§W$Wﬂ~ﬂwmww%u—fme (1.4.65)

Here y#* alone represents vector coupling whereas v#~° would be an axial vector. When we mix
a vector to an axial vector then we are bound to violate the parity conservation, that is what
happens in weak interactions. Here g, = /47w, and its value is 0.653, and hence the weak
fine structure constant is o, = so=. This coupling constant is roughly 5 times larger than that

295"
of QED but weak interaction are feeble because of massive mediators W and Z bosons.
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1.4.3.2 Decay of Neutron

Ve(p2) e(p4)

The above Feynman diagram shows the beta decay of neutron, by applying Feynman calculus
we find that the neutron life time 7 = % = 1318 s, as the experimental neutron lifetime is
885.7 £ 0.8 [14] seconds. The problem arises due to fact that we treat the proton and neutron
as a point particles like leptons, which interact with the W boson. We don’t know, what
kind of structure protons and neutrons have and what kind of interactions are going on inside
proton i.e. (valence quarks interaction with gluon, quark pairs formed by gluons, hadronisation)
but all the finalized activity conserves charge. This problem arises becuse we don’t know how

quarks couple with the vector bosons.

1.4.3.3 Neutral Weak Interaction

e(pl) e(p3)

7u(p2) 7u(p4)

The above Feynman diagram shows 7, +e — 7, + e process mediated by Z boson. The vertex
factor for the Z° boson is not so simple;

_ng

> (el — AP (1.4.66)
Where g, is the neutral coupling constant, and the coefficient, ¢/ and cﬁ depend on the particular
quark or lepton involved. All these parameters are determined by single parameter called 6y,
the 'weak mixing angle’. The weak and electromagnetic coupling constant are related:

ge = —.ge 7gz = - ge (1467)
sinf,, sing,, COSy,,

The experimental value of 0, is 28.75. The amplitude for the above scattering at low ener-

gies (¢? << M2c?) is:

M= F @)1 — ()] [E) e, — earYu(2)] (1.4.68)

8(Mzc)
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1.5 Gauge Symmetry

The lagrangian densities for the fermionic and electromagnetic fields can be written [15]
K-G equation:

£ = 5(0,0)@"0) — (L5.1)
Dirac equation: _ _
L = ay" 8,1 — mipih, (1.5.2)
Maxwell equation:
- —TlFWFW A, (1.5.3)

Now if we transform the field ¢ of the Dirac Lagrangian as ¢ — 1’ = e'*) where « is some
constant. Such transformation of field is called Global gauge transformation and Lagrangian
L remains invariant under such transformation. To make the Lagrangian invariant under local
gauge transformation ¢ — ' = '@ we have to introduce an extra term in the Dirac
Lagrangian which corresponds to electromagnetic interaction and the Lagrangian becomes:

— -
L= wy" O —mynp + —=Fu P = 1A, (1.5.4)

1.5.0.1 Higgs Mechanism and Higgs Boson

The electromagnetic and weak force can be described with the same theory, thus with this
unification we can say that electromagnetic and weak forces can be treated as a single force
known as the electroweak force.

The unification theory correctly explains the electromagnetic and weak field and associated force
carrying particles but the problem is, according to this theory all the mediators are massless
but W and Z bosons have mass up to 100 times of mass of proton. The theory which solve
this puzzle is called Higgs mechanism. Which says that W and Z bosons acquire mass with
the interaction of invisible field called Higgs field.

To understand the electroweak interaction we have to construct Lagrangian that is invariant
under the SU(2) x U(1) transformation. But we know that W and Z bosons are massive and
with the mass term in Electro-weak Lagrangian we must break the gauge invariance. We can
write the Lagrangian for weak interaction °:

_ 1
L=yt on + Lé’l‘.wu@b — ZLW“VWW’ (1.5.5)

here the last term corresponds to weak field tensor.

But we need mass for the W and Z boson and with the mass term Lagrangian is no more gauge
invariant, so we have to break the gauge symmetry. So together with mass term in Lagrangian

along with gauge symmetry we introduce a Lagrangian:
—1 ,
£ - TBHVB# 5 (156)

where B, = 0,B" — 0,B" and it transforms like A"

B" = B'y = B* + 9"A, (1.5.7)

5For detail see chapter 14 of Quarks and Lepton: An introductory course in Modern physics by Francis
Halzen Alan D.Martin
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where A is some scalar function and B* is some vector field. The Lagrangian becomes:

-1
L= —BuB" + Lucer, (1.5.8)
Lscater = (Dp@)* (D) — V(6" ), (1.5.9)
D, = 0" —gB", (1.5.10)

and ¢ is some complex field given by ¢(x) = em(’”)(i\@(z)),and B* — B = Bt + 5.6“0 Now If
we make a gauge transformation

6 — ¢ =€, (1.5.11)
B, — B;L = B, + ;8“6, (1.5.12)
we also have a mass term in the Lagrangian which can be written as:
Mp = @, (1.5.13)
and energy term:
V= \o* o — %2)2, (1.5.14)

thus for minimum energy of scalar field ¢ by setting g—; =0 we get:

<P >= (%) (1.5.15)

corresponds to vacuum. This means when we say vacuum we don’t have presence of physical
particles or physical fields. Then quantum fluctuation or particles can be created by giving
energy greater than < ¢ >. Thus presence of < ¢ > (Higgs field) gives the mass Mp through
the interaction of B, field with ¢ Higgs field. The physical particles that corresponds to ¢ are

Figure 1.5: The potential V of a complex scaler field ¢ [16]

h "Higgs Boson’ The vacuum potential configuration does not have ¢ = 0 state and the field is
said to have a non-zero vacuum expectation value v, Due to symmetric configuration of vacuum
potential there will be two degenerate states, any vacuum state of the field will have ¢ = +v
or ¢ = -v value. Thus the choice of any vacuum state breaks the symmetry of the Lagrangian,
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also called spontaneous symmetry breaking. The masses for the vector bosons can be expressed
in terms of v and the electroweak coupling constant g:

mW — %I/g mZ e cggfg’w — %V1/g2 + g/2 (1516)

Where Oy is defined by:

/

2
m
tanby = g — sin%0y =1 — —I;V,
g mz

(1.5.17)

1.6 Hadron Collider Physics

Hadrons are the bound colourless states of quarks confined by gluon interactions, of which the
proton is a stable example. Collisions in high energy experiments result in the hard or high-Q?
scattering of accelerated particles dominating interactions between composite particles, which
produce additional soft-QCD processes. This results in a perturbative high energy process and
a non-perturbative low energy background present in proton-proton collisions.

In hadron collision experiments at a sufficiently high momentum transfer, one can approximate
all partons as free particles. Thus hadron-hadron interaction can be thought of as single parton-
parton interaction. [17]. The parton momentum can be expressed in terms of the fraction of
the hadron momentum ppurton = &-Dhadron, Where x is also referred as "Bjorken scaling variable".
Then, the probability of finding two parton flavors f; with momentum fraction x; interacting
at an energy scale pp in a hadron-hadron collision is given by the parton distribution function
(PDF) as PDF(xy, fiur) and PDF (24, f2, pr) which will be discussed in detail in chapter 3.

In other words, at sufficiently high energies, interactions between the constituents of a proton
are neglected. This allows factorisation of the perturbative calculable partonic cross section
from that of the overall interaction, assuming asymptotic freedom for each possible set of initial
states. Each contribution is weighted by the relevant parton distribution functions (PDFs),
which act as the parameterisation of the contents of hadrons in the collisions taking place.

OAB—z = /dxAdefa(%,MF,MR)fb(xb,,uF,MR)Uab —x (1.6.1)

The factorisation theorem provides the hadronic cross section in these terms, where A and B
are the colliding hadrons, a and b are the scattered partons and f,(z., @%), fo(zp, Q*) are the
PDFs for parton a and b. The partonic cross section depend upon «,(u%), where pup and pp are
the re-normalisation and factorisation scale and x is independent of the number of final state
particles or kinematic configuration.
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The Large Hadron Collider

The Large Hadron Collider (LHC) [18] is the most powerful particle accelerator that can ac-
celerate the particles near to the speed of light. The accelerator is located in an underground
tunnel 100 metres deep, at the European Organization for Nuclear Research (CERN), Switzer-
land. The length of LHC is 27-kilometre and has number of accelerators and detectors around
its length as shown in Fig. 2.1.

In LHC two proton beams are accelerated and made to collide at four different collision points
around the ring of LHC. LHC uses superconducting magnets which guide the particle beams.
These magnets are kept at very low temperature and in ultra high vacuum. The data from the
collision of beams are gathered in CERN control center and stored for the further analysis.

2.1 Detectors at Large Hadron Collider

There are many experiments that are currently being performed in the LHC. In these exper-
iments four major experiments are ATLAS, ALICE, CMS and LHCb [19]. There are several
other small experiments installed at LHC namely, TOTEM, MoEDAL and LHCH{.
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Figure 2.1: Schematic layout of the LHC experiment at CERN, figure taken from [19]
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2.1.0.1 A Toroidal LHC Apparatus (ATLAS)

ATLAS [20] is general purpose detector designed to study a wide range of particle physics
including Higgs boson, top quark physics and physics beyond Standard Model. ATLAS shown
in Fig. 2.2 has a large magnetic system which is in the shape of doughnut. This has cylindrical
shaped superconducting magnetic coils of 25 m long. ATLAS is the largest Collider detector
ever constructed.

Table 2.1: Parameters of LHC detectors

ATLAS
Size 46m x 26m x 26m (length,height,width)
Weight 7000 tonnes
Material cost 540 MCHF
Location Meyrin, Switzerland
CMS
Size 21m x 15m x 15m (length,height,width)
Weight ~ 13000 tonnes
Material cost 500 MCHF
Location Cesssy, France
LHCb
Size 21m x 10m x 13m (length,height,width)
Weight ~ 6000 tonnes
Material cost 75 MCHF
Location Ferney-Voltaire,France
ALICE
Size 26m x 16m x 16m (length,height,width)
Weight ~ 10000 tonnes
Material cost 115 MCHF
Location Sergy,France
LHCf
Size 30cm long, 60m high and 10m wide
Weight 40kg
Location Meyrin, Switzerland (near ATLAS
TOTEM
Size 44m in length having 8 detectors
Weight ~ 20 tonnes
Design Roman pot, GEM detectors andcathode strip chambers
Material cost 6.5 MCHF
Location France (near CMS)

2.1.0.2 Compact Muon Solenoid (CMS)
CMS [21] is also another general purpose experiment as ATLAS, but constructed with a different

technical design. CMS has a large solenoided shape super magnet which can generate a field
of 4 T. The CMS has a unique and compact design compared to ATLAS shown in Fig. 2.3.
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2.1.0.3 Large Hadron Collider beauty (LHCDb)

LHCb [22] is designed to study of B-particles (particles have b-quarks) to understand the
asymmetry between matter and antimatter. It is shown in Fig. 2.4.

