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Abstract

The particle collisions at very high centre of mass energies are the finest tools to un-
derstand underlying dynamics of multiparticle production in such collisions. Various
high energy accelerators have been built to collide particles such as hadrons, leptons
and heavy ions to study the fundamental physics and the particles produced in these
collisions are recorded in the particle detectors to extract the information about their
charges, momenta and energies. The number of particles produced in the final state
after the interaction is termed as particle multiplicity and the distribution of these
final states particles produced is known as multiplicity distribution (MD). Study of
charged particle multiplicity distributions provides an understanding of the particle
production mechanism, as the particles produced in these interactions follow certain
production rules and conservation laws. Various theoretical and phenomenological
models based on hydrodynamics, thermodynamics and statistics have been success-
fully used in describing the distributions of these final state particles. The data from
collider experiments recorded by any detector has to pass through several stages of
filtering, before the final set of data meaningful for the physics analysis is obtained.
Various stages involve triggering, monitoring, certifications and validations, phase

space checks and finally kinematical cuts for the specific analysis.

In this thesis study of multiparticle production and analysis of charged particle
multiplicity distributions, correlations amongst the particles produced and depen-
dence of mean multiplicity on the centre of mass energy is presented. For the
hadronic analysis, data from proton-proton collisions collected with the CMS detec-
tor at centre of mass energies, /s = 0.9, 2.36 and 7 TeV, antiproton-proton data
from the UA5 detector at /s = 200, 540 and 900 GeV and the leptonic collisions
taken from the L3 and the OPAL experiments at LEP at /s = 91 to 206 GeV
energies are studied. Results from the various models like the Negative Binomial
Distribution, NBD, Gamma, Shifted Gamma, the Weibull and the Tsallis gas model
are compared with the experimental data. Detailed analysis shows that the Tsallis

model is the most successful in describing the experimental data for all types of
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interactions, from the lower to the higher energies. Most of the results from this

work are published in various international journals.
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Chapter 1

Introduction

The word “science” has originated from the Latin word “scientia” which means
“knowledge” in English. Science is a way to answer all the fundamental questions
regarding natural phenomena occurring around us in our day-to-day life. It covers
multiple fields of study. Particle physics is one amongst the important fields of sci-
ence which provides us information about the fundamental particles of the Universe.
Particle physics is one of the branches of science which aims at understanding the
basic constituents of matter and the forces which govern the interactions between
them. The Standard Model of particle physics is the framework which describes
properties of the fundamental particles and their interactions. The fundamental
particles consist of fermions (leptons and quarks) and the gauge bosons. The gauge
bosons are the mediators of the four fundamental forces of interaction that exist in
nature. These four forces are the gravitational force, the electromagnetic force, the
weak force and the strong force. The Standard Model explains the electromagnetic,
weak and strong interactions with the help of these gauge bosons. The Standard
Model consists of 13 gauge bosons which include eight gluons, W, W~ and Z boson,
the photon and the Higgs boson. Quantum Electrodynamics (QED) is the theory of
electromagnetic force and explains the interaction between light and matter. QED
is associated with the charged elementary particles like electrons and positrons and

shows that the interaction between these particles is mediated by the massless pho-
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ton. On other hand, theory of the strong interactions is described by the Quantum
Chromodynamics (QCD) which explains how the interaction between the quarks is
mediated by the massless gluons. The quarks and gluons carry ‘colour charge’. Due
to colour confinement property of the QCD, which states “All the natural existing
particles are colourless in nature”, the quarks can not exist freely in nature but bind
themselves into the colourless particles called hadrons like protons, neutrons, pions
etc. To study the structure and properties of these sub-atomic particles they need
to be probed, explored and investigated at the level of nuclear distance which is
typically of order ~ 1 fm. This can be done by accelerating the particles using par-
ticle accelerators and then colliding them at very high energies. The final products
of these collisions are recorded in the particle detectors which are then analyzed
carefully to obtain the important information about the structure and properties of

these fundamental particles.

High energy particle accelerators are usually used as the particle colliders to
obtain the information about structure of matter and kinds of interactions involving
high momentum transfers. During the last three decades various particle colliders
like the Large Electron Positron collider (LEP) at CERN in Geneva, HERA at
DESY in Germany, the KEKB at KEK in Japan, the RHIC at Brookhaven National
Laboratory in USA, the Tevatron at Fermi National Accelerator Laboratory and
the Large Hadron Collider (LHC) at CERN, Geneva have played significant role in
major discoveries in the field of particle physics. In 1954 European Organization
for Nuclear Research (CERN) was established in Geneva to provide particle physics
laboratory to study the nuclei and the interaction between elementary particles
at high energies. The W, W~ and Z bosons were discovered in UA1 and UA5
experiments in CERN’s Super proton antiproton collider (SPS) with /s = 540 GeV.
The Large Electron Positron collider (LEP) at CERN measured the properties of
these bosons precisely. At present, network of six accelerators and a decelerator are
operated by CERN which are involved in the operation of Large Hadron Collider,
a successor of the LEP. The Large Hadron Collider at CERN is the biggest and

the most powerful particle collider of present time where protons are accelerated



and collided at enormously high energies to probe the internal structure of protons.
Since protons are not elementary particles, these are made up of quarks, so these
proton collisions are viewed as interaction between the quarks and gluons. Problems
that are being addressed at the LHC include discovery of the Higgs boson that
provides the mass to elementary particles, nature of dark matter, extra dimensions
to validate string theory, search for any super symmetric partners to extend the
Standard Model, asymmetry between matter and antimatter in the universe and

search for physics beyond Standard Model (BSM).

In high energy collisions, particles are made to collide with a total relativistic
momenta much greater than their rest masses. In these high energy interactions two
particles collide together to produce hundreds of particles in final state from a variety
of processes. These collisions can be hadronic, leptonic or heavy-ion interactions. In
case of leptonic collisions lepton-antilepton annihilate to form virtual neutral boson
like photon, v or Z° which with time decays to produce other elementary particles,
mostly lighter hadrons or mesons. In hadronic collisions the quarks and gluons inside
the two hadrons interact via quark-quark, quark-gluon and gluon-gluon interactions
to produce a large number of particles. These processes can be summarized in
the form of reaction, for leptonic collision as I-l — X , where [ is the lepton or for
hadronic collisions as h-h — X, where h is the hadron or for hadron-nucleus collision
as h-A — X, with A being the nucleus. X in the final state of these reactions can be
any number of particles. The particles produced during the collisions are recorded by
the detectors which provide information about the charge, momentum and energy of
each particle produced. The multitude of particles produced in the final state after
the collision, is termed as particle multiplicity and the distribution of these final
state particles produced during the collision is known as multiplicity distribution.
The charged particle multiplicity is one of the key measurements in these high energy
interactions which provides the information about particle production mechanism.
Several theoretical and phenomenological models based on statistics, hydrodynamics
and thermodynamics have been successful in describing the distribution of these final

state particles.
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The work presented in the thesis is based upon the study of multiparticle pro-
duction and analyses of the charged particle multiplicity distribution P, as a func-
tion of number of charged particles, n, at high energy particle collisions, correlations
amongst the produced particles and dependence of average multiplicity on the cen-
tre of mass energy in leptonic, hadronic and hadron-nucleus interactions. Various
models like the negative binomial distribution (NBD), Gamma, Shifted Gamma,
the Weibull and the Tsallis gas model have been used to describe the multiplicity
distributions and the results from these models have been compared with the ex-
perimental data obtained from the LEP, the Proton-Antiproton Collider (SPS) and

the LHC experiments. The organization of thesis is as follows:

Chapter 2 presents a brief overview of fundamental interactions, the Stan-
dard Model of particle physics, Quantum Electrodynamics, QED, the theory of
electromagnetic interactions along with the theory of strong interactions, Quantum
Chromodynamics, QCD. Different kinds of high energy interactions and the mech-

anism of particle production are also discussed in this chapter.

Chapter 3 describes the basic principle of particle acceleration, general struc-
ture of high energy particle detector, brief overview of particle accelerators and
colliders including the Large Electron Positron Collider (LEP), the Tevatron, the
Large Hadron Collider (LHC) and their detectors. Main emphasis is on the Com-
pact Muon Solenoid (CMS) detector of LHC, as part of work presented in the thesis
utilizes the CMS detector features. The brief overview of various sub-detectors of

the CMS experiment along with the experimental conditions is given in this chapter.

Chapter 4 deals with Data Quality Monitoring using the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider, CERN. In this chapter
description of how the raw data from detector is scrutinized, validated and certified
is discussed in brief. All these processes play vital role in the data analyses as it is
only after all these processes data is made available to the various CMS sub groups
for different analyses. Results of validation for the data taken by the CMS during
period 2015-16 and certification results for the 2017 CMS data are also shown.



Chapter 5 describes the statistical hadronization of multiparticle production
during high energy particle collisions. Various phenomenological, theoretical and
statistical approaches used to describe the behaviour of particles produced in high

energy interactions are discussed in this chapter.

Chapter 6 presents the results of multiplicity distributions obtained by using
several models and theoretical approaches. Results from these models have been
compared with the experimental data of multiplicity from various collider experi-
ments at the LEP, the UA5 and the LHC. Experimental data in ete™ collisions at
center of mass energy ranging from /s = 91 GeV to 206 GeV from the LEP exper-
iments, L3 and OPAL, in pp collisions at /s = 200, 540 and 900 GeV in restricted
pseudorapidity windows as well as in full phase space from the UA5 experiment con-
ducted at Proton-Antiproton collider (SppS) have been analyzed. Analysis of data
of proton-proton collisions from the CMS detector at the LHC at center of mass
energies ranging from /s = 0.9 to 7 TeV in different pseudorapidity windows for
charged particle multiplicities has been done and presented in the thesis. Moments
which provide the information about the correlation of particles are also calculated

and compared with the experimental data, in each case

Chapter 7 summarizes the results and conclusions of the work done and

presented in this thesis.



Chapter 2

Theoretical Background

Particle physics can be described very well using the theories and laws that govern
the interactions between the elementary particles. Kinematics and dynamics of these
interactions are the finest way to understand the concept of energy and matter.
Gravitational force due to the mass of particle, electromagnetic force as a result of
charges on particles, strong and weak forces inside the atom at subatomic scales play
an important role in particle physics. Structure of matter at the subatomic scale
can be obtained by colliding particles at high energy. Very high energy particle
accelerators [1] are used for colliding the particles leading to interactions, which are
used for studying the dynamics and kinematics of interactions and exploring the
structure of matter at fundamental level. Present day knowledge of matter at this
scale is very well described by the Standard Model [2,3]. Details of fundamental
particles, their interactions, the Standard Model, Quantum Chromodynamics, which
describes the strong interactions and theory of high energy particle interactions are

discussed briefly in this chapter.

2.1 Fundamental Interactions

In nature, four fundamental forces are known to exist; gravitational, electromagnetic,

strong and weak. These forces are characterized on the basis of important criteria,
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the type of particles that experience the force, the range over which the force is
effective and the nature of the particles that mediate the force. Basic characteristics

of these interactions are illustrated in figure 2.1

®u® Strength Range (m) Particle
Force which
St rong m,— holds nucleus 4§ 10715 gluons,
@ @ R (diameter of a x(nucleons)
medium sized nucleus)
Strength Range (m) Particle
Electro- <® ®» 1 , photon
" 137 Inﬁnlte mass =0
magnetic Or<@® %oin =1
Strength Range (m) Particle
&
= / 6 -18 Intermediate
3 1 1
Weak w‘@ C> ,@ . (0.1% ofome diameter :?Ew':vbp?ns
neutrino Interaction oo m&s's > 80 8:0\1
induces beta decay spin =1
Strength Range (m) Particle
Ta% * aviton ?
Gravity @>*® 6 x 1070 Infinite et
spin=2

Figure 2.1: The basic features of four fundamental forces of nature. Image source:
http://hyperphysics.phy-astr.gsu.edu/hbase/Forces/funfor.html

e The electromagnetic interaction exists between all particles which possess
charge. This force is characterized by 1/r? dependence on distance, where
r is the separation between the centers of two charged particles. It is a long
range force extending over infinite distance and is mediated by the exchange

of massless photon [4].

e Strong force, the strongest of the four fundamental forces, is responsible for
holding nucleons together inside the nucleus against the electromagnetic re-
pulsive force due to the presence of protons inside the nucleus. This force
acts between the particles carrying colour quantum number with a very short
range (~ 1 femtometer) and arises from an exchange of the quantum of strong

colour field known as the gluon [5].



Chapter 2

e The weak interaction is accountable for the beta decay process and hence con-
version of a neutron in to proton, electron and antineutrino. This force arises
due to exchange of intermediate vector bosons W+ and Z°. The exchange of
W= leads to the charged-current (CC) weak interaction and the exchange of
Z° leads to a neutral-current (NC) weak interaction. Since the intermediate

vector bosons are massive, hence weak interaction is of very short range [6].

e The gravitational force, mediated by the graviton, is the weakest in magnitude
and have infinite range. However graviton is yet to be discovered and its mass
measured. The gravitational interaction between the two particles, similar
to electromagnetic interaction, is characterized by the 1/r? dependence on
distance. Since this force has infinite range, the mediating particle (graviton)

is expected to be massless and is purely an attractive force.