25m

LAr hadronic end-cap and
. forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

Figure 2.2: Inner view of ATLAS detector, figure taken from [23].
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Muon System
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Figure 2.3: Schematic illustration of the CMS detector, figure taken from [24].

2.1.0.4 A Large Ion Collider Experiment (ALICE)
The ALICE [25] is designed to study the properties of quarkgluon plasma, a rare state of matter.

Quark-gluon plasma is the state of matter under very high temperature and densities in which
quarks are free and not confined inside a hadron.
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Figure 2.4: Inside view of the LHCb detector at LHC, figure taken from [17].

2.1.0.5 Large Hadron Collider Forward (LHCY)

The large hadron collider forward (LHCf) [26] is a small experiment that is designed to study
different aspect of nuclear physics.

2.1.0.6 TOTEM

TOTEM [] is designed to measure the total cross section, elastic and diffractive scattering of
the proton. TOTEM is able to detect particles that are produced very close to the beam pipe
of LHC. The TOTEM is placed in a specially designed vacuum chambers called Roman pots.
These Roman pots are connected to the beam pipes around LHC. There are total of 26 Roman
pots in LHC which are located near CMS experiment as shown in Fig. 2.5.

*F‘«n "‘w‘ eg;,-a

ahdtgh

ﬁs?;ﬁ

Figure 2.5: Sketch of the TOTEM and CMS experiments at the LHC figure taken from [4]

2.2 Parameters Of LHC

2.2.1 LHC Co-ordinate System

The CMS and ATLAS detectors work using the right-handed cartesian system with center being
the origin of the co-ordinates at the point where the interaction takes place. The x — axis is
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directed towards the center of the hadron collider, the y — axis is directed in the upward
direction that is perpendicular to the ground whereas the third z — axis is parallel to the
proton beam, as shown in Fig. 2.6. The polar angle, #, is the angle measured w.r.t the beam
axis. The azimuthal angle, ¢, is the angle between the x-y planes. The distance Ar between
two particles is defined in the n — ¢ plane as

Ar— VAP F AP (2.21)

where An = |1, — M|, Ad = |¢pa — ¢p| and 1, ¢ are polar and azimuthal angle of the particle
tracks.

Detector

/ Collision|
Point

Z v — ) Beam Line

k//

X(Cu‘.llrul LHC)

Figure 2.6: ATLAS and CMS coordinate system, figure taken from [23]

2.2.2 Pseudo rapidity

In hadron collider physics, a useful term defined as rapidity of the particle is given as

1[ E+p,
= —in
Y 2 E_pz

(2.2.2)

where pz is the momentum of particle along z — axis. The term pseudo rapidity '’ is derived
from rapidity, commonly measured in polar angle 6 with respect to beam axis. Pseudo rapidity
is defined by the equation n = — In(tan 9).

n=10
u4 n = 0.55
/ 7 = 0.88
# = 00°
= hu“ r;r =1.32
=
= HJ
7= 2.44
i = IU’
=0 "]' =00

Figure 2.7: Pseudo rapidity values in 1% quadrant

where 6’ is the angle between particle direction and beam direction. The transverse momentum

'pr’ is defined as the component of particle momentum in x-y plane. The transverse energy is
defined as Ep = Esind.
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The energy which is carried by non detectable particles is called missing energy, because these
particles have no interaction through strong or electromagnetic forces, these particles are called
neutrinos. In general, missing energy arises due to presence of non-detectable particles in the
detector. The particle travelling in transverse direction to the beam axis have zero initial mo-
mentum, so if we have final momentum in x or y direction, it represents the missing transverse
energy, because the total transverse momentum of initial state is zero, sum of final state parti-
cles transverse direction should also be zero. Missing transverse momentum [27] can be defined
by following equation,

Emissing _ 52 51 (2.2.3)

Where, the index i sums over all visible particles. The assumption that transverse energy
and momentum are equal, holds only for particles that are massless. The missing transverse
momentum is defined as o

pesing — _yN T (2.2.4)

In an event N is the total number of final state particles. The pr and pi**™¢ are invariant

under Lorentz boost along the beam direction which is z — axis. For particles of mass very
smaller than their energy (m << FE) the rapidity can be approximated by pseudo rapidity 7.

2.2.3 Luminosity

Luminosity [28] is a important parameter of the accelerator. To observe new phenomena in
experimental high energy physics, we required high center of mass energy such as up to 14 TeV,
as well as large number of useful interactions. These useful interactions are used to reconstruct
data for the analysis. In the study of rare events with very small cross section o, luminosity
becomes more important. The total number of interactions that an accelerator can produce is
called its luminosity and it is the proportionality factor between event production rate % and

the cross section o:
dR

dt
Luminosity can be defined simply by, ratio of the number of events produced (dN) in a certain
time (dt) to cross section o.

dN
Lins = — 2.2.6
odt ( )

2571, The rate of collisions also relate to instantaneous luminosity

The unit of luminosity is cm™
Lins as:

N = 'Cins X o (227)

Where o is cross section of expected process. Equation 2.2.7 shows that the instantaneous
luminosity cannot be kept stable during the data taking [29]. £ decreases due to loss of
protons in bunches, which leads to decrease in collision rate. Therefore, another useful quantity
in detector physics integrated luminosity L;,; is introduced by integrating the instantaneous
luminosity over time, having units inverse barns denoted by b~ (per ecm?). Tt is used to measure
how much data is recorded by LHC and CMS.

The data acquisition system of detector is not always 100 % efficient due to which the amount
of data recorded by a detector is usually smaller than the amount of data delivered, and not
all the data is good enough for analysis purpose, as some of the subsystems may be in an error
state that corrupt the data recorded or other unexpected behaviour of the LHC or CMS may
have interrupted the data recording. The total amount of data used in an analysis can be
much smaller than the total amount of data delivered. Fig. 2.8 shows the predicted increase in
luminosity of CMS detector with center of mass energy.
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Figure 2.8: L;,; delivered to CMS versus data taking period for pp collisions at different LHC
energies. The distribution of < g > versus luminosity recorded by CMS for the 2011 - 2012
and 2015 - 2018 data taking period figure adopted from [28].

2.2.4 Pile-up (PU)

Another important parameter of the accelerator is pileup. During a bunch crossing multiple
proton-proton interactions can occur which are referred to as pileup. These interactions are
proportional to the event cross section times luminosity. There are two types of pileups:

e in-time PU comes from the collisions happening in the same bunch crossing.

o out-of-time PU comes from the collisions from the previous bunch crossings whose signal
has not yet been recorded by the detector.

In-time PU is calculated by the number of primary vertices (Npy ) while out-of-time PU is
parametrized by the mean number of interactions per bunch crossing (1). In 2012 an average
of 21 pileup interactions was observed at 8 T'eV. This increased in 2016 due to the higher
luminosity and cross section at 13 TeV, to about 27 interactions on average.

2.2.5 Beam Spot

This spot is the brightest region where the two beams travelling in opposite direction are
brought into collision. It is an important and an essential parameter for the computation of
different parameters which are used in further data analysis. It is very necessary to measure
beam spot very accurately and precisely, especially the beam spot width, the value of beam spot
width is further used by computation procedure of different observables. It is also a reference
point for studying the track performance.

2.3 CMS Detector

The Compact Muon Solenoid (CMS) [21], as the name represents is compact due to small
size when compared to ATLAS detector, muon is a fundamental particle detected by CMS,
and solenoid for the large superconducting magnet. The side view of CMS detector is shown in
Fig. 2.9. The scientific goals of CMS experiment are same as for the ATLAS. After the discovery
of Higgs boson, the study of Higgs boson properties in detail and search for the physics beyond
the Standard Model are the main goals of CMS experiment. CMS has a different technical

27



CHAPTER 2: THE LARGE HADRON COLLIDER

solution, especially its magnetic system design.

The CMS detector built 100m underground in France countryside, near the village of Cessy.
One of the main goals to built CMS experiment was the search of Higgs boson that is responsible
of electroweak symmetry breaking. This goal was achieved in 2012 by the discovery of scaler
boson named "SM Higgs Boson" [30]. CMS experiment covers many aspects of proton-proton
collisions at very high center of mass energy i.e. (14 TeV) of the LHC. Some of the main
characteristics of CMS are as follows:

o CMS provides a better muon identification and momentum measurement over wide range
of angle.

o CMS tracking system provides good identification of the charged particles.

o A wide geometric coverage, better electromagnetic energy resolution.

2.3.1 Structure of CMS

The CMS detector has a long cylinder of length 21.6 m with a diameter of 15 m and weight
12500 tons. It is designed to operate at a center-of-mass energy of 14 Tel/ and a luminosity
of 103 em=2s71. The CMS uses superconducting solenoid magnet that surrounds all the inner
detectors. CMS is equipped with different types of silicon tracker, i.e., silicon pixel and strip
tracker, lead-tungstate (PbWO,) Electromagnetic Calorimeter and a brass scintillator sampling
Hadronic Calorimeter. An iron yoke which holds both superconducting solenoid and muon
detector.

CMS has also right handed coordinate system, with the origin at the interaction point of
beam inside the detector. CMS has cylindrical symmetry, it is convenient to use cylindrical
co-ordinates (r, 6, ¢) shown in figure 2.10.

The CMS structure can be summarized as below:

o The interactions between bunches of particles take place at the core of the apparatus with
a maximum instantaneous luminosity of 21 nb~'s~! achieved in LHC RUN 2.

« The inner part of detector is silicon tracker which extend from interaction point to |r| <
1.2m, covering |n| range < 2.5.

o The Electromagnetic calorimeter (ECAL) extends over 1.2m < r < 1.8m and covers
pseudo-rapidity range |n| < 1.3.

« The Hadronic Calorimeter (HCAL) covers 1.8 m < r < 2.9 m by covering |n| < 5.

o The superconducting solenoid magnet provides a magnetic field of 4 T" along the beam
direction, which bends the charged particles trajectories in order to measure their momen-
tum. The solenoid surrounds all the inner detectors and extends from 2.9 m <r < 3.8 m
over |n| < 1.5.

e The muon system is the outer most part of the CMS detector. It is extended from
4m <r<74mand covers |n| < 2.4.
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Figure 2.9: Cut view of CMS detector, the distance of different components from center is
illustrated in figure taken from [31]
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Figure 2.10: Polar coordinates used by CMS. Figure taken from reference [32].

2.3.2 CMS Tracker

The tracker is located very close to the interaction point as shown in Fig. 2.11 hence it receives
the largest number of particles produced. The tracker is designed to measure highest resolution
of charged particles trajectories with transverse momentum up to 1 GeV in a range |n| = 2.5.
At LHC design luminosity of about 103 ¢m™2s7!, the tracker records roughly 100 tracks per
bunch crossing, i.e., for every 25 ns. So it is necessary to choose the construction material
carefully to resist high radiation and particle flux.
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Figure 2.11: Schematic view of CMS detector. Figure taken from [33].

2.3.3 Electromagnetic Calorimeter (ECAL)

The ECAL [34] sits in between the tracker and Hadron Calorimeter (HCAL). It is designed to
detect and measure the energy of photons, electrons and positrons with great precision. There
are three partitions in ECAL: Barrel, End caps and Pre shower. The ECAL barrel (EB) has
61200 PbW Oy, crystals, in a cylindrical shape design that begins at a radius of 1.29 m and
covers the range |n| < 1.479. The barrel has a number of module and super module. The barrel
region is complemented by 7324 crystals that are mounted on two end caps located at 314 cm
from the vertex and cover the range 1.47 < |n| < 3.0.

The pre shower detector is placed in front of the end cap crystal and covers a range of 1.653 <
In| < 2.6. It discriminates the electromagnetic shower formed by the photons, coming from the
neutral pion decay. It also helps to identify the position of electrons and photons. The layout
of ECAL can be seen in Fig. 2.12.

2.3.4 Hadron Calorimeter (HCAL)

The Hadron Calorimeter [35] is designed for the study of many processes, which include energy
and direction of hadronic jets, reconstruction of the hadron decays and missing transverse
energy in the events. There are four modules of HCAL, the hadron barrel (HB), hadron
calorimeter end caps (HE), the outer calorimeter (HO), and the forward calorimeter (HF).

The hadron barrel (HB) shown in Fig. 2.13 sits in between ECAL and superconducting magnetic
coil at a distance 1.77 m < r < 2.95 m. The hadron calorimeter end caps (HE) cover the solid
angle between 1.3 < |n| < 3. The hadron barrel (HB) calorimeter measures 860 ¢m in length
with inner and outer radius of 177 ¢m and 295 e¢m respectively. HB is divided into two half-
barrel HB+ and HB-. The end caps of HE cover range 1.3 < n < 3.0. The HB+ and HB- have
thirty six identical wedges. Fach wedge is constructed from flat steel and brass plate and is
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aligned parallel to beam axis. The HE is also radially divided into 14 rings. The HO of HCAL
is made with plastic scintillator in several layers and the most outer part of HCAL is HO which
is 11.2 m away from the collision point.

Crystals ina Preshower
supermodule

Supercrystals
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Meodules

AN Preshower
N

End-cap crystals

- r===H1E — x
3 = 1

Figure 2.13: Layout of CMS HCAL, figure taken from [21].

Figure 2.12: CMS ECAL layout, figure taken from [21].

==
Sl
i

2.3.5 Magnetic System of CMS

The distinct feature of CMS is its superconducting magnet [36] designed to provide magnetic
field of 4 T in a region of length 12.5 m and 6 m in width, one of the biggest solenoid ever
made.

In CMS detector we need high magnetic field to bend particle trajectories which is obtained
by combination of different magnets made by NbTi cables. The energy stored at an operating
temperature of 4.6 K and at full current is =~ 2.6 GJ. The magnetic flux of these coils is
returned through an iron yoke weighing 10,000 tons. It is shown in Fig. 2.14.
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Figure 2.14: View of CMS superconducting solenoid. Figure adopted from [21].

2.3.6 CMS Muon System

The CMS muon system [37] is specially designed to detect muons with high transverse momen-
tum. Its main function is to identify muon, measurement of its momentum and triggering.
The muon system of CMS is divided into three independent subsystems, which consist of three
gaseous particle detectors, the drift tube system, cathode strip chambers and the resistive plate
chambers.

2.3.6.1 Drift Tube Chamber

The barrel region of CMS muon system is instrumented with drift tube (DT) chambers cov-
ering the pseudo-rapidity range up to |n| = 1.2. The DT chambers arranged into five iron
wheels, each wheel have four concentric ring called stations. The function of these stations is
to measure the muons coordinates in the transverse plane as well as its z direction.

The detector of this chamber is a drift tube of rectangular shape of size 13 x 42 mm? and
having length 2 — 4 m. The whole volume is filled with gas mixture of 85% argon and 15%
carbon dioxide.

2.3.6.2 Cathode Strip Chamber

The cathode strip chamber is installed at the end cap of CMS muon system. This chamber is
designed especially to identify muons in the region 0.9 < |n| < 2.4. The chamber is divided
into four stations for each end cap, perpendicular to the beam pipe and separated by the flux
return plate as can be seen in Fig. 2.15.
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Figure 2.15: CMS muon detector system. Figure adopted from [37].

The cathode strip chamber is filled with 40% argon and 50% carbon dioxide as active gas
and remaining 10% with carbon tetrafluoride. This chamber is arranged in four disks called
stations, each of which has two rings divided into eighteen or thirty six CSCs. These stations
are equipped with sensitive wires which provide muon recognition.

2.3.6.3 Resistive Plate Chamber

The resistive plate chambers (RPC) are installed at both barrel and end cap regions. They are
also gaseous detector. The RPCs are made of four Bakelite planes coated with graphite which
act as the electrode and two gas gaps of 2mm.

2.3.7 CMS Trigger System

LHC provides proton-proton and heavy ions collisions at a very high rate as shown in Fig. 2.16.
High particle density in each bunch corresponds to an event rate of 40 MHz with 20 head-on
collisions per event, thus interaction rate exceeds 1 GHz. Such a high data stream cannot be
handled with current available technology. Therefore, CMS experiment uses a dedicated trigger
system. The trigger system selects possible events of interest among all the simultaneous events
occurring.

The trigger system [38] is divided into two main stages:

1. Level-1 trigger (L1) system consists mainly of programmable electronic components.

2. High Level Trigger (HLT) system is fully software based.
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The L1 trigger preselects events of interest in order to be further analysed by the HLT. L1 trigger
is responsible for the identification of different leptons, quark jets and missing transverse energy.

It consists of three main subsystems:
o Calorimeter Trigger
e Muon Trigger
o Global Trigger

CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2017-05-23 14:32 to 2017-11-10 14:09 UTC
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Figure 2.16: CMS recorded luminosity at 13 TeV .

The event selection at the HLT [39] is similar to that used in the offline processing. HLT
reconstructs the leptons, jets and applys the identification criteria in order to select only those
events which are of possible interest for data analysis. A view of the CMS L1 trigger is shown
in Fig. 2.17.
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Figure 2.17: The L1 trigger system of CMS, figure taken from [21].
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CHAPTER 3

Theory of Single Vector Bosons

The vector boson production cross section measurement during hadron collision, provides a
deep understanding of quantum chromodynamics (QCD) and electroweak (EW) processes. The
production of W and Z bosons are best examples of hard scattering processes at Large Hadron
Collider. Theoretical predictions in perturbative chromodynamics are available at next-to-next-
to-leading order (NNLO) [40, 41].

The cross sections of Z and W boson and their ratios are experimentally measured by the
ATLAS and CMS detector at the Large Hadron Collider (LHC) in proton-proton collisions at
various center of mass energies. This thesis presents theoretically predicted cross section of the
W and Z boson production cross section in a proton proton collision at /s = 13 TeV [42].

3.1 Significance of W and Z Boson Production Cross
Section

The W and Z electroweak bosons were discovered at UA1 [43] and UA2 [44], and their detailed
measurements have been done at electron-positron and hadron Collider. LEP (Linear electron-
positron) performed many accurate measurements for the study of these vector bosons, with a
precision of 1 % [45]. At Large hadron colliders, single vector boson production has been per-
formed at various center of mass (C.O.M) energies i.e. v/0.63 TeV at the CERN SppS (Super
Proton Anti proton Synchrotron) by UA1 and UA2, at v/1.8 TeV at the Tevatron by CDF (Col-
lider Detector at Fermi lab) [46] and at +/1.96 T'eV by DO (DZero) [47]. There are large number
of W and Z events produced in Large Hadron Collider, which help us to measure production
cross section of these bosons easily, roughly around 140,000 events for Z — ee and 500,000
W — ev events are recorded with 2.2 fb~! of data. Measurements of production cross section
of vector bosons at the SppS and the Tevatron are very important, as these measurements
provide data for the development of leading-order (LO) and next-to-leading order (NLO) theo-
retical predictions and results of these measurements are also used for comparison with data at
the LHC. LHC provides measurement of W and Z boson at higher energy regimes, so we can
improve our theory of perturbative Quantum Chromodynamics (QCD). The results at higher
energy regime also provide more constraints on the parton distribution function (PDF) along
with improvement in electroweak precision measurements, i.e mass of charged vector boson W
and sin?0. These new measurements of vector bosons at LHC provide deep insight for the
study of new physics including measurement of Higgs boson parameters, top quark physics and
physics beyond the standard model.

Increase in energy at LHC benefits for the predictions of perturbative QCD, Fig. 3.1 illustrates
these benefits. We can reach further lower Bjorken z—value for any process, e.g the production
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Figure 3.1: Correlation of LHC, Tevatron and SPS hadron Collider between the x values of the
interaction of two partons [23]

of Z vector boson shown here. With these new energy regimes we can reach more low x region
as compared to SPS and Tevatron experiments. This may improve statistical and systematic
uncertainties. Millions of vector boson events have been detected at CMS and ATLAS experi-
ments. These new detectors can measure electrons up to to |n| < 4.9 and jets to |n| < 4.4 and
a large fraction of low-z events can be reconstructed by the LHC detectors.

3.2 Theory of Single Vector Boson Production

The theoretical predictions used for comparison of W and Z boson production cross section
have been improved. The theoretical predictions in perturbative QCD theory are available up to
next-to-next-to-leading order (NNLO). Theoretical predictions at next-to-leading order(NLO)
for the production cross section of vector boson in association with jets exist for five partons in
the final state. The uncertainties in theoretical prediction are comparable with experimental
uncertainties. We will discuss about different types of theoretical uncertainties in last section
of this chapter.