Flementary Particles

Matter Force Carriers
1
\ \ \ y
Quarks ? Leptons Gluons W & Z bosons Photons  Gravitons
Quark-Lepton ‘ ‘ ‘ ‘
comp lementar ity
Hadrons Strong Weak Electromagnetism Gravity
M Forvers Quantum Quantum Quantum
IS v Chromodynamics Electrodynamics Gravity
Nuclei Electroweak Theory
Atoms Grand Unif‘ied Theory
I
Molecules Theory of Everything
Composite Particles Forces

Figure 2.2: Overview of elementary particles and the interaction forces. Image
source: https://goo.gl/images/cDnL8X

Earlier concept about the terrestrial gravity, that pulls things down to earth,
and the astronomical gravity, which holds the planets in to their orbits around
the Sun was unclear, whether they were the same or different. Newton showed
that both terrestrial and astronomical gravities are the same. The other significant
contribution about the unification was made by James Clerk Maxwell, who showed

that, electric and magnetic forces both can be united in to a single interaction known
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as electromagnetic interaction. The weak interactions were unknown for some time.
S. Glashow, A. Salam and S. Weinberg brought forward the concept of unification of
weak and electromagnetic forces. They proposed ‘electroweak theory’ [7,8], which
considers the electromagnetic and weak forces as different manifestations of a single
electroweak interaction. The theory has also been verified by collider experiments
at CERN in 1983. As a natural extension of electroweak theory it is observed
that at sufficiently high energies, the strong interaction and electroweak interaction
have convergence similar to that between the electromagnetic and weak interactions.
This lead to the proposal of unification theory of strong, weak and electromagnetic
interactions, known as grand-unified theory, GUT [9]. The unified interaction due
the unification of three forces is characterized by one unified coupling constant.
This implies that ag, coupling constant of strong interactions, a., electromagnetic
coupling constant and weak coupling constant, «a,, will converge together at very
high energy of order ~ 10'® GeV, at a GUT scale. Till date no strong evidence
has been found which could describe the Grand Unified Theory. The unification
of grand-unified interaction and gravitational interaction is known as ‘Theory of
Everything’ (TOE) [10], giving rise to a universal interaction as shown in figure 2.2.
Grand unification is the intermediate step towards the establishment of the Theory
of Everything. It is a theoretical framework which can explain and unify all the
aspects of physics of the Universe together. At present TOE is one of the major

unsolved problems of physics on which physicists are working.

2.2 The Standard Model of Particle Physics

The Standard Model (SM) [11] of elementary particle physics is a framework that
describes all the elementary particles and their interactions. It incorporates the
theories of the electromagnetic, weak and strong forces, but excludes theory of grav-
itation. SM describes the Universe in terms of matter and force carriers. The
building units of matter are particles called fermions, with spin-1/2 and categorized

into leptons and quarks. Quarks exist in bound states as hadrons, containing either
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two or three quarks: quark anti-quark pair (mesons) and three quarks (baryons),

instead of existing individually.
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Figure 2.3: The Standard Model of elementary particles with the three
generations of matter, gauge bosons and the Higgs boson. Image source:
http://www.texample.net/tikz/examples/model-physics

The fundamental forces in the SM are mediated through the exchange of bosons
having spin-1. The photon, 7, is the carrier of the electromagnetic interaction, eight
gluons mediate the strong interaction whereas the weak interaction is mediated by
the W and Z bosons. Higgs, a spin-0 scalar boson, is a quantum excitation of the
Higgs field. It plays an important role in the Standard Model and was discovered
in 2012 at the Large Hadron Collider (LHC). Higgs mechanism is associated with
the Higgs field which explains why the photon is massless whereas W, Z bosons are
massive. SM is mathematically consistent and the framework for it is provided by
Quantum Field Theory (QFT). The Standard Model can be defined mathematically
using SU(3) x SU(2) x U(1) local gauge symmetry [12,13]. The three factors of
the gauge symmetry lead to the three fundamental interactions, strong, electromag-
netic and weak. The SU(3) term defines the strong interaction between quarks and

gluons, with three degrees of freedom of colour charge. SU(2) x U(1) gauge group
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defines the electroweak interaction which is a combination of the weak and electro-
magnetic interactions. The Standard Model predictions have been well verified in
the past by various experiments at the Large Electron Positron collider (LEP) in
ete” collisions and at the Tevatron in proton-antiproton collisions, at high energies.
Figure 2.3 describes the particle constituents of the Standard Model according to
which all visible matter of the Universe is made up of basic building units called
fundamental particles, categorized in three generations each of quarks and leptons,
which interact via three of the four fundamental forces electromagnetic, strong and
weak. In addition to quarks and leptons, field bosons complete the picture of SM
along with the Higgs Boson, which is responsible for Electroweak symmetry break-
ing via Higgs Mechanism [14]. Interaction summary between all the fundamental
particles and forces are shown in figure 2.4 and their properties are described in the

following sections.

leptons

quarks

photon
Higgs boson

weak bosons

Figure 2.4: Schematic diagram summarizing the interactions amongst the elemen-
tary particles. Image source: https://en.wikipedia.org/wiki/Standard-Model
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2.2.1 Leptons

Leptons are half integral spin particles, which do not take part, in strong interaction,
carry either one unit of charge or zero charge [15]. Lepton group has six different
species of particles; three of them are charged and the other three are neutral.
The charged leptons are electron (e), muon (u) and tau (7), which are negatively
charged and have distinct masses. Each charged lepton has an associated neutral
partner known as neutrino v,, v,, and v.. Neutrinos are considered as massless in
the SM, but the experimental observations confirm that the neutrinos have non zero
masses [16]. Each of the six leptons has a distinct anti-particle, known as antilepton.
The mass of an antilepton is same as that of the lepton, but all of other electric or

magnetic properties, e.g. charge, lepton number, etc., are opposite.

Symbol Mass Charge  Mean life spin Antiparticle

Lepton (Nev/c?) (sec)
Electron e 0.511 -1 stable 1/2 et
e-neutrino Ve <22x107°° 0 stable 1/2 v,
Muon [ 105.7 1 22x10°%  1/2 ut
p-neutrino Vy < 0.17 0 stable 1/2 v,
Tau T 1777 -1 29x 10718 1/2 T
T-neutrino vy <155 0 stable 1/2 7

Table 2.1: Leptons and their characteristics

Some properties of the leptons are listed in Table 2.1. Each lepton is assigned
a lepton number, L (L.-,L,~, L,-) equal to 1 and each antilepton (Le+, L+, L+)
the lepton number is - 1 . All other particles which are non-leptonic have lepton
number of 0. In all interactions involving leptons each of the lepton numbers is
conserved separately in order to obey conservation laws i.e conservation of muon
number, conservation of electron number and conservation of tau number. Another
important property of leptons is the helicity, which tells the direction of particle’s

spin relative to its momentum. When the direction of the spin of a particle is the
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same as the direction of its motion, it is called right handed where as left handed
particles are those which have spin and motion in opposite direction as shown in
figure 2.5. All leptons in the Standard Model are normally considered as left handed,

where as antileptons as right handed.

Right-handed: Left-hanqed.

P

- e

\ \

Figure 2.5: Leptons with right handed and left handed chirality. Image source:
http://www.wikiwand.com/en/Chirality_(physics)

2.2.2 Quarks

The important building blocks of matter are quarks which are fractionally charged,

half integral spin and strongly interacting objects, form the composites known as

hadrons: mesons (gq state) ' and baryons (qqq state) 2. There are six different
flavours of quarks: up (u), down (d), strange (s), charm (c), bottom (b) and top
(t). The anti-particles of these quarks, i.e., antiquarks have opposite signs of elec-
tric charge, baryon number, strangeness, charmness, bottomness and topness. The

properties of the quarks are tabulated in Table 2.2.

The mesons [17] have integral spin and are the constituent combinations of a
quark and an antiquark. The baryons [17] have half integral spin and are constituent

combination of three quarks. Since quarks, having half integral spin, are fermions

1 Meson: Gq state with zero or integral spin

2 Baryon: qqq state with half integral spin
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Figure 2.6: The colour constituents of baryons, antibaryons and a meson. Image
source: http://inspirehep.net/record/1615882

Symbol Mass Charge Strangeness spin Antiparticle

Quark (GeV/c?) (e) S
Up u 0.002 +(2/3) 0 1/2 u
Down d 0.005  -(1/3) 0 1/2 d
Strange s 0.5 -(1/3) -1 1/2 5
Charm c 1.5 +(2/3) 0 1/2 ¢
Top t 174 +(2/3) 0 1/2 t
Bottom b 4.3 -(1/3) 0 1/2 b

Table 2.2: Characteristics of quarks

and hence follow the Pauli’s exclusion Principle, no two quarks in the baryon, qqq
state, can have exactly the same properties. So another quantum number, ‘colour’
with a three-fold degree of freedom, for the quark is introduced to resolve this
problem. The quarks have three primary colour charges: red (r), green (g) and blue
(b); whereas antiquarks have complementary colours: Cyan (7), magenta (g) and
yellow (b).

All particle states observed in nature are colourless; baryons have a colour
state (rgh) and mesons exist in a pair of colour-anticolour quarks as shown in figure
2.6. Gluons are bicoloured and the exchange particles for the colour force between
quarks, similar to the exchange of photons in the electromagnetic force between two
charged particles. The gluon-exchange process changes the colour of the quarks and
the colour of individual quarks changes continually as the gluons are exchanged as

shown in figure 2.7.
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Figure 2.7: A Feynman diagram of gluon exchange process of quarks. Image source:
https://faraday.physics.utoronto.ca/PVB/DBailey /SubAtomic/Lectures/LectF23

2.2.3 Bosons

The interaction between two particles is mediated by the exchange of another particle
between them. The particles which are exchanged, are known as field bosons and are
the carrier of the force (interaction). These particles follow Bose-Einstein statistics
and have zero or integral spins. The carriers of weak interaction are known as
intermediate vector bosons. There are two types of such intermediate vector bosons:
neutral and charged. The neutral vector boson (Z) is of spin one with mass almost
97 times the mass of the proton. The charged boson (W) is also spin one particle
with charge either +e or -e. The mass of W-boson is around 85 times the mass of the
proton. Since the masses of the force carriers are very high, so the weak interactions
are of short range. The particles exchanged, among the quarks to produce the
strong interaction, are known as the gluons. A total of eight gluons are postulated
by the quark model. A gluon carries a colour and an anti-colour. The emission or

absorption of a gluon by a quark changes colour of the quark as described above.

The force carrier of the electromagnetic interaction is a neutral massless par-
ticle, photon. Since the photon has no mass, the electromagnetic interaction is of
long range and follows 1/r? dependence. We can consider that the unification of

electromagnetic forces and weak forces, is the manifestation of a single electroweak
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force carriers
BOSONS spin=20,1, 2, ...

'Unified Electroweak spin=1| | Strong (color) spin =1
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Figure 2.8: Fundamental bosons in the Standard Model of particle physics. Image
source: http://www.cpepphysics.org/images/Bosons.jpg

force in the electroweak theory. The electroweak force is mediated by four massless
bosons and hence is a long range force. Three of these bosons acquire mass by the
phenomenon of ‘Spontaneous Symmetry Breaking’. These three massive bosons are
W= and Z-bosons, which also reduce the range of weak part of the electroweak
interaction. The fourth electroweak boson, the photon remains mass less and hence
the range of the electromagnetic force remains infinite. The field bosons and their

properties are summed in figure 2.8.

2.3 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the relativistic quantum field theory of elec-
tromagnetic force and explains the interaction between light and matter. QED is
associated with the charged elementary particles like electrons and positrons and
mathematically describes the interaction between these particles as mediated by the
massless photon. As QED interactions involve the charged fermions and photons
so the Lagrangian, £ of QED consists of the Lagrangian due to free charged Dirac
fermions [18] and the Lagrangian of the electromagnetic field. i.e. £ = Lp + L -

Thus Lagrangian density can be written in the form [19]
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_ 1 ,
L=Lp+ Ley =1(x)(4"0, — m)(x) — ZFWF“ (2.1)
where 9 is the spin 1/2 field (fermion field), 7, ® represents the Dirac matrices,
O 4 represents the co-variant derivative and the F,, is the electromagnetic field
tensor describing the electromagnetic field coupling strength. Field strength tensor

can be written in terms of 4-vector potential A* ( = A% A)% in the co-variant form

as;

F, = 8,4, — 0,A, (2.2)

Where the components of the field strength tensor are the components of

electric and magnetic fields;

o E' E> E°
-E' 0 -B® B
~E* B* 0 -B
~E* B> B' 0

Under the transformation of A* — A™ = A* + 0, 6(x); field strength tensor,
F

w and hence Lagrangian, L. ,, remains invariant. In the transformation 6(z) is

the differentiable function of space time and hence values of A* are different at each

space-time point. Such transformations are called ‘local gauge transformation’.

The Lagrangian of the free Dirac field, £p remains invariant under transfor-
mation ¥(x) — ¢'(z) = e 9% ¢)(x), where e is the unit of electric charge, which is
basically the charge of the electron and () is the charge of the particle. In this trans-

formation @ is a global parameter having same value at all space-time points. Due

37ﬂ is 4 x 4 Dirac matrices which follow the anti-commuting relation, {y*, v, } = 2g¢,, with
g"" is the metric tensor having components = diag(1,-1,-1,-1)

44-gradient partial derivative in space-time coordinates given by Oy = % with p =x,y, 2z, t
"

SA* is a 4-vector potential which can be expressed in terms of a scalar quantity A° and a 3
vector A
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to involvement of this global parameter such transformations are called as ‘global
gauge transformation’. If § is made a function of space-time then the Lagrangian,

Lp fails to remain invariant and changes, and is given by equation (2.4).