3.2.1 Cross Section Calculation

There are two energy regimes for the calculation of production cross section in proton-proton
collisions at Large Hadron Collision(LHC)

« High-energy regime also called short distance regime

o Low-energy regime also called long distance regime
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In perturbative QCD there are two terms in the factorization theorem: one is 6,z — n at
short-distances for the parton-parton interaction and other is for large distances and explain
the internal structure of proton. In case of very large momentum transfer ¢ in the interaction
of parton, the interactions can be evaluated with perturbative QCD theory. The long-distance
term or for low momentum transfer ¢, where perturbative QCD theory can not be applied,
parton density function (PDFs) describes the proton structure. These PDFs Functions can be

written as fa(z, Q?) for the parton a in the proton A, in which z = I’)’—Z is shared momentum

fraction for parton a from proton’s momentum and Q? is the energy scale of the scattering
process.

The long-distance physics or physics at low momentum transfer and short distance physics
or physics at high momentum transfer in parton-parton interaction, is separated by a scale
called factorization scale pup = @ [48]. The cross section in the interaction of proton-proton is
expressed by

Opapp—n — Eq/dxadxbfz (xau Q2) X f% ('rb7Q2)a-ab~>n (321)

as shown in Figure 3.2. f« denotes the PDF of parton a and f b is for parton b in protons

filza, Q)

Figure 3.2: Schematic of proton-proton collision at LHC.

A and B respectively. All quark flavours are included in the sum and integration is performed
over momentum fraction of parton a, r, and momentum fraction of parton b, xy.
If we include the QCD corrections, then parton-parton cross section in term of «y is,

Opapg—n — Zq/bdxadmbfgA (xav QQ)f% (‘Tba QQ) X [5-0 + O-/S(M%Z)&l + ""]db—)n (322)

In Equation 3.2.2, oy is the correction in parton-parton cross section of order one, and oy
is the base-level parton-parton cross section. Therefore reference scale for the running strong
coupling constant a,(u%) is set by pgr (re-normalisation scale). The re-normalisation scale [48]
is set to eliminate the ultraviolet divergences in finite order cross section calculations.

3.2.2 Parton Distribution Functions

The quantum numbers of a hadron are determined by valance quarks. For example proton has
two up quarks (u,) and one down quark (d,) and neutron has one up quark (u,) and two down
quarks (d,). Along with these valance quarks, there are many quarks and anti quarks inside
hadrons due to presence of gluons. Deep Inelastic Scattering (DIS) experiments are best to
probe the internal structure of nucleons, in which lepton acts as a probe by transferring four
momentum |g| to the nucleon in the collision. Electron-proton DIS experiment at SLAC in
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1966 was the first evidence for the parton structure inside nucleons.
The resolving power of probe in DIS is ~ %, and the level of structure that can be revealed is
increased with |g| i.e. we can get a resolution of 0.002 fm at |¢| = 100 GeV, which is enough
to probe the internal structure of proton.
The momentum distribution function of parton within nucleons is simply called Parton Dis-
tribution Function (PDF). The PDF gives the probability (normalised to the number of par-
tons) of finding the parton with momentum fraction z at an energy scale Q* = —¢?. DIS
experiments show that at low Q? the three valance quarks are more and more dominant. For
the high Q2 values there will be many quark-antiquark pairs with low momentum fraction x.
The result of DIS experiments show that, &~ 50% of nucleon’s momentum is carried by quarks
and antiquarks and remaining is carried by gluons, momentum fraction carried by gluons is
increased with Q2. QCD predicts how parton distribution changes with Q? energy scale and
these predictions are governed by the QCD evolution equation DGLAP in perturbative QCD
domain, that is where the value of a,(Q?) is much smaller than one. There are different levels
of approximations for DGLAP equation, relative to the power of a,(Q?) in the perturbative do-
main, named as Leading-Order (LO), i.e. first order in as(Q?), Next-to-Leading-Order (NLO)
and Next-to-Next-to-Leading-Order (NNLO). The Parton Distribution Function (PDF) has an
essential role in calculation of cross section. A PDF fi(z, up, ur) gives the probability of
finding a parton ¢ with a momentum fraction x with factorisation and re-normalisation scale
i, and pr, where pp is also called the probed scale of scattering experiment. The factorisa-
tion and re-normalisation [48] scale parameters pp and pg are used to prohibit infrared and
ultraviolet divergences. For the hard scattering processes these scales are of the order of mo-
mentum scale i.e. for the Drell-Yan process [49] these scales have typical value which implies
1r = pp = myz. Usually both scales are equal. For the prediction of cross sections these scale
are varied simultaneously within 0.5Q < pp, ur < 2.0Q), where () is the probe scale of the
scattering process.
Perturbative QCD theory cannot predict the actual mathematical form of PDF f;(z, pr), it
gives Q? dependence but cannot predict dependence of parton distributions function on x at
given Q2. Data from Deep inelastic scattering experiments (DIS), are the main source of PDF
determination.
For PDFs fit to data, a starting scale is chosen where perturbative QCD predictions can be ap-
plied, and we assume many functional forms of the PDFs. Parametrisation of the PDF f;(x, ur)
takes the form

f—i(x, pr) = apr™ (1 — 2)*P(z, a3, a4, ...) (3.2.3)

In which P is a polynomial function and a; is experimentally measured fit value that can not be
theoretically predicted. In second step, we choose factorisation scheme, this scheme modeled
how heavy quarks are treated, and an order of perturbation theory to be used.

There are several groups who performed PDFs fitting. The results of CTEQ [51], MSTW [50],
ABKM [52] and NNPDF [53] collaborations some of which are shown in Fig. 3.3, use all
available data for their fits. There are several assumptions and model uncertainties on which
PDF approach and fitting is based.

There are different multi purpose event generators, which include all the theoretical aspects
of the proton-proton collision. These events generators use different theoretical models which
include, shower model for initial and final MPI model [54] and hadronisation and final decay
model. Some frequently used generators are PYTHIA [55], HERWIG [56], SHERPA [57] and
POWHEG [58]. These generators have all aspects of Standard Model and new physics. The
detail of each generator, and what it can do can be found in [23].
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Figure 3.3: Parton Distribution Function evaluated at Q* = m% top [23], MSTW 2008 NNLO
PDFs at Q% = 10GeV?2and Q? = 10*GeV? bottom [50]

3.3 Measurement of Cross Section at The LHC

Experimentally, the production cross section is measured by the following equation:

inc __ N, signal

— _ Veignal _ 3.1
V. T eBR. [ Ldt (3:3.1)

where Ngignat = Naata — Npkg Which is number of signal events, Nyq, is the number of selected
events from data and Ny, are the background events. The factor e depends on determination
of criteria for the signal selection. To specify the decay channel of W and Z boson branching
ratio factor (BR) is used. Integrated luminosity [ Ldt, tells about the size of data sample used.
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The € is defined as :

Ngelected
€= ' (3.3.2)
Nk,

Nselected Nselected

€= NZZ:Z;ted- ]g\;Zil (3.3.3)
gen. gen.

e=0A (3.3.4)
where N3¢lected are events selected at the reconstruction level and N, gg; is the number of all gen-

erated events. A represents fiducial acceptance factor and C' is for detector-induced correction
factor. Ratio of the number of selected events at generator level (NN, ;jffded) to the total number

of generated events (IV, ;;;) is called fiducial acceptance. The main source of uncertainties in
the fiducial acceptance are scale and PDF uncertainties.
The detector correction factor C' is ratio of (N3¢cted) from data sample to the number of

TEeco.

selected events (N;:L?Cted) from Monte Carlo. The dominant uncertainties in the detector cor-

rection factor are experimental sources. The fiducial cross-section, defined as:

. N — N, )
fud _ Zdata k9 _ ine A 3.3.5
V. T CBR [cLat Y (3:3.5)

3.4 Event Selection for Vector Bosons

3.4.0.1 ATLAS

Events for Z boson, i.e., Z — ("]~ required Di lepton invariant mass of 66 GeV < my <
116 GeV. Muons must be in |n| < 2.4 with pr(min.) > 20 GeV. Electrons are required to
fulfill 1.52 < |n| < 2.4 with Er(min.) > 20GeV.

W boson decays to an energetic lepton and corresponding neutrino, neutrinos cannot be de-
tected hence leads to missing transverse energy. Thus the mass of W boson cannot be recon-
structed due to this missing energy. The invariant mass projection to the transverse plane,

defined as

mp = \/Q.pf‘p.p%.(l — cos(pt — ¢¥)) (3.4.1)

can be reconstructed, where p}. is lepton transverse momentum and p. is neutrino transverse
momentum, ¢' and ¢” are azimuthal angles for lepton and neutrino respectively. For the
W boson events selection at ATLAS required one reconstructed, single lepton with EMs: of
25 GeV and mq(min.) > 50 GeV. Selection for the Z boson by ATLAS is shown in Fig. 3.4

CMS Experiment at LHC, CERN

(.,MS Run 133874, Event 21466935
Lumi section: 301
\ _._.-_H_/-/ Sat Apr 24 2010, 05:19:21 CEST _
= e

Electron p = 35.6 GeVic Vs \\

ME; = 36.9 GeV
My =71.1 GeVic? n’[ AN P }

Figure 3.4: Z — pp in ATLAS detector (left) and W — er in CMS detector (right) [23].
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3.4.0.2 CMS

For Z — pp, oppositely charged muons are required for |n| < 2.1 and transverse momentum
requirement of pr > 20GeV. For the electron decay channel Z — ee, |n| < 1.44 and Er > 20
GeV are required.

The selection criterion for W boson events, required single electron with Er > 25 GeV and
In| < 2.5 or single muon with pr > 25 GeV and |n| < 2.1. A typical W — ev event in the
CMS detector is shown in Fig. 3.4. Tables 3.1 and 3.2 show the kinematic cuts used by CMS
and ATLAS.

Table 3.1: Kinematic cuts for CMS analysis [59] at 7 TeV for leptonic channel of Z and W
boson respectively.

CMS

Electron-channel Z — [T~ W — I*v
Er(e™) > 25GeV one e* with Er > 25GeV
Er(e™) > 25GeV |net| < 1.44
|nex| < 1.44

60 GeV < me. < 120 GeV
Muon-channel

pr(pt) > 25GeV one e* with pp > 25GeV
pr(p=) > 25GeV In,=| < 2.1
n,=| < 2.1

60 GeV < my, <120 GeV

Table 3.2: Kinematic cuts for ATLAS analysis [60] at 13 T'eV for the leptonic channel of Z and
W boson respectively.

ATLAS

Electron-channel 7 — [Tl W — I*v
Er(e™) > 25GeV pgfi) > 25GeV
Er(e”) > 25GeV p‘T”) > 25Gev
[Mex| < 1.37 e | < 1.52

66 GeV < me. < 116 GeV' mqg > 50GeV
Muon-channel

pr(pt) > 25GeV pgﬁi) > 25GeV
pr(p=) > 25GeV p(TV) > 25GeV
n,x] < 2.4 Int] < 2.4

66 GeV <my, <116 GeV  myp > 50GeV

The transverse mass distribution for electron and lepton channel of W boson event and dilepton
mass distribution for the Z boson event can be seen in Fig. 3.5.

3.5 Inclusive Cross Section of W and Z Bosons

For the DrellYan processes [49] as shown in Fig. 3.6, the theoretical prediction at NNLO are
known in term of a (strong coupling constant) for the inclusive production cross section of the
Z and W vector boson.

Z bosons are produced by the quarks-antiquark annihilation, i.e. u@, dd and also s5. W*
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boson production is different from Z boson because it depends on the charge of W, W boson
is produced in ud — W™ process and W~ in du — W~ process. W+ is produced from the
annihilation of u—valance quarks and d—sea quark, W~ from d—valance quark and @ quark.
Since there are two u— quarks (valance) and one d— quark (valance) available in the proton,
therefore more W™ bosons are expected than W~ bosons. Thus QCD predictions can be tested
precisely from the ratio of W and W~ production as cross section ratios cancel many of the

theoretical and experimental uncertainties.

Figure 3.6: Graphical sketch for the generalized partonic hard part of the Drell-Yan process [49]
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Integrated luminosity is one of the main source of experimental uncertainties. In cross-section
ratio measurement, this uncertainty is reduced, along with some other experimental and theo-

retical uncertainties. Therefore along with cross-section of W and Z boson, cross section ratios
oc(Wt+o(W™) o(WT)

o(Z) o(W-)
The cross-section ratio for o(W* + W) /o(Z) represents the cross section dependence on the

quarks-distribution functions.

and , have unique importance.

oWt +o(W™) =u,(z
a(Z) = (gv(u)* + ga(u)*ug(x)) + (gv(d)

+
aul
<
—~
8
[§) S~—
+
[SH
<
N
—+
<

with

Uuq() = (uy(2) + Us(2)) (3.5.3)
vy(2) = (dy(w) + dy(2)) (3.5.4)

where u, (x) and us(x) are valance quark distributions and u,(z) and ds(x) are the respective sea-
quark distributions. If we assume that light sea quark and anti-quark have same distribution,
then the PDF dependence will be reduced, i.e, g(z) = ¢q(z) for ¢ = w,d, s... Thus the ratio of
W to Z boson helps us to constrain the strange quark distribution [61].

The above statement doesn’t hold for cross-section ratios, such as ratio of W' to W, W+
or W~ to Z boson. These cross section ratios have a large dependence on difference in the
u— and d—quark distribution functions, and is very sensitive to this difference in valance-
quark distributions. However, for the PDFs constraints, along with inclusive cross section the
differential cross section measurements are also very important.

3.5.1 Differential Production Cross Section of W and Z Boson:

The differential cross section also measured at LHC with great precision, and differential cross

section of vector bosons plotted versus their rapidity distribution, provides extra constraint on
the PDFs.

Rapidity distribution for the process Z — [T1~, can be directly measured from detector data,
because four-momenta of the decaying leptons can be precisely measured and thus rapidity
can be measured precisely. This will help us to constrain the PDFs of @, dd, and s5. The
differential cross section measurement helps us to improve strange-quark PDFs. Fig. 3.8 shows
different quark/antiquark annihilation processes for different rapidity (yz) values. The rapidity
distribution of Z boson from the annihilation of w@, dd and s3 processes gives additional
constraints on PDFs, as well as the rapidity distribution in the central region for ss process, is
important to determine its PDFs. ATLAS and CMS both, published differential cross section
cudTC;{ for different integrated luminosities [ £dt in the fiducial region defined by kinematic cuts
earlier.

The W boson decays into lepton and corresponding neutrino, i.e., W* — [*v. The direct
measurement of rapidity distribution of W boson is not possible, because the p, of decayed
neutrino can’t be reconstructed, thus pseudo rapidity of the decay lepton 7; is measured and
correlated to yy by an indirect method. The rapidity distribution of W boson is sensitive
to the ud and du quark distribution as shown in Fig. 3.8. The y, measurement helps us to
constrain the PDFs of strange quark.

Differential cross-section measurements of the W and Z bosons provide important constraints
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for the PDFs. Fig. 3.7 shows the difference in PDFs of u and 5 quarks with and without LHC
data based on the NNPDF group.
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Figure 3.7: Comparison of PDfs of @ and 5 quark with LHC and without LHC data. [23].

Comparison plots can also be found in [62].
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in 7 TeV pp collisions(top), for Z — [T~ the combined do/d|yz| cross-section measurement
compared to NNLO theoretical predictions (bottom) [23]
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3.6 Measurement of p; of Vector Bosons

The W boson mass at LHC can be measured by the accurate measurement and understanding
of transverse momentum pr, the py distribution of product leptons of W* — [*v is an
important parameter for myy.

The pr distribution of electron and muon channel for the Z — [T~ process can be computed
directly from four momentum information of resulting leptons.

The pr(Z) distribution is a important tool for the Monte-Carlo (MC) generators, and transverse
momentum of Z boson helps to measure the pr (1), of which direct measurement is not possible.
The transverse momentum of W boson cannot be measured directly from the decayed leptons
because we don’t know about neutrino momentum. However, the pr (W) is measured by the
pr (hadron) from which it was produced. The pr (W) is balanced by the hadronic transverse
momentum pr (hadron), i.e.

pr(W) = —pr(had) = pr(I* + pr(v)), (3.6.1)

where pr(had) is the recoil of hadron (Fig. 3.9), hence p,(WW) can be measured from hadronic

MNeutrino

L
;
L
;
;
; # Charged Lepton
W Boson
Hadronic
Recoil Transverse Plane
CcMS 18.4 pb™ (8 TeV) CcMS 18.4 pb™! (8 TeV)
';' 107 © ‘-4;'_ ResBos-P W —ev
@ E - T 12k Ol
S - g ke . g
. [l | = e
= - 102k - 2 E
-!3' - = 0'85— [ ResBos scales [77] Diata statssyst
_8 - 0.6
] c =
L 107 — @ 14F  POWHEG -
- 8 12k —
wf W - e il
E = L 0BE- ENPOWHEG st [[7] Data statesyst =
[ —— oaa — g [JrownesPor =
= E
107 3 |:| ResBos-P CT10 NNLL o 14 FEwz E
r DPOWHEGCIWNI.O 5 1.2F |
ook == S i o —
E |:| FEWZ CT10 NNLO S E [ S——_
F ez 0.8 [ElFEwzsa [7]0uia siatiayst 1
r | | | = 0.6 [CIrewzror [[]FEWZ scales =
1D.I-III 1 11 1 iule 1 i1 1Bl 1 111 e
1 10 102 Pl [GeV] 1 10 10° p¥ [GeV]

Figure 3.9: Hadronic recoil illustration in W* — [*v events (top). Differential cross sec-

tions (Normalized) for W boson as a function of pr (W) for electron. Ratios of theoretical
predictions to the data (bottom) [38].

transverse momentum p;(hadron), which is due to hadronic activities in QCD interactions of
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hadrons. Due to several experimental uncertainties in the hadronic recoil, a theoretical model
is used to define the relation between pr(had) and pr(W). Data of Z boson events helps to
model this theoretical model. We consider that the hadronic recoil pr (hadron) is same for the
W and Z bosons, and with different approach we can find pr (W).

3.7 Measured Cross Section of W and Z Bosons at Dif-
ferent C.O.M Energy

The production cross section of W and Z vector bosons is measured at LHC in ATLAS and
CMS experiments at different center-of-mass energies, i.e., 7 TeV, 8 TeV and 13 TeV with
certain uncertainties (fstat. £ syst. & lumi.). The measured value of cross section increased
with the increase in center-of-mass energy as shown in Fig. 3.10. The production cross-section
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Figure 3.10: The predicted increase in cross section of vector bosons [63].

of W and Z boson, measured (o x BR(W — lv,Z — ll)) and predicted at various c.o.m
energies is listed in the following Tables 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8.

Table 3.3: Measured and NNLO predicted Ratios of W /W~ and W*/Z. The measured values
are at 7 T'eV with an integrated luminosity of 36 pb~! at CMS [59].

Channel | Measured Ratio Predicted Ratio (NNNLO)
(valuetPDF)

W+ /W= | 1.418 + 0.008 + 0.02 1.43 £ 0.001

W=*/Z 10.5640.12+0.12 10.47£0.04
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Table 3.4: The measured total o' cross section for leptonic channel of W=, W+, W* and
Z—boson, and predicted total cross section. The measured values with certain uncertain-
ties ( + stat. + syst. + lumi.) are at 7 TeV with integrated luminosity 36 pb~! at CMS and
the predictions are at NNLO [59].

channel | Measured Cross section [nb] | Predicted Cross Section
(NNLO) [nb] (valuetPDF)
W= 4.34 £0.02 £ 0.11 £ 0.25 429 £ 0.11
W 6.115 £ 0.02 £ 0.07 & 0.24 6.15 £ 0.17
W 10.48 £ 0.03 £ 0.16 £ 0.43 10.44 £ 0.27
| Z [ 0.99 £ 0.011 £ 0.02 £ 0.03 | 0.97 £0.03 |

Table 3.5: The measured total o™ cross sections with uncertainties ( & stat. + syst. + lumi.)
for lepton channels of W~, W+, W* and Z—boson, and predicted total cross section. The
measured values are at 8 TeV with integrated luminosity 18.2 pb~! at CMS and predictions
are at NNLO [63].

channel | Measured Cross section [nb] | Predicted Cross section [nb]
(value£PDF)
W= 5.09 £ 0.02 &= 0.11 = 0.18 5.06 £ 0.13
w+ 7.11 £0.03 £0.14 £ 0.13 7.12 £ 0.20
W+ 12.21 £ 0.02 £ 0.55 £ 0.43 12.18 £ 0.32
| Z | 1.15 £ 0.01 £ 0.02 £ 0.03 | 1.13 £ 0.04 |

Table 3.6: Measured and predicted Ratios W /W~ and W*/Z. The measured values are at
8 TeV with integrated luminosity 18.2 pb~! at CMS and predictions are at NNLO [63].