Loy = (@) (70 — m)Y () (2.4)

= Ly(@) + €Q(0,0)1 ()7 () (2.5)

The extra term at right side includes 9,0 that transforms like a 4-vector. To
compensate this term another 4-vector, (Let’s say A*), is needed to be introduced

in the Lagrangian. The new Lagrangian in this case is given by;

L) = V(@) (90 — m)v () + eQub(z)y"(x) A" (2.6)

This new Lagrangian remains invariant under local gauge transformation of
Y(z) = P (z) = e7°@ y(z) and A" — A" = A" + 9, 6(x). The transformed

Lagrangian in this case is;
Ly = ¥'(@)(4" 0y — m)y/ (x) + eQy' (x)y"y (w) A (2.7)

= (@)1 0 — m)Y(x) + eQ(A™ — 0,0(x))¥! (x)y"¢/ (x) (2.8)

It is clear that equations (2.8) and (2.6) are same if A" = A* + 0,. 6(x).
This is the same transformation under which the free Lagrangian of electromagnetic
field remains invariant. This 4-vector A* is named as photon field. Adding this new
Dirac Lagrangian to the Lagrangian of e.m field we have the Lagrangian of QED [20]

which describes the dynamics of charged fermions and photon.

Lown = B(x) (14" 9, — m)w(a) — %FWF“” — QU () A (2.9)

The last term of the Lagrangian represents the interaction of charged fermions
with electromagnetic field, photon and is responsible for the creation and annihi-

lation of the particle with the help of photon field. QED was the first successful
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quantum field theory which incorporated the ideas of particle creation and anni-
hilation into a consistent framework. The mathematical expressions to describe
the behaviour of subatomic particles in the electromagnetic interactions are repre-
sented by a series of pictorial representation called ‘Feynman diagrams’. Feynman
diagram [21] consists of points, vertices, and lines attached to the points. It repre-

sented in time-space axes and defined by three key actions.

Space

Figure 2.9: Three basic processes involved in a Feynman diagram. Image source:
http://www.wikiwand.com/en/Quantum_electrodynamics

e An exchange particle, called gauge boson (e.g. photon, 7) going from one place
and time to another place and time.

e A charged particle (e.g. e™ or e”) going from one place and time to another
place and time.

e Emission or absorption of a gauge boson by a charged particle at a certain

place and time.

These actions are represented by a wavy line for the photon, a straight line for
charged particle and a junction of two straight lines and a wavy one for a vertex to
represent absorption or emission of a photon by a charged particle as shown in figure
2.9. It is to be noted that particle line moving backwards in time in the Feynman
diagram represents the anti-particle going forward. Interaction of two oppositely

charged particles (e*/e™) is the simplest example which can be described by using
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QED. The charged particles like electron and positron (antiparticle) annihilate to
form the photon which further decays to form the electron-positron pair. This
process is known as ‘Bhabha scattering’ and Feynman diagram for this process is

shown in figure 2.10.

Figure 2.10: A Feynman diagram for ‘Bhabha scattering’, eTe™ coulomb attraction.
Image source: http://www.wikiwand.com/en/Quantum_electrodynamics

The Feynman diagrams help us in determining the order of process from num-
ber of vertices involved in the QED interactions. The lowest order physical processes
in QED which involve of only two charged particles and one photon, are second or-
der processes as it involve the Feynman diagrams with two vertices e.g. ‘Bhabha
scattering’. But there is a possibility that QED interactions involve an infinite
number of photons making the processes complex. These processes can have higher-
order contributions due to involvement of multiple exchange of photons. Figure
2.11 shows the processes with fourth order contributions coming from the Feynman
diagrams. These diagrams are called loop diagrams and can yield infinite number
of contributions. There are infinite number of ways in which photon can divide its
momentum between the electron and positron on the internal loop to follow energy-
momentum conservation. In order to perform the precise mathematical calculations,
like cross section calculations, all these infinite contributions need to be considered
which is impossible. This problem of infinite contributions is removed with a process

called re-normalization. Richard Feynman [22], Julian Schwinger [23] and Sin’Itiro
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Tomonga [24] shared the Noble Prize for this work. Re-normalization process treats
the infinities by readjusting the values of quantities like coupling constant, nor-
malization of propagators to compensate for effects of their self-interactions. This
process of readjusting the quantities simply eliminates the infinities by cancelling
the positive infinities to negative infinities and leads to finite number of Feynman
diagrams. Renormalizability allows the QED to predict the values of observables,
like cross section, in very close agreement with the experiments. For details of

renormalization refer to [25].

Figure 2.11: Fourth order contributions from a Feynman diagram. Image source:
http://jefferywinkler.com /standardmodel2.html

2.4 Quantum Chromodynamics

The theory of strong interactions is known as ‘Quantum Chromodynamics’ (QCD)
due to the property of ‘colour’ for the quarks. Two important features of the QCD

are briefly described below;

e Quark confinement : Although it is predicted that hadrons themselves are
not the fundamental particles, they are further constituted by point-like parti-
cles called quarks. But, no quark has been isolated till date since its prediction.
This feature has been explained by Quantum Chromodynamics (QCD) [26]
through the mechanism of quark confinement [27]. The explanation of the

quark confinement is given by the idea that the attractive force between two
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quarks inside a hadron goes on increasing as the quarks are moved apart from
their equilibrium spacing. Therefore, more and more energy is required to in-
crease their separation. This increased energy is utilized to form a new quark-
antiquark pair rather than isolating the quarks present inside the hadrons.
This quark-antiquark pair results in the formation of a meson. An example of
the quark confinement is explained in figure 2.12. Two quarks, ¢; and ¢y, in-
side a hadron are pulled apart by providing energy to increase their separation.
The energy, thus provided, ends up with the formation of new quark-antiquark

pair, g3 and ¢4, rather than isolation of the former two quarks.
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Figure 2.12: Pictorial representation of quark confinement. Image source:
http://inspirehep.net/record /841791

e Asymptotic freedom : The behaviour of quarks at short distances and
at high energies, where momentum transfer is large, is explained by the term
‘asymptotic freedom’ [28]. In QCD, interactions between the quarks occur
via exchange of gluons with certain momentum, Q. When quarks inside the
hadrons come closer, the force between them becomes very weak in a way that
it decreases asymptotically. As a consequence quarks behave as free, weakly
bound and non-interacting particles. This behaviour is known as ‘asymptotic

freedom’.

Both asymptotic freedom and confinement are the consequences of behavior

of QCD coupling constant ag, which determines the strength of interaction
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between quarks and gluons. The dependence of ag on the energy scale Q is

mathematically given by

B 41
b 17”6(622//\2)013)2

as(Q?) (2.10)
where b = (33 - 2ns)/3, ny is the number of active quark flavors and Agep
is the QCD scale parameter with the dimension of energy and () denotes the
momentum transfer. Experimentally measurements of Agep yield values of
around 200 GeV. The perturbation coupling becomes very large at the scale
Agep- The equation (2.10) [26] shows that confinement of quarks and gluons
inside hadrons is actually a consequence of the growth of coupling at low
energy scale, which decreases at high energy scale. The behavior of the QCD
coupling is the result of the non-abelian nature of the strong interaction which
is characterized by the presence of self interaction of gauge bosons. Figure
2.13 shows the variation of strong coupling constant ag with Q, obtained from
various experimental observations [29]. According to Particle Data Group
(PDG) [29] , the current world average value of the strong coupling constant

at the scale of mass of Z boson is ag(Mz) = 0.1181 £ 0.0011.

April 2016
o (Q? v Tdecays (N3LO)
§ Q a DIS jets (NLO)
8 Heavy Quarkonia (NLO)
03! o e'e jets & shapes (res. NNLO)
® c.w. precision fits (NNNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)
0.2+
0.1 AP PEnET 7
= QCD 0g4(Mz) =0.1181 £0.0011

10 Q [GeV] 100 1000

Figure 2.13: Different experimental determinations of the strong coupling constant
ag evolved at the energy scale QQ are shown as a function of Q. Plot taken from [29]
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2.4.1 Perturbative and non-perturbative QCD

The property of asymptotic freedom allows a perturbation treatment for calculations
of QCD when the separation between partons is very small, corresponding to a high
energy probe. In most of the cases, making predictions with QCD is extremely
difficult, due to the infinite number of possible topologically-in-equivalent interac-
tions. But at short distances, the coupling is very small. As a result this infinite
number of terms can be approximated accurately by a finite number of terms. This
is achieved by the pQCD [30], which means perturbative QCD (pQCD) allows for
the prediction of an observable (e.g. the scattering cross section) to be expressed in
terms of finite expansions of power series in coupling constant a,g, in which a simple

system is “perturbed” by higher order corrections:

f:f1+f2as+f304§ (2.11)

for example f; can be the scattering cross section. The pQCD calculation of an
observable associated with a given scattering process is determined by summing
up over the amplitudes of all Feynman diagrams associated with the scattering as
described in reference [30]. Due to colour confinement one cannot observe free quarks
and gluons, so most of the strong interaction processes can not be calculated directly
using perturbative QCD. Hence pQCD can not be applied at the longer distances
or at low to moderate energy/momentum values. The Best example to describe
the non-perturbative part in QCD is the hadron physics [31] and its structure.
In order to study the complete scattering processes like lepton-hadron or hadron-
hadron scattering processes, QCD factorization theorem [32] is used. According to
this theorem such processes can be divided into two parts, a soft part containing the
non-perturbative long-range dynamics for low-moderate momentum exchange, and a
hard part, which encodes the quark-gluon sub-processes calculated using pQCD, for
the high-momentum exchange between the quarks in the hadron-hadron scattering

and between the lepton and quarks of a hadron in lepton-hadron scattering.



2.5 High Energy Interactions 25

2.5 High Energy Interactions

In high energy collisions of hadrons and leptons, a large number of particles are
produced through different interaction channels. The interaction amongst different

categories of particles are discussed below.

2.5.1 Leptonic Collisions

Leptonic collision [33] processes are much simpler than the hadronic collisions [34].
Being the elementary particles and due to the point like nature of leptons, like
electrons and positrons (and their antiparticles), leptonic collision processes are
much clean and suitable for accurate experimental measurements. Other advantage
of leptonic annihilation is that all of the center of mass energy is available for particle
production and there are no remnants. Collision between an electron and a positron
leads to creation of virtual particle like a Z boson [35] or a photon or a pair of
W boson, W+ and W™, via the annihilation process. These virtual particle then
decay instantly to produce other elementary particles, which are then detected by
the particle detectors. Figure 2.14 represents the production of hadrons from the

electron-positron collision. This whole process can be summarized as;
ete” = (Z2°/y)* — W* — ¢¢ — hadrons

From a theoretical point of view, the production of hadrons from the leptons
(ete”™ — hadrons) can be understood as a succession of three phases as shown
in figure 2.15. These phases are electroweak phase, perturbative QCD phase and
non perturbative QCD phase. First phase, the electroweak phase, directly involves
collision of the leptons (electron and positron) which annihilate to produce virtual
photon or Z boson or pair of W boson, W*, which then decay instantly into a
quark-antiquark (¢g) pair. In second perturbative QCD phase a large number of
quarks and gluons (partons) are produced from the quark-antiquark ¢g pair created

in the electroweak phase. Quantum Chromodynamics (QCD) provides the expla-
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hadrons

hadrons

Figure 2.14: Hadron production in the leptonic collision process. Image source:
https://www.quantumdiaries.org/tag/petra/

nation of production of the large number of partons. In QCD, multi partons are
produced due to the interactions between quarks and gluons. These interactions
lead to the formation of additional quark-antiquark pairs and gluons (i.e. partons)
in a cascading process called as parton showers. At larger distances and smaller
energies perturbation theory can not be used to explain the formation of particles.
In the third non perturbative QCD phase coloured partons formed in the second
phase fragment together to form colourless hadrons. This process of formation of
colourless hadrons from coloured partons is called as hadronization. Some of the
hadrons formed during hadronization can be unstable and decay into the smaller

and stable final state particles which are recorded in the detector.

16234567891{'["
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Figure 2.15: Pictorial representation of electron-positron collision and its outcome.
Image source: http://www.particleadventure.org/eedd.html
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2.5.2 Hadronic Collisions

Interaction processes are complex and influenced by strong interactions in hadronic
collisions. These collisions are basically the interaction between the quarks and glu-
ons which are the constituents of the interacting hadrons. Incoming hadrons provide
“broad-band” beams of partons which posses varying fractions of the momenta of
their parent hadrons. The probability that determines which of the constituents in-
teract, is governed by the parton distribution functions [36] f(x, Q?), which depend
on the momentum fraction z of the interacting parton and the momentum transfer
)? in the interaction. Momentum fraction, z, is defined as fraction of momentum
carried by the interacting parton (quark or gluon) from the total available momenta
whereas Q2 is defined as the momentum which is exchanged during the interaction

between the particles.

Figure 2.16: Hadronic collision with hard interaction between partons. Image
source: http://inspirehep.net/record/1251416/plots

Most of the partonic interactions in the hadron-hadron collisions are soft, lead-
ing to small momentum transfer (Q?) described by non pQCD. Where as hard inter-
actions involve the processes having large momentum transfer and may lead to the
new physics. In this region the strong interaction can be described by perturbative

QCD only. With sufficiently large momentum transfer, the interaction between two
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hadrons can be viewed as interactions between the constituents of hadrons (figure
2.16). So the interacting parton i(j) carries a sufficiently large momentum fraction
to probe the inner structure of the other hadron 1(2). The remaining partons in-
side the colliding hadrons participate only minimally in the interaction. The cross

section for a hard scattering process initiated by two hadrons is given by
1 ..
oot = [ dodny Y i, Q) (0, Q) x 67 (2.12)
0 ij

In the hard process momenta are given by p; = z1 P}, and p; = 22 F. In most of the
cases r1 = To. The short-distance cross section for the scattering of partons from
A and B is denoted by ¢%. The sum is over all partonic processes which produce

particles ¢ and d.