Channel | Measured Ratio Predicted Ratio(INNLO)
(Valuetstat.tsyst.) (value:PDF)

W+ /W= | 1.395 + 0.01 £ 0.020 1.418 £ 0.02

W+/Z 10.63 £ 0.11 £ 0.25 10.47 £ 0.04

Table 3.7: The measured total o cross sections for the lepton channel of W—, W+, W,
and Z—boson, and predicted total cross section. The measured values are at 13 TeV with
integrated luminosity 43 pb~! at CMS [64].

channel | Measured Cross section[nb] | Predicted Cross section [nb]
(NNLO) (valuetxPDF=scale
+ other)
W- 8.68 + 0.08 + 0.25 + 0.42 8377031 £ 0.11 £ 0.12
W+ 11.39 + 0.09 £ 0.34 £ 0.55 11.337037 + 0.15 + 0.16
W 20.07 + 0.12 4 0.57 £ 0.96 19.71955 4+ 0.26 4+ 0.28
| Z [ 1.92 £ 0.02 £ 0.06 £ 0.09 | 1.87 £ 0.05 £ 0.03 £ 0.03
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Table 3.8: Measured and predicted Ratios W /W~ and W*/Z. The measured values are at
13 TeV with integrated luminosity 43 pb~'[64].

Channel | Measured Ratio Predicted Ratio(NNLO)
(Valuetstat+syst) (value+PDF)

W+ /W= | 1.31 + 0.02 + 0.03 1.35 £ 0.01

W*/Z 10.46 £ 0.06 £ 0.16 10.55 £ 0.07
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Figure 3.11: Ratio of Measured to predicted cross section(top), comparison of measured and
predicted cross section ratio of W and Z boson (bottom). [60]
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Figure 3.12: Measurements of vector boson cross section production multiplied with leptonic
branching ratio (top). Measurements of W' and W~ production cross section times branching
ratio (middle). Ratio of W to Z and W to W~ bottom. The yellow line showing the measured
value with various experimental uncertainties at 7 TeV, 36 pb—! [59]

Fig. 3.11 shows the ratio of the experimentally measured and theoretically predicted cross
section for the leptonic channel (e and p) using various PDFs and also ratio of production cross
section of charged W boson and W* boson to Z boson compared to theoretical predictions
with different PDF sets.

Fig. 3.12 shows the summary of the measurement in the electron and muon channels by CMS
at 7 T'eV, and results are compared with the theoretical predictions.
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Figs. 3.13, 3.14 and 3.15 shows the comparision of measurements at CMS with predictions by
NNPDF3.0 (NNLO) at 13 TeV'.
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Figure 3.14: Measured cross section (red line) and predicted cross section with different PDFs.
The data points with error bars represent theoretically predicted value with various uncertain-
ties [64]
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Figure 3.15: Measured total cross section ratios of vector bosons and predicted cross section
ratios of vector boson with different PDFs set [64].

3.8 Uncertainties in the Predictions

Imperfect knowledge of the proton parton distribution functions is the main source of uncer-
tainties in predictions. The PDFs uncertainties can be evaluated from sum in quadrature by
the difference of central PDF and Eigenvectors or error vectors of respective PDF set.

The uncertainties determination depends upon the given PDF set, for Monte Carlo set (NNPDF)
uncertainties are determined differently from Hessian PDF set and same for all other sets.

3.8.1 Computation of Hessian PDF uncertainties

In hessian matrix approach the experimental uncertainties are propagated by diagonalising the
n X n hessian matrix, more details can be found in [65].

Hessian: Consider a variable Y; the central value for Y using central PDF is given by Yj. Y,"
and Y, is the value of that variable corresponding to positive and negative direction of the

error vector i respectively [65].

AY

max

= EN [maz(Y;" Yo, Yi — Yo, 0))2 (3.8.1)

, = V/EY Imax(Yo - Y, Yo - Y, 0)2 (3.8.2)

AY T is the PDF error which indicates increase in the observable Y, and AY ™ the PDF error
indicates decrease in the observable Y. The sum is over all N eigenvector directions.
Symmetric Hessian: For the simple symmetric case where only the value of variable using
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central PDF Yy and N error vector using PDF Y;, (i = 1, ..., N) are provided, the central value
and PDF uncertainties are calculated as:

AY* = AYT = AY = /SN, (Vi - Yp)? (3.8.3)

3.8.2 Computation of Monte Carlo PDF uncertainties

For the NNPDF Monte Carlo set, a PDFs set with replicas is given. The average value for any
observable X (for example cross section) which depends on the PDFs sets is computed from

usual formula: )
<X(9)> = F-XIX(d) (3.8.4)
rep

where N,, is the number of replicas in the Monte Carlo PDF set. The associated uncertainty
in the observable is found, according to the usual formula:

[ Nrep
N, 1
( 1
N;

ep_1

(X(q)*) — (X(0)*)]"? (3.8.5)

ox
ep

S (X (q') — (X ()] (3.8.6)

ox =

NNPDF group provide both N,., = 100 and N,., = 1000 replicas set. Equation 3.8.5 provides
the 1sigma PDF uncertainty on a general quantity which depends on PDFs.

Different PDFs groups provide both 68% and 90% confidence-level(C.L.) uncertainties. Some
PDFs groups provide sets for both the 68% confidence-level (C.L.) and 90% C.L. Uncertainties.
These uncertainties can be co-related by a factor of 1.64485. In general we can evaluate PDFs
uncertainties for both confidence level 68% and 90% i.e. NNPDF3.1 [66].

3.8.3 Theoretical Uncertainties

The determination of theoretical uncertainties improves the PDFs relation to measurable quan-
tities. The study of experimental uncertainties is much advanced than theoretical uncertainties,
and only some of the theoretical uncertainties are explored in detail.

The determination ofstrong interactions between the quarks is the first source of theoretical
uncertainty. The QCD parameters including the value of the strong coupling constant o«
and the heavy quark masses m. (charmquarks) and my, (bottomquark), and variation of re-
normalisation g and factorisation pup scales are the source of theoretical uncertainties.

Of these uncertainties, the uncertainty due to choice of strong coupling constant value oy
is explored in detail by each PDF group. The uncertainty due to choice of heavy quark
masses (charm and bottom) is also explored by some PDF groups e.g. NNPDF3.1, Cteql8,
HERA etc. The uncertainties due to variation in factorisation and re-normalisation scales are
explored by NNPDF3.1.

3.8.3.1 The value of o, ant its uncertainty

The theoretical uncertainty due to the choice of strong coupling constant o, value is studied
and explored by each PDFs group. Different PDFs groups used different value of ay as shown
in Fig. 3.16. The choice of o, has clear importance for the PDFs prediction, especially for the
gluons distribution.
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Figure 3.16: The value of o used by different PDF groups

The values of ay(m%) and its uncertainties used by different PDFs group are summarized in
Fig. 3.16. The world average value of a,(m%) is oy = 0.1184 £ 0.0007 [50].
The uncertainty on the value of o, Aa, = +0.001 at 68% C.L. and Aa, = £0.002 at 90% C.L.
has been used for the CTEQ, NNPDF studies. The predictions in the value of cross section
changes with the choice of o value used.

Various theoretical uncertainties for the 7 TeV are shown in Fig. 3.17.
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Figure 3.17: Summary of theoretical uncertainties in prediction of W and Z boson cross-sections
at 7TeV [66]
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3.8.3.2 Computation of PDF+a, uncertainties

If PDF uncertainty and the ag(m%) uncertainty are correlated then PDF+ag uncertainty at
68% C.L. or 1-0 uncertainty can be calculated. First calculate the 1-0 PDF uncertainty at
fixed ay value, and then compute 1-o uncertainty in a, with PDFs fixed at their central value,
1-0 change in ay corresponds to the change of 0.001 in its value and 2-0 corresponds to the
change of 0.002.

For example, if Aoppr is the PDF uncertainty in the cross section o and Aas(m’g yo 1s the as
uncertainty, the combined PDFs+a, uncertainty in A, is

Ao = \/AU}%DF + Ao, (3.8.7)

Different PDFs groups used different strategies for computation of PDF+a; uncertainty.

3.8.3.3 NNPDF-Combined PDF and o, uncertainties:

For NNPDF3.1 PDFs, PDF set are given with value ag in the range from 0.108 to 0.124 in step
of Aa, = 0.002 and few are also given with step of 0.001, for cross section which depends on
the PDFs and the strong coupling o(PDF, «), we have

(o)t = o(PDF®,a” £6,,) — o(PDF°, o) (3.8.8)

where PDF® is the value for the observable obtained when the value of a; is varied 0.001, i.e.,
a’ 4+ 4,,. The PDF+a, uncertainty is

(60 spria, = V10 +[(60)Eppl? (3.8.9)

with (60)5,p is the PDF uncertainty on the observable o with the central value of ay. Fig-
ure 3.18 shows the W* and Z° cross section, multiplied by the leptonic branching ratio and
uncertainties in cross section predictions by different PDF groups.

The percentage uncertainties in the NNLO predictions at 7 TeV energy for both 68% and 90%
confidence levels using MSTWO08 PDFs is summarized in Fig. 3.17 for W, W', W, and Z
bosons production cross section. The uncertainty in cross section ratios are also predicted.
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Figure 3.18: W¥ and Z° total cross sections, plotted as a function of ag(M3%), at NLO. [66]
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Results and Discussions

4.1 Work Summary

The experimentally measured production cross section ¢ x BR(W — lv,Z — ) of vector
bosons is compared with the theoretical predictions of W, Z, W and W~ vector boson using
NNPDF3.1 PDF set. The cross sections are predicted at Leading-order (LO), Next-to-Leading
Order (NLO) and Next-to-Next-to-Leading (NNLO) perturbative theory. The Uncertainties
in the cross-section predictions including PDF, ag, combined PDF + a4 are measured. The
uncertainty in the prediction due to the choice of perturbative QCD scale, i.e., Factorisation
scale yp and renormalisation scale p i are also measured. These uncertainties are measured for
both confidence levels 68% C.L. and 90% C.L. The ratio of predicted cross sections of vector
bosons are calculated with LO, NLO and NNLO. These predicted ratios are compared with the
measured cross-section ratios at 68% C.L. and 90% C.L. The uncertainties in predictions due
to choice of strong coupling constant o, at 13 TeV and 14 TeV are measured.

The kinematics of vector bosons, transverse momentum (pr), pseudo rapidity (n) and rapid-
ity (y) at LO, NLO and NNLO are predicted, with variation of QCD scale parameter, pr and
pr. The kinematics of decayed leptons from W and Z boson are also plotted.

For the prediction NNPDF3.1 PDF is used and for event generation we use POWHEG-V2, Mad-
Graph and Pythia8.

4.2 NNPDF3.1 Parton Distribution Function

A precise understanding of PDF played an important role in the discovery of Higgs boson at
LHC, and also gives a clear insight for the search of new physics at LHC. The NNPDF3.1 PDF
is the most recent PDF set and is an up gradation of NNPDF3.0, and is released at LO, NLO
and NNLO accuracy.