“Hard” Scattering

outgoing parton

proton proton

underlying event underlying event

outgoing parton

Figure 2.17: Overview of all the processes involved in hadronic collision. Image
source: http://inspirehep.net/record/853601 /plots

The presence of a significant number of soft interactions ¢ between colliding
hadrons, possible multiple parton interactions and gluon radiation from the initial
partons before the hard interactions, initial state radiation-ISR as defined below,

complicate things even further. Figure 2.17 shows the proton-proton collision in

6Soft Interactions: Interactions in which low energy particles are involved. The momentum
transfer between the particles in such cases is very small, i.e. pr < 1 GeV
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which 2 to 2 parton scattering has occurred. In addition to the hard scattering ”,
there is a secondary interaction which is not associated with the primary leading
hardest parton-parton process. The event (particle production) coming due to this
secondary interaction process is called as ‘Underlying Event (UE)’ [37]. UE can
be semi-hard or soft interaction process due to the energy scale which is typically
of order < 1 GeV. Main components of UE are initial and final state radiations,
multiple parton interaction at low transverse momentum and beam beam remnants.
Initial state radiation (ISR) and final state radiation (FSR) are defined as emission of
photon or gluon by the incoming and outgoing partons respectively and are shown
in figure 2.18. The particles that come from the splitting of the protons and do
not participate in the initial-state radiation, hard-scattering process and final state
radiation are referred as ‘beam beam remnants’. The steps involved in production
of particles in hadronic collision are shown in figure 2.19 and can be described in

following processes :

Incoming Beams: Two particle (p/p) bunched beams approaching each other

with equal and opposite momenta at very high energies.

Initial State Radiation is defined as showering of radiation from the incom-
ing particles. In ISR one of the partons (quark or gluon) from the incoming particle
(protons) emits radiations like photons or gluons before interacting with partons of
the other particles. This emission of radiation leads to the reduction of beam energy

available for the collisions. They can branch like ¢ — qg, q — vg or g —gg.

Hard Interaction: It occurs between two partons with momentum transfer
with pr > 1 GeV from the beam which produces outgoing partons. It is also possible
to have more than one hard scattering in the same collision, leading to the so called
multiple parton interaction. The interacting partons carry only a fraction of the
total beam energy, and some of the partons are called beam remnants, since they

do not participate in the collision.

Semi Hard and Soft Interactions (Underlying Event): Several semi-hard

"Hard Interactions: Interactions which involve high energy partons. The momentum transfer
between the partons is large in these interactions, i.e. pr > 1 GeV
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interactions occur between other partons. Soft processes like single, double and non

diffractive processes will be discussed in detail in the next section.

Final State Radiation: After the collisions of two hadrons, the outgoing
scattered particles may emit radiations like photon or gluon. This emission of radi-
ations and branchings of the outgoing partons (q — qg, ¢ — g or g —gg) is called
as ‘Final State Radiation (FSR)’. These processes become more relevant at higher

energies.

w+ v

& g t (66665@ Final state radiation
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Initial state radiation

q

Figure 2.18: A Feynman diagram representing the final state radiation, FSR
and initial state of radiation, ISR in quark-antiquark interaction. Image source:
https://slideplayer.com/slide/8029144/

Hadronization: In a process which involves outgoing partons (quarks and
gluons), a large number of hadrons can be seen due to parton fragmentation. Due
to confinement, a net colour charge cannot exist freely, thus the produced partons
are not observed in nature. Instead, partons join together in colourless combinations
leading to the process of hadronization [38]. This process of hadronization leads to

a collimated spray of hadrons which is referred to as a jet.

Decay: If the hadrons produced during fragmentation are unstable, they decay
in to lighter stable particles.
2.5.3 Interaction Processes

Hadronic interactions consist of both hard scattering and soft scattering. Hard

scattering processes can be described very well using perturbative QCD. But soft
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Figure 2.19: The basic steps involved in the production of particles in a hadronic
collision. Image source: http://inspirehep.net/record/1251416/plots

processes which dominate the collision can not be described by pQCD. The hadronic
interaction can further be divided in to elastic and inelastic interaction by looking

in to the outcome or final state of collisions.

Elastic Scattering: Elastic scattering is a collision between two particles in
which final and initial states are the same e.g. a + b — a + b. The total momentum
of the two particles after the interaction is equal to their total momentum before
the collision. For instance, at the LHC two protons are produced after collisions of

two protons;

pP+p—pP+Pp

Inelastic Scattering: In an inelastic scattering final and initial states are
different from each other. Several other particles are produced after the collisions.

e.g. the collision of two protons;
p+p—x+ ..

Inelastic interactions can be classified into non diffractive and diffractive pro-

cesses [39)].

e Non Diffractive: In ND process, exchange of colour charge takes place between

the colliding particles which results in production of more hadrons from the two
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colliding particles. These ND interactions are dominant in hadronic collisions

and consist of around 55 % of total events produced by all scattering processes.

e Diffractive : In QCD, Pomeron (IP) is considered as a flavourless and colour-
less multiple gluon combination or a glue-ball. Diffraction occurs when the
Pomeron is exchanged and interacts with the proton to produce a diffractive
system. In a diffractive process there is very small transfer of energy between
the two interacting protons, but one or both protons fragment to produce multi
particle final states (hadrons). Diffractive processes can be further divided in
to Single and Double diffractive processes. In SD only one of the incoming
particles fragments to produce more particles while the other incoming particle
remains intact with small alteration of momentum. In DD both the incoming
particles fragment to produce more particles. In addition to above mentioned
processes there is one more type of process in which single diffractive process
is suppressed. This process is called as inelastic non-single-diffractive (NSD)
process and defined as sum of non diffractive and double diffractive processes.

These processes are shown in figure 2.20.
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Figure 2.20: Types of Diffraction processes from left to right a) Elastic scattering
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I

b) Inelastic scattering c) Single diffractive process d) Double diffractive process.
Image source: http://www.desy.de/2011summerstudents/2014 /reports/

Interaction between any two particles like hadrons can be described in terms
of cross section. The cross section gives the measure of probability of particle pro-
duction and is calculated by measuring the number of particles produced. To find
the probability of particle production in the interaction process total cross section

needs to be measured. The total cross section for hadronic process like pp collision
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is calculated by summing the cross sections of elastic and inelastic processes .i.e.

Ototal = Oel + Oinet = el + (0sp + 0pp + OnD) (2.13)

2.5.4 Multi-Particle Production in High Energy Interac-

tions

In high energy collisions, both the colliding and the produced objects can be hadrons,
mesons or leptons which are recorded in the particle detectors designed suitably to
record different kinds of particles. The multitude of particles [40] produced in rela-
tivistic collisions follow certain production rules which can be predicted in terms of
various models, some of them including the laws of statistical mechanics. A num-
ber of phenomenological approaches have been brought forward to characterize the
multi-particle production in high energy interactions. Many of the physical observ-
able of the collisions follow distributions in the phase space as predicted by these
models within the statistical fluctuations. An observable which is the first one to
be measured and accounted for in any experiment is the charged particle multiplic-
ity [41,42]. Being the key observable of high energy collisions, study of charged
multiplicity distributions provides notable constraints for models of multi-particle
production. Several models [43-45] combining statistics and thermodynamics have
been successful in the description of particle production in a systematic way. These
statistical thermodynamical models have been developed to understand the high
energy collisions by considering the produced particles as a gaseous system in which
entropy of the system is taken into consideration. Thus, concepts from statistical
mechanics and ensemble theory play an important role to study the characteristic

properties of charged particle production.

Multi particle production in high energy collisions can result in any number of

particles. Nearly all the models make predictions for charged particle multiplicity

1

variable. In addition, the dependence of this variable on the rapidity [46] ( y= 5

E+Pp,

In 725

) and on the transverse momentum yields important information about the
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particle dynamics. The LHC being the highest energy pp collider produces hundred
of particles of different kinds having a wide range of energies and rapidities. The
proton proton interactions at LHC lead to a huge amount of data at the highest
collision energy which motivated us to analyze these data. The work reported in the
thesis is based on various aspects of the multi-particle production. In the present
study the regularity and irregularities in multiplicity distributions and characteris-
tic properties of charged particle production at high energy leptonic and hadronic
collisions using various models have been investigated. Details of such models are

explained in chapters 5 and 6.
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Chapter 3

High Energy Particle Accelerators
During Last Three Decades

High energy physics commonly known as Particle Physics is the study of the funda-
mental forces of nature and the particles, their behaviour and interactions at very
high energies. To study the physics at very high energy we need to probe at very
small distance, which is small compared to nuclear radius ( ~ 1 fm). To achieve this,
highly energetic subatomic particles are used as probes. In order to produce beams
of such particles with large momenta, they need to be accelerated using particle ac-
celerators. This makes the particle accelerators very important research tool in high
energy physics. In this chapter, high energy particle accelerators [1] which are used
for the study of elementary particle physics are described. Electron-proton collider
HERA (Hadron Elektron Ringanlage) at DESY, antiproton-proton collider (Teva-
tron) at Fermilab, electron-positron collider LEP (Large Electron Positron Collider)
and proton-proton collider, LHC (Large Hadron Collider) at CERN are amongst
the largest particle colliders which have been used in the last three decades to ex-
plore the frontiers of particle physics. The detailed description about the general
structure of modern day high energy particle detector, the principle of acceleration
of particles and the experimental set up of the accelerators used in the analyses

are briefly described in this chapter. The LHC and the CMS detector have been
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described in detail due to our participation in the CMS experiment.

3.1 Principle of Particle Acceleration

A particle accelerator is a device which uses electromagnetic fields to increase the ve-
locity of charged particles to nearly the speed of light. Accelerators can be classified
broadly in to two classes: electrostatic accelerators and electrodynamic accelerators.
Electrostatic accelerators make use of static electric fields to accelerate the particles
whereas electrodynamic accelerators use varying electromagnetic field (oscillating
radio frequency fields) for acceleration purpose. Electrostatic accelerators are gen-
erally known as high voltage D.C. accelerators as a constant high voltage is built
up between the two terminals of an evacuated tube and particles are accelerated on
their passage across the space. In these types of accelerators the gain in the energy
is limited to the accelerating voltage of the machine. Cockcroft-Walton machine [2]
and the Van de Graaff machine [3] are the best examples of electrostatic accelerators.
As electrostatic accelerators can increase the energy of charged particles upto MeV
only, so in order to increase the energy of particles to higher magnitudes electrody-
namic accelerators are used which use the mechanism of resonant circuits or cavities
inspired by oscillating RF fields. Electrodynamic accelerators can be classified in to

linear and circular accelerators.

3.1.1 Linear Accelerator

A Linear Accelerator which is often called as ‘linac’ accelerates the particles in a
straight line by using oscillating radio frequency (RF) fields. The RF fields give a
series of accelerating kicks in correct phase at a series of electrode gaps as shown
in figure 3.1. The accelerator consists of array of hollow, metallic cylindrical drift
tubes (plates) which are separated by small gaps and are enclosed in an evacuated
glass chamber. An alternating field of high energy is applied on these drift tubes.
When the particles approach towards a drift tube they get attracted towards it due



3.1 Principle of Particle Acceleration 41

to an opposite polarity charge applied to the tube. The polarity of the tube is
switched when particles pass through the tube, this makes the tube to repel the
particles and accelerate them towards the next plate. Till date Stanford Linear
Accelerator, SLAC, ( electron-positron collider) is the longest linear accelerator in
the world having length of 3 km. More information about the SLAC can be found

in reference [4]. It can accelerate electrons/positrons up to 50 GeV

drift tubes

li
U

RF source

Figure 3.1: Principle of a linear acceleration

3.1.2 Circular Accelerator

In circular accelerators, particles move in a circular path to achieve the desired en-
ergy. Electromagnets are used to bend the particle’s tracks in to a circle. The ring
topology used in circular accelerators allows the continuous acceleration of particles
because of the continuous movement of the particles. Circular accelerator can be
classified in to three types namely, Cyclotron, Synchrocyclotron and Synchrotron,
depending upon the requirement of desired value of energy of the particles. Cy-
clotrons use a pair of hollow ‘D’-shaped electrodes (metal plates), separated by a
narrow gap, for the acceleration of the particles. The two Dees facing each other are
placed between the two poles of electromagnet which provides static magnetic field
perpendicular to the Dees. This field is used to bend the path of a particle into a
circular orbit. The charged particles are injected at the center of this gap and due to

the magnetic field, particles move in a circular path with constant speed inside the
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Dees. A high frequency alternating voltage is applied across the gap between the
Dees. The frequency is set in such a way that the particles complete one complete
round during a single cycle of the voltage. The frequency, f, of the RF field in the
static magnetic field, B, should match the resonance frequency of particle of charge,

q and rest mass, m as

=17 (3.1)

Every time when the particles cross the gap, the polarity of the Dee is reversed in
order to provide the accelerating kick to the particles. This push increases the speed
of the particles and causes them to move in a circle with larger radius with every
rotation. The particles move in a spiral path outward from the middle to the edge
of the Dees. A small voltage on a metal plate allows the beam to leave the cyclotron
and hit the desired target located at the exit point at the edge of the bombardment
chamber [5]. The final velocity, v, achieved by a particle while moving in the Dees
of radius, R, is given by;

_ qBR
- 2m

v (3.2)

Cyclotrons can accelerate the particles upto energy of few MeVs which cor-
responds to a speed upto 0.1 ¢ only. So in order to achieve the higher velocity
and energy, modifications in the Cyclotrons need to be done. Synchrocyclotron is
other type of circular accelerator with few modifications in the conventional form of
Cyclotron. In Synchrocyclotron only one Dee is used and the frequency of the RF
electric field is varied, decreased continuously instead of keeping it constant as in the
case of Cyclotron, to take care the effects of relativity on the particles. The parti-
cles get accelerated when they enter or leave the Dee. The another way of achieving
high energy particles is by keeping frequency of the RF electric field constant but
increasing the magnetic field. A circular accelerator working on the principle of
increasing magnetic field is known as Isochronous Cyclotron. Using the above two
ways particles can achieve the velocity around 80 % of the speed of light. Even

these two modifications of cyclotron could not accelerate the particles at energy of
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GeV order. Another modification of Cyclotron lead to the evolution of Synchrotron
which could accelerate the particles with the velocity almost equivalent to speed of
light (99.9999 % of c). Synchrotron is a circular accelerator in which a ring of con-
stant radius is used to accelerate the particle beam. To accelerate the particles while
considering relativistic effects on particles, the magnetic field strength is varied with
time (instead of space as in the case of Isochronous Cyclotron). Magnetic field is
increased in order to keep the radius of the orbit nearly constant during the process
of acceleration. The disadvantage of Synchrotron is that it can not accelerate the
particles direct from zero energy. So particle beams need to be pre-accelerated before
injection into main ring. The Large Electron-Positron Collider, The Large Hadron
Collider at CERN, The Tevatron at FermiLab are the examples of Synchrotron and

are described in the following sections.

3.2 General Structure of a High Energy Particle

Detector

The purpose of a particle detector is to record the particles produced that pass
through it after being produced in a collision or a decay - an ‘event’, to visualize
their tracks, to measure their energies and momenta, to record time of fight and to
identify their identity. The exact position where the event occurs is known as the
interaction point. It is necessary to know the mass and momentum of the particles
to identify them. Depending on the type of the particles and forces to be studied,
various detectors have been designed. In particle physics, a hermetic detector, also
known as a 47 detector, is a particle detector which is designed to observe all possible
decay products of an interaction between subatomic particles in a collider. It covers
a large area around the interaction point and consists of layers of sub-detectors each
specializing in a particular type of particle or property. They are typically cylindrical
having different types of detectors wrapped around each other. These are known

as hermetic because their construction is such that the motion of particles is ceased
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at the boundaries of the chamber and the particles do not move beyond the seals.
These detectors cover solid angle nearly of 47 steradians around the interaction
point and hence are named as 4w detectors. The first 47 detector was the ‘Mark
I" at the Stanford Linear Accelerator Center (SLAC) which lead to the discoveries
of J/v particle and 7 lepton. Its basic design has been used for all modern collider
detectors. The interactions of the fundamental particles at colliders involve very
large exchanges of energy and therefore involve large transverse momenta. So the
large angular coverage is taken into account for modern particle physics detectors.
Some of the modern day particle detectors which are in use in accelerators such as
Large hadron collider at CERN include CMS, ATLAS and LHCb or CDF and D¢ at
Tevatron are hermetic detectors. The accelerators and detectors are often situated
underground to provide the maximum possible shielding from natural radiations

such as cosmic rays.

3.2.1 Components of a Hermetic Detector

The main components of a hermetic or a prototype detector are described in this

section.

e Vertex detector: It is a high resolution position detector to identify the
location of the collision as closely as possible and thus identifying very short-
lived particles. The particles leave small electric charges in the squares they
cross on traveling through the thin chips as shown in figure 3.2. The location
of these deposits can be recorded electronically and these can be connected to
reconstruct the track of the particles. Due to small size of electronic squares
the position of the charged particle can be measured with microscopic level of
accuracy. The position where any charged particle has been created is known
as the vertex and can be found by drawing each path back to where it meets
with one or more paths as the charged particles are always produced in pairs

of equal and opposite charges.

e Tracker: A tracking detector unveils the track followed by a charged particle



3.2 General Structure of a High Energy Particle Detector 45

Particle Paths ~_

Outer Chip
(L L L AL LLLLLL S

(L LLLLL L L LY/

Particle Origin
(Vertex)

Figure 3.2: Vertex detector

by the trails left behind. The tracking system plots the helix path traced by
a charged particle that curves in a magnetic field by localizing it in space in
fine segmented layers of detecting material, usually silicon. The tracks are
not visible directly in the modern tracking devices. The tiny electric signals
are recorded by the computers which are then reconstructed by a computer
program and displayed on the screen. The curvature of the path helps to know
the charge and momentum of the particle. A strong magnetic field is used to

identify the particles produced as it bends the particle’s path into a curve.

e Large Superconducting magnet: This produces a strong magnetic field
to bend the tracks of charged particles in the tracking detectors and provides
their momenta. The curvature helps in identifying the charge of the particle

and measuring the momentum.

e Time Projection Chamber (TPC): It measures the three dimensional co-
ordinate at many points along the track of a charged particle. When there are
large numbers of tracks within a small angular cone, it is important to have
the 3 dimensional information. The transverse coordinates are determined by

wire proportional chambers at the ends of the TPC while the longitudinal (z)
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coordinate is obtained from the time taken by the charged particles to drift to

the ends of the TPC.

Calorimeters: A calorimeter measures the energy lost by a particle on trav-
elling through it. It is designed to slow down the particles and to absorb their
energy into a material. Calorimeters consist of layers of passive or absorbing
high-density material such as lead having layers of active medium such as solid

lead-glass or liquid argon.
There are two types of calorimeters :

The Electromagnetic Calorimeter (ECAL): It measures the energy of
light particles - electrons and photons - as they interact electrically with the
charged particles inside the matter. Electrons, positrons create a cascade of
photons and electron-positron pairs known as electromagnetic shower which
spreads due to Compton scattering and the photoelectric effect. The photons
being neutral do not leave tracks in the Central Tracking Detector (CTD) but
produce an electromagnetic shower in the ECAL. The electrons and positrons,

being charged, leave tracks in the CTD and give rise to a shower in the ECAL.

The Hadronic Calorimeter (HCAL): The hadronic calorimeters are spe-
cialized in absorbing hadrons such as protons and neutrons which interact
through the strong nuclear force. The charged hadrons leave tracks in all the
layers of detectors upto the HCAL and deposit all their energies. The neutral
hadrons do not leave tracks in any of the layers of the detectors but produce
showers and deposit their energies in the HCAL. The calorimeters can stop or

absorb most of the known particles except muons and neutrinos.

Muon Chambers: Only the muons and neutrinos, out of all the known stable
particles, can pass through the calorimeter without depositing most or all of
their energy. They interact very little with matter and can travel long distances
through the dense matter. The charged muons can be detected by having an
additional tracking system outside the calorimeters whereas the neutrinos are

practically undetectable as they escape completely without being tracked in
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any of the layers. Their presence can be detected from the missing energy

carried by them.

Figure 3.3 schematically represents all the basic components, Interaction Point
(I.P), Tracker system, Calorimeters and Muon System, of a hermetic detector as

mentioned above.

Figure 3.3: Hermetic detector

3.3 The Large Electron Positron Collider : LEP

The Large Electron Positron Collider (LEP) was an ete™ accelerator with storage
ring of 26.7 km in circumference. It was operated at the range of 80 to 209 GeV
center of mass energies from 1989 to 2000 [6]. The LEP accelerator ring, as shown
in figure 3.4, was situated in an underground tunnel with an average diameter of
4m and of varying depth, from minimum 50 m to maximum of 150 m and had an
inclination angle 1.4°. The LEP collider was operated in two phases, LEP1 from
1989 to 1995 at center of mass energy around 91 GeV and second phase, LEP2, from
1995 to 2000. LEP2 was the phase in which center of mass energy was increased

steadily form 130 GeV to 209 GeV.

The LEP storage ring was the final accelerator in a chain of five accelerators,
as shown in figure 3.4. The task of each accelerator was to accelerate the electrons

and positrons which were generated by an electron gun and the positron converter
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CERN Accelerators
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Figure 3.4: The Large Electron Positron (LEP) Collider. Image source:
http://www.hep.ucl.ac.uk/ jpc/all/ulthesis/img94.gif
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respectively. Electrons generated from the gun were accelerated upto 200 MeV
energy through LINAC. Positrons were produced using the bremsstrahlung followed
by pair production, when part of beam was deviated towards the tungsten target.
To accelerate them up to 600 MeV second LINAC was used and then they were
accumulated in an Electron-Positron Accumulator (EPA). EPA condensed the beam
in to bunches via synchrotron radiation damping. The CERN Proton Synchrotron
(PS) accelerated them up to 3.5 GeV and then they were injected into CERN Super
Proton Synchrotron (SPS) to achieve the energy of 22 GeV. After this both the

electrons and positrons were injected into the LEP in order to get the desired energy.

The Luminosity, £ and the beam energy are the two fundamental parameters
for designing any particle collider. Beam energy depends upon the physics processes
of interest and its observation and for this, luminosity must be high enough to allow
such observations at a good rate. Experimentally, Luminosity is the rate of collisions

towards the interaction point and is given by

E _ Neanbfrev
- Aoz 0oy

where N.(N,) is the number of electrons ( positrons ) per bunch, n, is the
number of bunches per beam, f.., is the revolution frequency and o,(o,) is the
bunch cross section in transverse plane. The designed Luminosity of LEP was 1.6 x
103! em 257! for Eqpy ~ 91GeV and 2.7 x 103" em™2s7! for Eqy > 91GeV when
LEP was upgraded to LEP-II

3.3.1 Experiments at the LEP

To study the different aspects of particle collisions at the LEP, the four different
multipurpose detectors ALEPH, DELPHI, L3 and OPAL were built around four
intersection points as shown in figure 3.4 where collisions between e™ and e~ took

place. All these four detectors are briefly described in the following section

e ALEPH: Apparatus for LEp PHysics (ALEPH) detector [7] was designed to
explore the physics related to SM and also to search for physics beyond the
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Standard Model. The ALEPH detector was constructed in cylindrical layers
around a beam pipe which was made up of beryllium, with collision point
between the et and e~ at the middle. Moving in outwards directions from the
beam pipe, ALEPH held a two layered double-sided silicon microstrips vertex
detector. For each track, it measured two pairs of coordinates, 6.3 cm and 11
cm away from the beam axis over a length of 40 cm along the beam line; a
time projection chamber(TPC) which was 4.4 metres long and had a diameter
of 3.6 metres surrounded the inner track chamber. Its main purpose was to
detect charged particles. An electromagnetic calorimeter, ECAL | to identify
electrons and photons; a hadron calorimeter, HCAL, to detect hadrons; and
a superconducting coil, 6.3 metres in length and 5.3 metres in diameter, to
provide the 1.5 Tesla magnetic field necessary to work out a particle’s charge
and for the measurements of particle’s momentum. The whole system was
placed inside a 12-sided cylinder and surrounded by a muon-detection system.
First events at ALEPH detector in LEP were measured in July 1989. Figure
3.5 represents the layout of ALEPH detector. Details of the detector can be

found in reference [7].

Figure 3.5: Layout of the ALEPH detector at the Large Electron Positron Collider.
Image source: https://cds.cern.ch/record/1997342

e DELPHI: DEtector with Lepton, Photon and Hadron Identification (DEL-
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PHI) detector [8] was composed of a central cylinder filled with subdetectors,
with two end-caps , with length and diameter of 10 metres and weighed 3500
tonnes. A large superconducting magnet placed between an electromagnetic
calorimeter and a hadronic calorimeter. The magnet produced a field to de-
flect charged particles, and to enable the measurements of their charge and
momenta . The DELPHI detector used the ring imaging Cherenkov technique
to individualized secondary charged particles and used an advanced silicon de-
tector to detect short-lived particles by anticipating the tracks back towards

the collision point.

e OPAL: The Omni-Purpose Apparatus at LEP (OPAL) detector [9] was about
12 m in length with height and width of 12 m. Detector components were ar-
ranged around the beam pipe, in a layered structure. OPAL’s central tracking
system consisted of a silicon microvertex detector, a vertex detector, a jet
chamber, and z-chambers. In order to get the location of decay vertices of
short-lived particles along with improvement in momentum resolution was the
purpose of the silicon microvertex detector and the vertex chamber. Using
the amount of ionization created by a particle and curvature of its track due
to magnetic field, the central jet chamber was able to identify the particle.
These chambers worked to identify tracks in the plane which are perpendicu-
lar to the beam axis. They were accompanied by “z-chambers” at the outside
edge of the jet chamber. Further out from the beam pipe, OPAL’s calorimeter
system was subdivided into electromagnetic calorimeters, hadron calorimeters
and forward calorimeters placed around, and close to the beam pipe at the
two ends of the detector to catch particles sent forward by collisions in LEP.

The end caps of the detector were formed by the Muon detectors.

e L3: L3 (It was named L3 due to the third Letter of Intent to be submitted
for approval in 1982) detector [10] consisted of various subdetectors around
the central beamline as shown in figure 3.6. The silicon strip microvertex de-

tector and a time-expansion chamber were the first subdetectors out from the
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Figure 3.6: Schematic view of the L3 detector at the Large Electron Positron Col-
lider. Tmage source: http://13.web.cern.ch/13/PR/index.html

beamline. Purpose of both the detectors was to trace the paths of charged
particles from the collision. The three main outer layers of the L3 detector
were an electromagnetic calorimeter, a hadronic calorimeter and a muon detec-
tor. Calorimeters, made up of dense material, measure the energy deposited by
the particles. In between the electromagnetic and hadronic calorimeters, set of
scintillation counters were placed to recognize and reject signals from energetic
particles from space and cosmic ray muons that could disturb the measure-
ments. The outermost layer of the detector was the magnet. It generated
a magnetic field 10,000 times stronger than the average field on the Earth’s
surface. Magnetic fields are generally used in detectors to deflect charged par-
ticles and curvature of the deflection is used to calculate the momentum of

particle .

The LEP accelerator was commissioned in July 1989 and the first beam in
the collider was circulated on July, 14. For seven years the accelerator was operated
at around 100 GeV and produced millions of uncharged carriers of the weak force,
7 particles. For second operational phase, accelerator was upgraded with addition

of 288 superconducting accelerating cavities to double the energy that led to the
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production of W bosons [11]. Energy in the LEP collider finally topped in the year
2000 with centre of mass energy 209 GeV. In the 11 years of its research the LEP
experiments have provided the detailed study of electroweak interactions. Studies
done using the LEP also proved the existence of three and only three generations of
particles of matter. LEP experiments were shut down in November 2000 in order to

make way for the construction of the LHC in the same tunnel.