In the following plots Fig. 4.1, Fig. 4.2, Fig. 4.3 and Fig. 4.4 are the Parton Distribution
Functions (PDFs) for the quarks and anti-quarks are plotted at various ur = Q? for LO, NLO
and NNLO.
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4.2.1 NNPDF3.1 PDFs
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Figure 4.1: The NNPDF3.1-LO PDFs for the gluon (g), down (d), up(u), strange (s), charm (c)
and bottom (b) quarks. (a), (b): for @* = 10GeV?, (c), (d): for Q* = 100GeV? and (e), (f):
for Q? = 1000GeV?

57



CHAPTER 4: RESULTS AND DISCUSSIONS

Private Work Private Work
3 INPDF31_NLO at q2=10GeV’ E NNPDF31_NLO at g2=10Ge\*]
9 — xf, flav =g/5 — 18— — xf, flav =g/5 —]
= — xf, flav =d = E — xf, flav =d E
B, — xf, flav=u E 1'6, — xf, flav=u E
= xf, flav =s — 14— Xf, flav =s -
; — , flav = E £ — , flav = 3
s °F Xf, flav =b = ] YF Xf, flav =b =
o E = o - .
£ E E g E
% E 3 ] E 7
= 3 X osf- =
E= 3 065 —
pi== 3 04— —
= 3 02 —
PN T T AT RRET MR MR Mo = oF A
10° 107 w0t w10t 10° 10t 10° 107 107! 1 10? 10" 1
X X
(a) (b)
Private Work Private Work

o e B Eaai - T ]
9 = NNPDF31_NLO at qz:lOOGeVE 18 E NNPDF31_NLO at qZZlOOGe\é
E — , flav =g/5 E E — i, flav =g/5 E
8 —— i, flav=d - 16— — , flav =d -
o — i, flav=u 3 = — xf, flav=u E
7; xf, flav =s E H E X, flav =s B
& °E — s fav=c = : Y I
T SE i flav = E T E bl e
X SE ' — R —
bt E = b E e
X B = X ol —
S 3 08—~ —
o = 0 =
fi=n 3 02~ -
T R R T AT R R T\ £ ]

GO T (1 A A (A [ [ 10 1

X

(c) (d)

Private Work Private Work
E T\ NNPDFSL NLO at g2210°GeV S s o " NNPDF3I_NLO af 2-10GeV
= — xf, flav=g/5 = 18— — xf, flav=g/5 —
E — f, flav=d E E — xf, flav =d n
= - — 16— ' —
E — i, flav :u 3 - — xf, flav=u B
= K, flav=s = 4= xf, flav =s -
E — ¥ fav=c E N — xf, flav=c B
] F i, flav = = P flav = =
b = E 8 XA, flav=b B
Z F E Z E
¥ B 3 X E
S = — =
o -5 = —
= E - =
E ool wvvvnd i ! S E 1
10° 10° R L | 10° 1t 10° 107 10 1 1
X X

(e) (f)

Private Work Private Work
opT T "M“NPDHLNLOquzme‘v‘z‘% 3 T I AT
E — xf, flav =g/5 = E — xf,flav=g/5 =
U — i, fav=d 3 8- — ¥ fav=d 3
B — f, flav =0 3 ; = — i, flav=0 3
E i, fau =5 E g A, flav =5 E
] 6f ‘ — i v T 3 a °F — il =
[ E = = T E Xf, flav =h =
5 5; xf, flav =h = 5 5; =
E E E £ E E
= 3 = 3
H= E s =
1= = = =
i E i =
OF vl ol vl sl ol il £ | il | Py il
0 10° 10 0" 10° 10° 10t 10° 10°? 10 10 10° FME L 1 10° 10 10° 10? 10" 1
X

>
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Figure 4.3: The NNPDF3.1-NNLO PDFs as a function of x for the gluon (g), down (d), up(u),
strange (s), charm (c) and bottom (b) quarks. (a), (b): for Q* = 10GeV?, (c), (d): for
Q% = 100GeV? and (e), (f): for @* = 1000GeV?, (g), (h): for 10000GeV?2. The gluon PDFs

are scaled down by a factor of 5 and 10.
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Figure 4.4: The NNPDF3.1-NNLO PDFs as a function of x for the gluon (g), down (d), up(u),
strange (s), charm (c) and bottom (b) anti-quarks. (a), (b): for Q* = 10GeV?, (c), (d): for
Q* = 100GeV? and (e), (f): for Q* = 10000GeV?, (g), (h):PDF function of quarks as a function
of q. The gluon PDFs are scaled down by a factor of 5.
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4.3 Results

4.3.1 Measurements vs Predictions

The comparison of the measurement of the inclusive production cross section times leptonic
branching ratios of W and Z bosons with the theoretical predictions is made. The cross sections
are measured with both CMS and ATLAS data at 13TeV with L;,; = 81 pb~! in proton-proton
collision. The maximum instantaneous luminosity measured was L = 1.7 x 103 em~ts 1
The theoretical prediction for W, Z, W' and W~ production cross section times BR(W —
lv, Z — ll) are predicted for both 13 TeV and 14 TeV center of mass energy and we also
made a comparison with the previous results obtained at 7 T'eV and 8 TeV. The Theoretical
predictions are made using NNPDF3.1 PDF at LO, NLO and NNLO and various uncertainties
in predictions are also measured.

The ratios of the cross sections i.e RWi _ow+ and Ryz = U(‘;V; measured at 8 TelV and

13 T'eV are compared and prediction for 14 TeV is made.

4.3.1.1 8 TeV

The Tables 4.1 and 4.2 shows the measured cross sections of W and Z boson times branching
fraction o x BR(W — lv, Z — ll) and theoretically predicted cross sections. The uncertainty
in the measured values are due to statistical, systematic and luminosity errors. The measured
values are taken from reference [63].

Table 4.1: The measured total o' cross sections for leptonic decay channels (electron, muon)
of W=, W+, W¥* and Z-bosons at CMS with 8 TeV, 18.2 pb—!, and predicted total cross section
at 8 T'eV. The uncertainties in measurement due to statistical, systematic and luminosity error.
The NNPDF3.1-NNLO PDF is used for the predictions.

channel | Measured Cross section [nb] | Predicted Cross section [nb]
(value+PDF)
W= 5.09 £ 0.02 &= 0.11 = 0.18 5.21 £ 0.04
w+ 7.11 £0.03 &+ 0.14 £ 0.13 7.39 £ 0.06
W= 12.21 £ 0.02 £ 0.55 £+ 0.43 12.60 = 0.08
| Z | 1.15 £ 0.01 £ 0.02 £ 0.03 [ 1.26 £ 0.01 |

Table 4.2: Measured values with statistical and systematic errors and predicted Ratios W™ /T~
and W*/Z at 8 TeV. For prediction NNPDF3.1-NNLO PDF is used.

Channel | Measured Ratio Predicted Ratio
(value+PDF)

W+ /W= | 1.40 £ 0.01 + 0.02 1.42 4+ 0.01

Wi/Z 10.63 £+ 0.11 + 0.25 10.00 £ 0.11

4.3.1.2 13 TeV

Tables 4.3 and 4.4 show the measured cross section of vector bosons and predictions at 13 TeV
with NNPDF3.1-NNLO PDF.
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Table 4.3: The measured [60] [64] total o™ cross sections with statistical, systematic and
luminosity error for the electron channel of W~, W+, W* and Z—boson, and predicted total

cross section at 13 TeV. The NNPDF3.1-NNLO PDF is used for the predictions.

channel | Measured Cross section [nb] | Predicted Cross section [nb]
(valuetPDF+ags +PDF+ag)
W= 8.79 £ 0.02 £ 0.24 =+ 0.18 8.95 £ 0.07 £ 0.07 = 0.09
w+ 11.83 £0.02 £ 0.34 £ 0.25 12.03 £ 0.11 £ 0.09 £ 0.14
W= 20.64 £ 0.02 £ 0.55 £ 0.43 20.98 £ 0.13£ 0.16 £ 0.20
| Z | 1.98 £ 0.007 £ 0.04 £ 0.04 [ 2.14 £ 0.02 £ 0.01 £ 0.02

Table 4.4: Measured ratio with statistical ans systematic errors and predicted Ratios W /T~
and W*/Z at 13 TeV. For prediction NNPDF3.1-NNLO PDF is used. The measured values
are taken from reference [60]

Channel | Measured Ratio Predicted Ratio

(valuetPDF+PDF+ay)
W+ /W= | 1.295 £ 0.003 + 0.01 1.34 + 0.016 &+ 0.02
Wi/Z 10.31 £ 0.04 + 0.20 9.8 +£0.09 + 0.13

4.3.1.3 14 TeV

Tables 4.5 and 4.6 shows the predicted cross section for the vector bosons at 14 TeV with
NNPDF3.1-NNLO PDF.

Table 4.5: Predicted total cross section of W=, W+, W* and Z boson at 14 TeV.The
NNPDF3.1-NNLO PDF is used for the predictions.

channel | Cross section [nb] Predicted Cross section [nb]
(To be measured) (value£PDF+ag +tPDF+ag)
W= — 9.70 £ 0.08 £ 0.14 + 0.16
w+ e 12.94 £ 0.12 £ 0.12 £ 0.23
W= — 22.63 £0.15 £ 0.17 £ 0.22
| Z | —— [ 2.316 £ 0.02 £ 0.02 £ 0.02 |

Table 4.6: Predicted Ratios W+ /W~ and W*/Z at 14TeV . For prediction NNPDF3.1-NNLO
PDF is used.

Channel | Cross section ratios Predicted ratios

(To be measured) (valuePDF+PDF+ay)
WH/w— | —— 1.33 £ 0.01 £+ 0.03
w+/Zz | —— 9.77 £ 0.09 £+ 0.21
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4.4 Theoretical Predictions and Uncertainties in Cross
Section of W and Z Bosons.