3.4 The Tevatron

Tevatron was the proton-antiproton (pp) particle accelerator and collider at Fermi
National Accelerator Laboratory (Fermilab) in United States. It was world’s highest
energy collider until the Large Hadron collider (LHC) took over in 2010. The figure
3.7 shows the schematic view of the acceleration. The Tevatron was a synchrotron
which accelerated antiprotons and protons in a 6.28 km circular ring to energies
upto 900 GeV making centre of mass energy of 1.8 TeV. The collider was operated
at centre of mass energy of 1.96 TeV until it was shut down on September 30",

2011.

In the Tevatron [12], particle beams travelling through a vacuum pipe were sur-
rounded by superconducting electromagnets. The more than 1,000 superconducting
magnets were used to bend the beam in a large circle and operated at 4° K. The ac-
celeration occurred in a number of stages. In first stage, 750 KeV Cockcroft-Walton
pre-accelerator ionized the hydrogen gas and then accelerated using a positive volt-
age. The ions then passed into the 150 meter long linear accelerator, LINAC, which
used oscillating electrical fields for the acceleration of the ions upto 400 MeV. Ions
were then passed through a carbon foil to remove the electrons and the charged
protons then moved into the Booster, a small circular synchrotron where protons
were passed up to 20,000 times in order to achieve ~ 0.8 GeV of energy. Particles
from the booster were passed to the main injector which accelerated the protons
up to 120 GeV. The antiprotons were created by the antiproton Source. 120 GeV

protons were collided with a nickel target which led to the production of antipro-
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Figure 3.7: Schematic view of the Tevatron at Fermilab. Image source:

http://images.iop.org/objects/ccr/cern/51/9/22/CCtev2_09_11.jpg

tons which were collected and stored in the accumulator ring. The accumulator ring
then passed the antiprotons into the Main Injector. The particles from the Main
Injector were accelerated by the Tevatron up to energy of 980 GeV. The protons
and antiprotons were accelerated in opposite directions which were made to collide

at /s = 1.96 TeV with their paths crossed in the CDF and DZero detectors.

3.4.1 CDF and DZero: Experiments at the Tevatron

CDF [13] and DZero [14]were the two detectors of the Tevatron which were built
to register the collisions between protons and antiprotons. Each detector contained
various subsystems for the detection of different types of particles coming out from
collisions with the speed of particle approaching the speed of light c. Particle col-
lisions created showers of new particles at the center of both the detectors. These
detectors recorded each particle’s flight path, electric charge, energy and momen-

tum. In 1995, physicists from both the experiments announced the discovery of first
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top quark [15] ever produced at an accelerator, making it the major achievement of

the collider.

3.5 The Large Hadron Collider : LHC

World’s largest and the highest particle energy accelerator and collider, Large
Hadron Collider (LHC), is located at CERN, Geneva where it spreads between
the Swiss and French borders. The LHC [16] is built after disassembling the LEP
collider in 2000, using the same old tunnel which was used in the LEP collider.
It is installed in circular tunnel of 3.8 m in diameter with circumference of 27 Km,
buried 50 to 175 m below the ground. It is designed to collide the oppositely moving
proton beams with 7 TeV on 7 TeV energy producing a total of 14 TeV of energy
in the center of mass system. It is in operation since 2012. The LHC has been built
to answer key unresolved questions in particle physics including extension of the

Standard Model and nature of Dark Matter.

Inside the accelerator, two proton beams travel at the speed close to the speed
of light (0.99998¢) with very high momentum and energies before colliding with each
other. The beams rotate in opposite directions in two different beam pipes (tubes)
which are kept at ultra high vacuum. They are surrounded around the accelerator
ring by strong magnetic field. This strong field is achieved using the superconduct-
ing state which efficiently conducts electricity with almost zero resistance and zero
energy loss. To achieve this state, magnets are required to be cooled at around
2° K, a temperature colder than outer space. Due to this reason, superconducting
magnets of the accelerator are attached to a distribution system of liquid helium.
Thousands of magnets of different sizes and varieties are used to keep the beams
around the accelerator. It includes 1232 dipole magnets, with the length of 15 m
each, to bend the beams, and 392 quadrupole magnets, each having length of 5 to
7 m, to focus the beams. Just prior to collision, another different kind of magnet
is used to ‘congesting’ the particles closer together in order to increase the chance

of collisions/interactions. The proton beams are bunched together in 2808 bunches



o6

Chapter 3

© Prarticle detectors

FRANCE

Fernef;

ALICE Q Voltaife

SWITZERLAND

5km : GE"M
/\ Rhéne

Figure 3.8: Overview of the Large Hadron Collider and its experiments. Image
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spread in 27 km beam pipe, with bunch spacing of 25 ns. This means there will
be discrete interactions at the interval of 25 ns. Other technical details of the LHC
accelerator scheme can be found at [16]. The Luminosity of a collider is
_ N%kfre
‘C - 47renﬁ*’y

Where, N is the number of particles in each of the k circulating bunches, f
is the revolution frequency, 5* is the value of the betatron function at the crossing
point, €, is the emittance corresponding to one o contour of the beam (nominal

value 3.75 pm), v is the Lorentz factor,
The LHC is just one part of the overall CERN particle accelerator facility.

Protons or ions before entering the LHC have to go through a series of accelerating

stages. First, the electrons are stripped from hydrogen atoms to produce protons.
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Then, the protons enter the Linear Particle accelerator (LINAC-2), that fires beams
of protons into the Proton Synchrotron Booster (PSB) to 50 MeV. The PSB uses
radio frequency cavities to accelerate the protons up to 1.4 GeV. The cavities con-
tain a radio-frequency electric field that pushes the proton beams to higher speeds
and inject the beam to Proton Synchrotron (PS). Gigantic magnets generate the
magnetic fields necessary to keep the proton beam on the circular track. When
proton beam reaches at the appropriate energy level, the PS injects it into Super
Proton Synchrotron (SPS) accelerator. The beams are divided into bunches and
each bunch contains 1.1 x 10'' protons, with 2808 bunches per beam. The SPS
injects beam into the LHC, with one beam travelling clockwise and another travel-
ing counter clockwise. Inside the LHC, the beam continues to accelerate for around
20 minutes. At top speed, the beam makes 11,245 trips around the LHC every
second. The two beams converge at one of the four detector sites positioned along
the LHC and produce 600 million collisions per second. The layout scheme of the
LHC accelerators is shown in figure 3.8 and its injection scheme is shown in figure
3.9. When particles collide at such high energies, they break down into smaller con-
stituent particles, called quarks and gluons which further undergo fragmentation to
produce subatomic particles such as pions, protons, kaons etc. The detectors collect
the information by recording the paths of subatomic particles or information on the
energy deposited in the subdetectors. These detectors are very complex in terms of

their geometry and various components are discussed below.

3.5.1 Experiments at the LHC

Different aspects of particle physics are under study using the LHC. To achieve
these physics goals, detectors have been installed at four main interaction points.
The various interaction points at the LHC are shown in figure 3.10. These four main

experiments are :

e A Toroidal LHC Apparatus (ATLAS) : ATLAS [17] is one of the two

general-purpose detectors at the LHC. It is investigating a broad area of
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Figure 3.9: Injection scheme at the Large Hadron Collider. Image source:
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physics which includes search for possible candidates of dark matter and extra
dimensions. ATLAS is recording set of measurements on the particles created
in collisions; particle’s path, identities, and their energies. This is carried out
in the ATLAS using six different detecting subsystems which identify particles
and measure their energy and momentum. One of the important elements
of the ATLAS is it’s huge magnet system which bends the paths of charged
particles for the measurement of momentum. To digest these data, the AT-
LAS made a very advanced trigger and data acquisition system, and a large
computing system. More than 3000 physicists from over 175 institutes in 38

countries work on this experiment.

e A Large Ion Collide Experiment (ALICE): For the ALICE experiment
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[18], the LHC collides lead ions to regenerate the conditions prevailing soon
after the the Big Bang when the Universe was extremely dense and hot. Data
from the experiment allows scientists to study a state of matter, quark-gluon
plasma, believed to have existed soon after the Big Bang. Ordinary matter of
the Universe is made up of atoms, each atom containing a nucleus comprised
of neutrons and protons, surrounded by an electron cloud. Protons, neutrons
are composed of quarks which are bound together by the gluons. Collisions
at high energies generate the temperatures more than 100,000 times hotter
than the core of the Sun. It is believed that at such high temperatures, the
proton and neutron will ‘melt’, thus freeing the quarks from the gluon bonds
and creating a state of matter called quark-gluon plasma. The ALICE collab-
oration studies this quark-gluon plasma as it expands and cools, investigating
how progressively it gives rise to the particles that constitute the matter of

our Universe today.

e Compact Muon Solenoid (CMS) Experiment: The CMS experiment [19]
is a general purpose detector. It has a broad physics programme ranging
from studying the SM physics including the discovery of the Higgs Boson, to
searching for extra dimensions and the dark matter. Although it has very
similar scientific goals as the ATLAS experiment, however it uses different
technical solutions and design of its detector magnet system to achieve the
goals. The CMS detector is built around a huge solenoid magnet while the
ATLAS uses toroidal magnet. This takes the form of a cylindrical coil of
superconducting cable that generates a magnetic field of 4 T, about 100000
times that of the Earth. The magnetic field is confined by a steel ‘yoke’ that
forms the bulk of the detector’s weight of 14000 tonnes. An unusual feature of
the CMS detector is that instead of being built underground, like other giant
detectors of the LHC experiment, it was constructed on surface, before being

lowered underground in 15 sections and reassembled.

e LHC-beauty (LHCb): The LHCb [20] is the specialized experiment to study
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the b-physics and to understand why we live in a Universe that appears to be
composed almost of matter, but no antimatter. It specializes in investigating
the difference between matter and antimatter by studying the ‘beauty quark’,
or ‘b quark’. Instead of surrounding the entire collision point with an enclosed
detector, the LHCb experiment uses a chain of sub-detectors to detect forward
particles. The first sub-detector is placed close to collision point, while the
next one stands one behind the other, over a length of 20 m. An abundance of
different types of quarks will be created by the LHC before they decay quickly
into other forms. To catch the b-quarks, LHCb has developed sophisticated

movable tracking detectors close to the path of the beams circling in the LHC.
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3.6 The CMS Detector

The Compact Muon Solenoid (CMS) is one of the two multi-purpose detectors at the
LHC which is designed to establish the SM predictions including discovery of Higgs
boson [21,22], as well as for the study of the new sectors of physics beyond Standard
Model (BSM) like SUSY particles and candidates for Dark Matter. Discovery of
Higgs boson, in 2012 is one of the major achievements of the CMS experiment.
Higgs is a particle which is responsible for the masses of quarks. The CMS detector
has a cylindrical symmetry around the beam pipe in the radial direction and is
placed at the Point 5 (P5) interaction point of the LHC, inside an underground
cavern at Cessy in France. The detector is placed in such a way that it coincides
with the pp collision point. It has a cylindrical symmetry about the center of the
detector along the beam pipe. The central part covers the big barrel region and the
structure is closed with the endcaps on both the sides. The CMS detector is used

not only to study the pp collisions, but also the heavy ion (Pb) collisions.

The CMS detector is a hermetic detector of length 21.5 m with diameter of 15
m and total weight of 14000 tons. It is designed with a 3.8 T solenoidal magnetic
field provided by the largest superconducting magnet ever built. The solenoid is 13
meters long with an inner diameter of 5.9 meters. Inside the solenoid, inner tracker
and calorimeters are located and layers of muon stations are placed outside the
solenoid on both the barrel and endcap sides. The structure of the CMS detector is

shown in figure 3.11.

3.6.1 The CMS Co-ordinate System

The CMS experiment uses a right-handed coordinate system, with the origin at the
nominal interaction point, the x-axis pointing to the centre of the LHC ring, the
y-axis pointing up (perpendicular to the plane of the LHC ring), and the z-axis
along the anticlockwise-beam direction. The azimuthal angle, ¢ is measured from

the x-axis in xy-plane and the radial coordinate in this plane is represented by r.



62

Chapter 3

MLION CHAMBERS [ INNER TRACKER | | cRYsTAL ECAL
= 7 ~

7 AN

~

HCAL

=
| , i o
VERY FORWARD
CALORIMETER
L
Ulm

I ] l-‘uiu'ul‘ul'lill'ul‘ lllrlllll'IIII
ST
].“..- gl Wi e G
ﬂ.ﬁiﬁi'--_‘- -
i i = o - ==t
§ = =
£ R a

.____“--I-"-..'I

Total Weight 1 14,500t
Overall diameter: 14.60 m
Overall length : 21.60 m
Magnetic field : 4 Tesla RETURN YOKE

Figure 3.11: Overview of the Compact Muon Solenoid detector. Image source:
http://www.phys.ufl.edu/hee/cms/images/CMSdetc3D.gif

The polar angle 6 is measured from the positive z-axis. It is preferred to use a
quantity, pseudorapidity, in place of #, because the pseudorapidities are Lorentz

invariant under the boost along the z-axis. The pseudorapidity is defined as:

n= —ln(tang) (3.3)

The region within pseudorapidity range, |n| < 2.5, is known as central region,
whereas the region with |n| > 2.5 is known as forward region. The longitudinal view

of one quadrant of the CMS is shown in figure 3.12.
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Figure 3.12: One quadrant of the CMS detector in Longitudinal mode. Image
source: http://www.hephy.at/user/friedl/diss/html/node8.html

3.6.2 The CMS Tracking System

To get efficient measurement of charged particles produced during pp collisions, the
tracking system [23,24] of the CMS tracker is designed. It has a length of 5.8 m
and a diameter of 2.5 m. The tracker system is located inside the superconducting
magnet and surrounds the interaction region. The CMS solenoid is designed to
provide a homogeneous magnetic field of 3.8 T over the full volume of the tracker.
Since a large number of tracks are required to be processed using the information
from the tracker. the CMS tracking system is required to have high granularity and
fast response. The two dimensional layout diagram of the CMS tracking system is

shown in figure 3.13.

The CMS tracking system has an active surface area of 200 m?. The charged
particle reconstruction efficiency, provided by the CMS tracking system is higher
than 95% for the particles with pr larger than 1 GeV/c within absolute pseudora-
pidity range of 2.5. The information from the CMS tracker is used for the High
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Level Triggering, which reduces the event collection rate and the amount of storage
to great extent. The CMS tracking system is entirely based on the Silicon sensors

and is composed of pixel and strip detectors which are described below
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Figure 3.13: Layout diagram of the CMS Tracking system. Image source:
http://cms.desy.de/e53612/e155175/e155179/

e Silicon Pixel detector : The innermost part of the CMS detector is covered
by the pixel detector, which consists of 1440 pixel modules [24]. These pixel
modules are arranged in three barrel layers, known as BPIX, of radii of 4.4 cm,
7.3 cm and 10.2 cm with a length of 53 cm. In addition to BPIX, there are
four disks (FPIX), two at each side of the BPIX, i.e., in the forward region.
The FPIX disks are at a distance of 34.5 cm and 46.5 cm on both sides of
the interaction point. The tracker includes around 66 million pixels, each with
dimensions of 100 x 150 um. The resolution of the measurement from high
precision points is obtained in the pixel detector from the trajectory of the
charged particle within the pseudorapidity range of 2.5. The resolution of
measurement by a pixel module is 13 pm, 30 pm and 20 pm along x-direction,

y-direction and longitudinal z-direction, respectively.

e Silicon Strip detector: The intermediate radial region (20 < r <116 cm) is
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covered by the silicon strip tracker, where the particle flux is relatively small

as compared to the region of pixel detector. This enables the use of bigger

sized detectors. The dimensions of a silicon strip detector are 10 cm x 180

pm, for the inner part of the detector and 25 cm x 180 pm, for the outer part
2

of the detector, which covers the surface area of around 200 m=. There are

around 9.3 million read-out channels for the strip detector.

3.6.3 Electromagnetic Calorimeter

Electromagnetic Calorimeter (ECAL) [25] is designed to measure the energy of par-
ticles like electrons, positrons and photons, which interact via electromagnetic in-
teractions. The ECAL is a hermetic homogeneous calorimeter, which is based on
the production of a shower initiated by an electron/positron or a photon inside an
absorber. The photons, in particular, get converted into electron-positron pairs by
the phenomenon of the pair production. The electrons and positrons undergo the
phenomenon of bremsstrahlung, in which a photon is emitted. Such kind of succes-
sive conversions continue until the energy of the photon falls below the threshold
limit of pair production. Actually the energy of the initial particle is shared equally
by the final state particles. The average length, traversed by a particle in order to
produce the aforementioned emissions, is known as ‘radiation length’ (X,) *. An
electromagnetic shower also gets developed in the transverse plane. A term ‘Moliere
radius’ is associated with the shape of the shower in the transverse plane. It repre-
sents the radius of the cylinder in which 90 % of the total energy of the shower is
deposited. Moliere radius, as well as radiation length are specific to the choice of

material.

The ECAL of the CMS detector is composed of 61,200 lead tungstate (PbWO4)
crystals in the central barrel region and about 7,234 crystals in each of the two end-
caps on both sides of the barrel region. The lead tungstate material is of high

density (8.28 g/cm?) with small Moliere radius (2.2 ¢cm) and small radiation length

Tt is the average distance travelled by an electron/positron or photon over which its energy
reduces by a factor of 1/e.



66

Chapter 3

EREEE SR S l=a]

> <
A\
N
AN
\\\
AN
\
\
\
A

Preshower (ES)

et S AL b ¥ Endcap
ALy ECAL (EE)

Figure 3.14: ECAL system used in the CMS detector at the LHC. Image source:
http://www.t2.ucsd.edu/twiki2/pub/UCSDTier2/ParticlePhysics2013/ecal-
presentation.pdf

(0.89 cm). It is the best material for the ECAL of CMS detector, due to its good
radiation tolerance power and fast response time. The phenomenon of total inter-
nal reflection is used to transmit the light signal produced by electrons, positrons,
photons and charged particles due to the scintillation process. To detect the light
signals produced by scintillation, avalanche photo-diodes (APDs), Silicon sensor
based photodetector, and vacuum photo triodes (VPTs) are employed in the barrel
and endcaps, respectively. This light signal is converted to electrical signal by these
devices. A scintillation photon knocks out an electron out of Silicon atom on strik-
ing it. The electron thus produced, gets accelerated in the applied electric field and
strikes other atoms to produce an avalanche of electrons. Thus a very high current
is produced in a short time with the use of the APDs even with the relatively low
yield of light produced by the lead tungstate crystals for each incident particle. The
signal is then amplified, digitized and immediately transported away by fibre optic
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cables to perform the analysis.

The schematic view of the ECAL system of the CMS detector is shown in
figure 3.14. The inner radius of the barrel section (EB) of the ECAL sub-detector is
129 ¢m and is organized with 36° supermodule covering the pseudorapidity region,
In| < 1.479. A supermodule is constructed using four modules and each module is
equipped with five pairs of crystals. The length of each crystal is 230 mm which
corresponds to radiation length of 25.8X0. The front-face cross section of the crystal
is 22 mm x 22 mm. The endcaps (EE) of the ECAL are at a distance of 3.14 m from
the interaction point covering the pseudorapidity region, 1.479 < |n| <3.0. Each
endcap is composed of the semi-circular aluminium plates, where 25 crystals are
arranged in an array of 5 x 5 super-crystals. Each crystal has a front face cross-
section of 28.6 mm x 28.6 mm with a length of 0.22 m, which corresponds to the

radiation length of 25X,.

3.6.4 Hadronic Calorimeter

To measure the energy of a hadronic jet, the CMS hadronic calorimeter (HCAL)
[26] which is a sampling calorimeter, is used. The HCAL plays a crucial role in
identification of the particles produced during proton collisions. The particles like
neutrinos do not interact with the detector material but they may also be detected
indirectly using conservation of the momentum in transverse plane, i.e., missing
transverse energy. Hadron shower in the HCAL is produced by inelastic interactions
of hadrons with the material of the detector. Energy of the incident hadrons is
released by the nuclear excitation and hadron production along with the production
of other additional particles. As compared to the term radiation length used for the
ECAL, the term interaction length ();) is used for the hadron showers 2. A hadronic
shower is wider and longer as compared to the electromagnetic shower. Since the
radiation length of the electromagnetic shower is smaller than that of the interaction

length of the hadronic shower, ECAL is placed in front of the HCAL.

2It is defined as the distance traversed by a hadron to lose energy by a factor of 1/e
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Figure 3.15: Layout diagram of the HCAL system of the CMS detector. Image
source: http://images.slideplayer.com/35/10426478 /slides/slide_13.jpg

The HCAL is not completely immersed in the magnet coil, due to the shortage
of space between the solenoid and the ECAL. The layout diagram of the HCAL sub-
system of the CMS detector is shown in figure 3.15. The HCAL has four sections,
an inner hadron barrel (HB), an outer detector (HO), an endcap part (HE) and a

forward calorimeter (HF')

The HCAL is made up of repeating layers of dense absorber and tiles of plas-
tic scintillator. The hadronic shower produced by the particles passing through
HCAL causes the scintillator tiles to emit blue-violet light. The optical signals are
converted into fast electronic signals by photosensors called Hybrid Photodiodes
(HPDs). HPDs are photodetectors configured especially for the CMS that can op-
erate in a high magnetic field and give highly amplified response, in proportion to
the original signal, for a large range of particle energies. The HPDs are housed in
special readout boxes within the calorimeter volume. The light signals from the

calorimeter are delivered to the HPDs by special fibre-optic waveguides and then
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sent to data acquisition system (DAQ system) for purposes of event triggering and
event reconstruction. When the HCAL was initially proposed, HPD was the only
viable solution for the detection of scintillation light in the high magnetic field envi-
ronment. A new technology for the Photo-sensors has emerged. It uses the Silicon
Photomultiplier (SiPM), which offers higher photon-detection efficiency and signal
gain. To improve the performance of the HCAL subsystem, the HPDs have been
replaced by SiPMs during 2013-14 when the LHC was shut down for long duration.

3.6.5 Superconducting Magnet

Magnetic field plays very significant role in any collider experiment for the identifi-
cation of charged particles. A very strong magnet [27] is required in order to induce
the sufficient bending of the charged particles and help to measure the charge and
momentum of each of these particles. The superconducting magnet for the CMS
detector has been designed to reach a 4 T field in a free bore of 6 m in diameter
and 12.5 m length with a stored energy of 2.6 GJ at full current. However, due
to technical reasons, it is being operated at 3.8 T. The flux is returned through a
10,000 ton yoke comprising of 5 wheels and 2 endcaps, composed of three disks.
Figure 3.16 shows artistic view of the CMS solenoidal magnet. The strong magnetic
field provides a very compact layout to the CMS detector along with the efficient

particle detection.

3.6.6 The CMS Muon System

One of the most important tasks of the CMS detector is detection of the muons. As
the name suggests, precise and robust measurement of muons is the central theme of
the CMS detector. Muons can penetrate several meters of iron without interacting,
whereas the other particles can be stopped by the time they cross the Calorimeter.
Therefore, the muon system is situated at the edge of the CMS detector. It is a
very powerful tool for recognizing the signature of interesting physics processes, e.g.,

decay of Higgs boson into four muons, which is also considered as the golden channel



70

Chapter 3

CMS solenoid

4T at 20,000A

6 m diameter 12.5mlong
stored energy 27000MJ

Figure 3.16: View of Superconducting magnet used in the CMS detector. Image
source: https://images.slideplayer.com/36,/10648021 /slides/slide_21.jpg

for the Higgs studies. The functions of the muon system [28] include identification

of the muons, their charge and momentum measurements and triggering.

The muon system of the CMS detector provides good momentum resolution
and triggering capability, with the help of high field solenoidal magnet and its flux-
return yoke. The muon system of the CMS is designed to measure the muons with
momentum over a large range. The layout diagram of the muon system of the CMS
detector is shown in figure 3.17. The CMS detector uses following three types of

gaseous particle detectors for muon identification:

e Drift tubes (DTs) : The drift tubes (DTs) of the muon subsystem, covers
pseudorapidity range, || < 1.2. It consists of five wheels each wheel is divided
into 12 sectors, each of the sectors consists of four chambers, one chamber
resides inside the magnet return yoke and one chamber is outside the magnet
return yoke. The remaining two chambers are sandwiched in between the mag-

net return yoke. Each DT chamber consists of either two or three superlayers
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Figure 3.17: Layout diagram of the Muon System of the CMS detector. Image
source: https://cds.cern.ch/record/1456510

(SL); each SL, which is a combination of four consecutive layers of thin tubes
staggered by half a tube, gives excellent time-tagging capability, with a time
resolution of a few nanoseconds. This capability provides local, stand-alone
and efficient bunch crossing identification. The design and the precise me-
chanical construction of the DT chamber allows to achieve 100 pm precision

in global r-¢ position measurement.

e The Cathode strip chambers (CSCs): The CSCs provide precise track-
ing and triggering of muons in the endcaps and hence constitute an essential
component of the CMS muon system. The performance of the CSCs is critical
to many physics measurements based on muons. The pseudorapidity region,
0.9 < |n| < 1.2, is covered by both the DT chambers and CSC. There are 468
CSCs in the two muon endcaps. Each endcap consists of 4 stations of cham-
bers, labelled ME1 to ME4 in order of increasing distance from the interaction

point, which are mounted on the disks enclosing the CMS magnet, perpen-
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dicular to the beam direction. In each disk, the chambers are divided into
two concentric rings around the beam axis (3 for ME1 chambers). Each CSC,
trapezoidal in shape, consists of six gas gaps. For each of the gas gaps, there
is a plane of radial cathode strips and a plane of anode wires perpendicular
to the strips. To avoid the gaps in muon acceptance, the CSC chambers are
overlapped except for the ME1/3 section. There are 36 chambers in each ring
of the muon station, except for the innermost (high 77) rings of ME2-ME4,
which have 18 chambers. A CSC consists of arrays of positively-charged an-
ode wires crossed with negatively-charged copper cathode strips within a gas

volume.

Resistive plate chambers (RPCs) : RPCs are gaseous parallel-plate detec-
tors that combine adequate spatial resolution with a time resolution compara-
ble to that of scintillators. RPC is capable of tagging the time of an ionizing
particle in a much shorter time as compared to the 25 ns between the LHC
bunch crossings (BX). Therefore, a fast dedicated muon trigger device based
on RPCs can identify unambiguously the relevant BX to which a muon track is
associated with, even in the presence of the high particle rate and background
expected at the LHC. Signals from such a device directly provide the time
and position of a muon hit with the required accuracy. The RPC detectors
are employed in the CMS as a dedicated trigger system in both the barrel as
well as in the endcap regions. They complement the muon tracking system:
DTs in the barrel and CSCs in the endcaps. From the geometrical point of
view, the muon system is divided into five wheels in the barrel and four disks
in each endcap. Each barrel wheel is divided into 12 sectors, covering the full
azimuthal dimension. Each sector consists of four layers of DT's and six layers
of RPCs, a total of 480 RPC stations covering average area of 12 m?. The
two innermost DT layers are sandwiched between RPC layer (RBlin and RB
1 out for the innermost RB 2in and RB 2out for the second one). The third
and the fourth DT layers are complemented with a single RPC layer, placed
on their inner side (RB3 and RB4).
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Figure 3.18: Flow diagram of Level 1 trigger system of the CMS detector. Image
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source: http://cms-global-muon-trigger.web.cern.ch/cms-global-muon-trigger

3.6.7 The CMS Trigger System

The interaction rate of pp collisions at the LHC is very high. The beam crossing
interval for protons is 25 ns, which corresponds to a crossing frequency of 40 MHz.
A number of collisions occur at each crossing of the proton bunches but it is not
possible to store and process the large amount of data associated with these events.
The number of events needs to be reduced in order to be processed and stored.
The CMS trigger system performs this task, in two steps known as: Level-1 (L1)
Trigger [29] and High-Level Trigger (HLT) [30].