The predicted increase in measurement of cross section of W and Z bosons with the center of
mass energy can be seen in Fig. 4.5. The cross section value at 14 TeV yet to be measured.
The Predicted cross section of W, Z, W+ and W~ in pb are plotted with various uncertainties
in predictions. These uncertainties are determined at both 68% and 90% C.L. The errors
are determined with both Monte-Carlo replicas and Hessian error eigen vector method. The
variation in predictions with the variation in QCD scale are also determined. Results are shown
in Fig. 4.5 Fig. 4.6, Fig. 4.7, Fig. 4.8 and Fig. 4.9
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Figure 4.5: 4.5a shows measured cross section of (W+, W=, Z and W*) with the variation of
center of mass energy and at 14 Tel/ value of cross section is predicted at NNLO. 4.5b and
4.5¢ are the NLO predictions of W and Z boson at 13Te¢V, 4.5d and 4.5¢ are for the W' and
W~ bosons at 13 TeV'.
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Figure 4.6: In Figure: 4.6a 4.6b are the NNLO predictions of W boson production cross section
at 13 TeV and 14 TeV with 68% C.L. uncertainties. 4.6¢ 4.6d are the Z boson production
cross section and 4.6e 4.6f are the predicted ratio of W and Z boson production cross section
at 137eV and 14TeV. The vertical error bars on prediction represent: inner (PDF), mid-
dle (ay), outer (PDF+ag combined) error.
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Figure 4.7: In Figure 4.7a 4.7b are the NNLO predictions of W™ boson production cross section
at 13 TeV and 14 TeV with 68% C.L. uncertainties. 4.7c¢ 4.7d are the W~ boson production
cross section and 4.7e 4.7f are the predicted ratio of W and W~ boson production cross sec-
tion at 137eV and 14TeV. The vertical error bars on prediction represent: inner (PDF), mid-
dle (as), outer (PDF+ay combined) error.

66



CHAPTER 4: RESULTS AND DISCUSSIONS

t t
NNLO W* - Fv at LHC(Ys=14TeV) NNLO W* - v at LHC(Ys=13TeV)
5 20T IS s e s e 5 I s e e e e B e 1
e C ] £ 2u00— —
H - e H C ]
-] - - o L .
23000 — — ZlZOOj -]
C b 21000 -
22500(— — F 4
C ] 20800[— —
2000 3 20600[— el PDF{
C 90% C.L PDF | = T
r ] 20400 — —
21500(— - o ]
C % NNPDF3.1] 20200— }NNPDFS H
O v 1w v 1w b b L 1l O v v b by b b b by 0 T
24000, 16 011 0112 0114 0116 0118 012 0122 0.124 20000, 15 0.1 0112 0114 0116 0118 012 0122 0.124
a (M) a, (M)
(a) (b)
NNLO Z°~ I'T at LHC({s=14TeV) NNLO Z°- I'T at LHC({s=13TeV)
3 a ——T——7 7 3 T —— 7
g 260 — e e ]
N C . 2180 -
o - - o - =
B0 = 2160 =
30— — 210~ 3
z0f— — 2120 3
20— ] a0~ =
E 68% C.L PDF] 80— =
260— . E 90% C.L PDF]
= 3 2060 3
240— . o E
- . 2040— -
F NNPDF3.H E =
2201— } ] 2020 }NNPDF&%
I E B BN B E T T | I E N B B R E R
0.108 011 0112 0114 0.116 0.118 012 0122 0.124 740,108 011 0112 0.114 0.116 0.118 012 0122 0.124
us(Mf) us(MIZ)
(c) (d)
NNLO W'~ I'v at LHC(fs=14TeV) NNLO W' T'v at LHC(s=13TeV)
3 T ——T——7 7 5 0 ———7 T —
& o = S a0 .
5 E 3 s - 4
o 13200 — s - .
1000 = 12200(— ]
12800 — — - E
E = 12000(— —
12600 — — C .
12400; é 00— ;
o 90% C.L PDF] - 90% C.L PDF |
12200— = - E
E E 11600(— i
12000 — = C ]
11800 }NNPDF&E 11400 — }NNPDF&@
11600 [— 5 L .
u e Loy b b b L 1 11 WI PSRN NS S [N ST SN S ST ST S ST S SNT S ST ST SN (T SO ST SO NN SN S |
0.108 011 0112 0.114 0.116 0.118 012 0122 0.124 0.108 011 0112 0.114 0.116 0.118 012 0122 0.124
a (M) a M)
(e) ()
NNLO W™ - 'v at LHC(s=14TeV) NNLO W™ v at LHC({s=13TeV)
3 T ——T——7 7 2 = —— 77—
g ] R E
- - 9200 — —
g 9800[— — g E E
C ] 9100F— —
9600 — . E 3
C B 9000 =
9400; { 3900; é
E 3 sa00— 3
9200[— b E E
c 90% C.L PDF] 8100~ =
s000l— ] = 90% C.LPDF
C b 8600 F— 3
8800 — E 8500~ 3
C NNPDF3.1] E %NNPDF&E
- B 8400 =
8600[— ] = E
o . oty by b b e by 1y T Y ol o b o by by 1
108 011 0112 0114 0116 0118 012 0122 0124 1108 011 0112 0114 0116 0118 012 0122 0124
aM) a M)

(8) (h)

Figure 4.8: In Figure, 4.8a 4.8b are the NNLO predictions of W boson production cross section
at 13 TeV and 14 TeV with 90% C.L. uncertainties. 4.8c 4.8d are the Z boson production
cross section and 4.8e 4.8f and 4.8g 4.8h showing the predicted cross section of W' and W~
boson at 13 TeV and 14TeV respectively. The vertical error bars on prediction represent:
inner (PDF), middle (ay), outer (PDF+c, combined) error.
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Figure 4.9: In Figure, 4.9a 4.9b are the NNLO predictions of W boson production cross section
at 13 TeV and 14 TeV with 90% C.L. uncertainties. 4.9¢ 4.9d are the Z boson production
cross section and 4.9e 4.9f are the predicted ratio of W and Z boson production cross section
at 13TeV and 14TeV. These uncertainties are measured with hessian error vector method in
which vertical error bars represent inner (PDF), middle (ay) and outer (PDF+ay combined)
uncertainties.
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Figure 4.10: The predicted increase in production cross section of vector boson with the choice
of as(M%) at 13 TeV.
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4.4.0.1 Variation In Cross Section With QCD Scale

The predicted increase in cross section values of W and Z boson with the change in value of
strong coupling constant a, at 13 TeV and 14 TeV is shown in Fig. 4.10a 4.10b 4.10c 4.10d.
The variation in the predicted cross section with the change of factorization (ur) and re-
normalisation (pr) scale simultaneously at 13 T'eV and 14 TeV is shown in Fig. 4.11, 4.12, 4.13
and 4.14.
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Figure 4.11: The predicted change in cross section of W and Z boson with the change in
factorisation ugr and re-normalisation pp. 4.11a 4.11b with 68% C.L. at 13 TeV
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Figure 4.12: In figure 4.12a and4.12b shows the predicted change in cross section of W and W~
boson with the change in factorisation g and re-normalisation pp scale and 4.12c¢ and 4.12d are
the cross section ratio of W to Z and W™ to W~ boson. The vertical error bars on prediction
represent: inner (PDF), middle (ay), outer (PDF+ay combined) error.
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Figure 4.13: The predicted change in cross section of W and Z boson with the change in
factorisation pur and re-normalisation pp scale at 14 TeV. 4.13a 4.13c, with 68% C.L. and
4.13b 4.13d with 90% C'.L.. The vertical error bars on prediction represent: inner (PDF), mid-
dle (ay), outer (PDF+qa, combined) error.
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Figure 4.14: In figure 4.14a 4.14b showing the cross section of W+ and W~ boson with different
QCD scales at 68%C.L. uncertainties. 4.14c 4.14d represent the predicted change in cross
section ratio of W and Z boson with QCD scales and 4.14e 4.14f for the W and W~ boson
similarly.
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4.5 Kinematics of W and Z Boson

In this section generator level kinematic distributions of W+, W~ and Z boson is presented,
for LO, NLO and NNLO predictions. The kinematics are plotted at 13 and 14 TeV with QCD
scale variation. The kinematics of decaying leptons from the W — v and Z — [l process are
also presented.

4.5.1 Transverse Momentum and Pseudo Rapidity Distribution

Figs. 4.15, 4.16, 4.17 and 4.18 show the generator level distribution of kinematics of W and Z
bosons at 13 TeV and 14 TeV
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Figure 4.15: In figure 4.15a, 4.15¢, 4.15e are the theoretically predicted transverse momentum
distribution of W+, W~ and Z boson at 14 TeV with LO, NLO, and NNLO.4.15b, 4.15d, 4.15f
for the 13 T'eV for NLO and NNLO.
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Figure 4.16: In figure 4.16a, 4.16c, 4.16e are the generator level theoretically predicted
pseudo rapidity distribution of W*, W~ and Z boson at 14 TeV with LO, NLO, and
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Figure 4.17: In figure 4.17a, 4.17c, 4.17e are the generator level transverse momentum distri-
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Figure 4.19: In figure 4.19a, 4.19¢c, 4.19e are the generator level transverse momentum distri-
bution of electron at 14 T'eV with LO, NLO, and NNLO.4.19b, 4.19d, 4.19f for the 13 TeV for
NLO and NNLO.
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Figure 4.20: In figure 4.20a, 4.20c, 4.20e are the generator level pseudo rapidity distribution of
electron at 14 TeV with LO, NLO, and NNLO.4.20b, 4.20d, 4.20f for the 13 T'eV for NLO and

NNLO.

4.6.1 Di-lepton Mass and Rapidity Distribution

The plots in Figs. 4.21 and 4.22 show the distribution of rapidity and Di-lepton mass from
W — ev, Z — Il events at the generator level.
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Figure 4.21: In figure 4.21a, 4.21b are the generator level rapidity distribution of electron for
W™ boson event at 14 TeV and 13TeV, 4.21c, 4.21d for W~ and 4.21e, 4.21f for the Z boson
event.
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Figure 4.22: In figure 4.22a, 4.22¢, 4.22d are the generator level Di-lepton transverse momentum

distribution at 14 T'eV with different QCD scales.
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Conclusion

The study of single vector boson production cross section is very important because these
bosons form background events for many important processes in Standard Model, specially
events involving Higgs boson and Top quark. The precise measurement of vector boson gives
deep insight to understand quantum chromodynamics (QCD) and electroweak (EW) processes.
We performed a detail study of W and Z vector boson production cross section i.e. o x BR(W —
lv,Z — 1l). The measured results of vector boson production cross section at 7 TeV ~ 40pb~1,
8 TeV ~ 18.2 pb~! and 13 TeV =~ 81 pb~! are compared with the theoretically predicted
cross sections.We find a great agreement between measured and theoretically predicted cross
sections.

We also studied about various theoretical uncertainties in the predictions including PDF, as,
QCD scale uncertainties etc. We also find how the W and Z boson cross section ratios are
beneficial in cancellation of certain experimental and theoretical uncertainties.

The Predicted kinematics of these vector bosons and corresponding leptons are measured in
detail and compared with the measured results.

We also made theoretical prediction for vector boson production cross section at 14 Tel/ at
various QCD scales. These prediction will be checked with the measurements when the data
will be available. We hope that these predictions at 14 T'eV will be comparable with the
measurements as were the previous results.
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