The L1 Trigger consists of custom designed, largely hardware based pro-

grammable electronics, whereas the HLT is a software based system implemented



Chapter 3

using about one thousand commercial computer processors. The design output
rate limit of the L1 Trigger is 100 kHz, which uses coarsely segmented data from
the Calorimeters and the muon system, while holding the high-resolution data in
pipelined memories in the front-end electronics. The L1 Trigger System is orga-
nized into three major subsystems: the L1 Global Calorimeter trigger (GCT), the
L1 Global Muon trigger (GMT) and the L1 Global trigger (GT). The muon trigger
is further organized into subsystems representing the three different muon detector
systems. The L1 muon trigger also has a global muon trigger that combines the trig-
ger information from the DT, CSC and RPC subdetectors. The Global trigger takes
the decision to reject an event or to accept it for further evaluation by the HLT. The
decision is based on algorithm calculations and on the readiness of the sub-detectors
and the DAQ system, which is determined by the Trigger Control System (TCS).
The Level-1 Accept (L1A) decision is communicated to the sub-detectors through
the Timing, Trigger and Control (TTC) system. The architecture of the L1 Trigger
is depicted in figure 3.18. The L1 Trigger has to analyze event information for every
bunch crossing. The allowed Ll Trigger latency, between a given bunch crossing and
the distribution of the trigger decision to the detector front-end electronics, is 3.2
us. The processing must therefore be pipelined in order to enable a quasi-deadtime
free operation. The L1 Trigger electronics is housed partly on the detectors, partly
in the underground control room located at a distance of approximately 90 m from

the experimental cavern.

The architecture of the CMS detector DAQ system is shown schematically in
figure 3.19. The CMS Trigger and DAQ system is designed to collect and analyze
the detector information at the LHC bunch crossing frequency of 40 MHz. The
DAQ system must sustain a maximum input rate of 100 kHz and must provide
enough computing power for a software filter system, the HLT, to reduce the rate
of stored events by a factor of 1000. Thus, the main purpose of the DAQ and
HLT system is to read the CMS detector event information for those events that
are selected by the LI Trigger and to select, from amongst those events, the most

interesting ones for output to mass storage. The proper functioning of the DAQ
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at the desired performance is a key element in reaching the physics potential of
the CMS experiment. To summarize, the online event filtering process in the CMS

experiment will be carried out in two steps:

Detectors

Digitizers

Front end pipelines
40 MHZ synchronous

o‘[ﬂ

Readout buffers

100 KHE asy NP ronows

Readout networks

1 Terabit's bandwsdth

Event fiter

Toral lops processos farme

100 kHz, 1 Thit/s Asynchronous 40 MHz Synchronous

Off-ine Computing gnd @
Data and analysd serveey

Ol

Mass storage

=100 Hz, Petafiytes archives

=2

Figure 3.19: Structure of the trigger system used in the CMS detector. Image
source: http://andreyoon.com/images/cmstrigger.png

e The L1 Trigger, with a total processing time of 3 us, including the latencies
for the transport of the data and control signals. During this time interval,
the data is stored in the pipeline memories in the front-end electronics. The

L1 Trigger is designed to accept a maximum rate of 100 kHz.

e The HLT, with a total processing time of up to ~ 1s. During this time interval,
the data are stored in random-access memories. The HLT is designed to

provide maximum output of mean event rate of ~ 100 Hz.
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3.7 Detection of Particles in the CMS Detector

The detectors, designed to discover new particles, must be designed to observe all
possible decay products and should be capable of measuring their position and
energy very accurately. A transverse view of the CMS detector in the form of a
slice is shown in figure 3.20. The detection of particles in the CMS detector, upon

interaction with the detector material is explained below:
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Figure 3.20: Particle detection in the CMS detector at the LHC. Image source:
https://cds.cern.ch/record /2205172 /files/CMS Slice.gif

e The particles produced at the interaction point have to first pass through the
CMS tracker system, which is purely Silicon based. A charged particle, upon
passing through the tracker, creates the electron-hole pairs, which are collected
by the electrodes to provide the signal. The signals from different silicon pixels

and strips are combined to form the track of the charged particles.

e The particles, after passing the tracker region, enter the ECAL, where the elec-

trons and photons deposit most of their energy by electromagnetic interactions,
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e.g. ionization, bremsstrahlung, pair production, Compton scattering, etc. An
energetic electron, while passing through the ECAL, radiates photons through
bremsstrahlung. If the energy of the bremsstrahlung photon is sufficiently
high, it will produce an electron-positron pair through pair-production. Each
of the partners of pair production will then radiate photons. The processes of
bremsstrahlung and pair-production will then result into an “electromagnetic
shower”. The growth of this shower will continue until the secondary particles
are no longer capable of multiplying. The energy loss by an electron is char-
acterized in terms of radiation length, which is defined as the distance over

which the electron loses (1/e) fraction of its energy by radiation loss only.

e After passing through the ECAL, the particles enter the HCAL, where the
charged and neutral hadrons deposit their energy. A hadron, upon passing
through the HCAL material, builds up a shower through multiple strong in-
teractions, resulting in the production of a large number of particles in each

secondary interaction. This process results into hadron shower development.

e The next layer in the CMS detector is of muon chambers. At the end of
the HCAL, only muons and neutrinos survive. The neutrinos do not interact
with detector material, at all. The muons, being weakly interacting massive

charged particles, also interact with the ECAL and the HCAL

e In the muon chamber, the muons are detected by the information obtained

from the DT, CSC and RPCs
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Chapter 4

Data Quality Monitoring at the
CMS

The CMS detector at the Large Hadron Collider at CERN is one of the multipurpose
general detector. At the LHC, millions of proton-proton collisions take place each
second which are recorded by the CMS detector. These millions of proton-proton
interactions generate huge amount of data for the physics analyses. All the sub-
detectors of the CMS need to perform in accurate and optimal conditions to record
these data for analyses. After 2012, the LHC is colliding more proton bunches in a
narrower beam of particles. Under such conditions, the CMS has to make sure that
both the hardware and software can handle these challenges and record the data of
high quality. To accomplish this task a group of physicists has been constituted,
which is responsible to scrutinize the quality of the data. The group is named as

Physics Performance and Data-set (PPD) group.

The key role of PPD [1] group is to ensure the quality of data at the time of
collisions as well as after the collisions. After monitoring the quality of data from
collisions it is then provided to the different physics analysis groups for the various
physics analyses. The organization of the PPD group along with the coordinators of
its various subgroups for the year 2017-18 is shown in figure 4.1. In this chapter the
validation work done for 2015 and 2016 data for the Physics data and MC validations
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(PdmV) group and certification of collision data taken by the CMS detector during
2017 for DQM-DC group at centre of mass energy 13 TeV is presented. The PPD

group has further 3 subgroups for specific purposes. These groups are;

e Alignment, Calibration and Database (AlCaDB)
e Data Quality Monitoring and Certification (DQM-DC)

e Physics Data and MC Validation (PdmV)

Physics Performance & Datasets (PPD) organisation 2017/2018
physic

== Vsics
: dta

t'ﬁ?l"‘ﬂlu—f =

L
PPD Resource Manager
et Kot Agpoa
- L :wd_-é

Figure 4.1: The Layout of subgroups in Physics Performance and Data-set group
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4.1 Data Quality Monitoring (DQM)

The Data Quality Monitoring, DQM, of Compact Muon Solenoid detector is a crucial
resource for delivering data of very high quality for various physics studies. Major
Goal of DQM system [2] is to ensure the high quality of data taken during the
particle collisions. So, DQM plays an important role in providing the true and

reliable certification of collision data.

4.1.1 Responsibilities of DQM Group

The key responsibilities of the DQM [3] group to support, employ and handle this

framework are broadly classified in to four areas.

e DQM shift operations: The Shift operations is the basic but crucial respon-
sibility for the CMS collaboration. Effective shift operations are mandatory
for efficient handling of the data from collisions. Large number of shifters
perform the monitoring task for both Online and Offline chains. It is the
responsibility of the DQM group to coordinate shift allocations and training
of shifters. All the important instructions from various Detector performance
Groups, DPGs and Physics Object Groups, POGs need to be propagated well
to these shifters.

e Development: Each subsystem of detector has specific monitorables which
are required for good data quality monitoring. Development of the tools re-
quired in DQM process is accomplished by the experts and specialists of DQM
team. The experts from all the DPGs and POGs contribute in the DQM devel-
opment. The CMSSW code which is provided to all the DPGs requires to be
analyzed and reviewed so that all desired changes can be implemented in the
main release. The analysis includes understanding of the code, changes imple-
mented in it and interaction with the developers regarding the changes. The
various subsystems also support by providing all the necessary configuration

required for DQM GUI to include in the testing procedures.
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e Data Certification: Certification [4] is another important liability of DQM
group. DQM group needs to release and provide the Golden Java Script Object
Notation (JSON) files which contain the valuable information regarding runs
in terms of their meaningful lumisections. These JSON files are used by all
analysers in the collaboration to perform the various physics analyses. In order
to provide the correct JSON file, DQM team needs to collect all the valuable
and correct information from the certification experts of various DPGs and
POGs. It is the responsibility of the DQM-DC group to keep a close watch
on each run which is flagged BAD by any of the DPG or POG and to retrieve
the best possible information even from the bad runs so that the most part of

lumisections can be made available to the JSON file for further analyses.

e System Operations and maintenance: Several production systems have
been used to run the DQM software. Particularly for the online world, DQM
group itself is responsible for its own infrastructure. Production systems test,
maintain and support the infrastructure at point 5 with the help of P5 system
administrators, which is provided to different subsystems. DQM group also
needs to provide on-call DQM experts for 24/7 during data taking process and
report their findings daily to run coordination meeting. This helps the Run
coordination team to monitor the ongoing data taking process. Providing sup-
port to the users, coordination with http group, managing data and regular
up-gradation of the documentation are among the significant sectors of system
operation and maintenance which are looked after by the group. Operations
and maintenance of tools like DQM GUI for Monitoring, scripts used for vali-
dations and certifications are done by the DQM group. These tools play key

role in the entire process of data quality monitoring.

The role of DQM group can be summarized [5] as a process which begins from
online world at the interaction point, P5 to monitor the live data and finishes off in
offline world with the announcement of Golden JSON file after the certification of

prompt-reco data.
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4.1.2 DQM: Tiers and Layers

The CMS collaboration has approved sole and steady framework which covers all
the possible uses of this DQM framework. It is used to accomplish the live follow up
on the status of various sub-detectors used in data taking, to carry out the prompt
reconstruction of data offline, performing the certification of runs and to determine
the goodness of physics objects using the CMS software release framework, known
as the CMSSW. To get the better understanding of the DQM on the basis of above
usage, Data Quality Monitoring process [3] is divided in to 3 tiers and 4 layers.

These tiers and layers are briefly described below;

e 3 Tiers are:

Release Validation : Validation Code of DQM is accountable for the
production of plots which are exhibited in the RelVal DQMGUI, DQM graph-
ical user interface, as shown in figure 4.2. Various Data and Monte Carlo
validators use these plots to approve the various newer releases or versions of
CMS software framework, CMSSW. The validated software, which is the end
product of this process, is used by the whole collaboration. This global process

of release validation is managed by PdmV subgroup of PPD organization.

Online DQM : After passing the High Level trigger, a part of data is
handled at Point 5 using the online DQM cluster. This process produces the
live plots to follow up the status of running sub-detectors. These plots are
checked by shifters (24/7) using the Online DQM GUI, to ensure the good
performance of the detector and to spot problems of any kind during the Run.
All the information is then propagated to online runregistry as shown in figure
4.3, by the shifters. This process is managed by the DQM-DC team and results

in the online follow up of the detector as its end product.

Offtine DQM : Data coming from the detector is sent to TierO for the
immediate reconstruction, which is known as express reconstruction along
with the reconstruction of data with 48 hours delay, called as Prompt-

reconstruction. The efficiency plots of every sub-detector from various DPG
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Figure 4.2: Extract of the RelVal DQM GUI showing the plots which are used to
validate the versions of CMSSW. CMSSW 900pre4 in this case

groups and physics variables like number of charged tracks, transverse mo-
mentum, eta distribution of the produced particles etc., of all POG groups are
analyzed by the Prompt feedback groups and certification experts. The results
of the analyses are then conveyed by the certification experts to the central
Data Certification team using offline runregistry, documented as in figure 4.4.
The end product of this process is in the form of Golden JSON file, which
contains all the meaningful data (runs along with their lumisections) to be
used for the analysis of collisions. The DQM-DC team looks in to this entire

process [6] of offline monitoring.

e 4 Layers: The four layers of DQM are mentioned below. These layers are

basically four important tools to perform the DQM process.

Production of DQM plots: The production of DQM plots tool is of
extreme importance for the DQM process. Data Acquisition system, DAQ
coordinates with Tier(Q in order to define the right input data and also ensures
that correct DQM plots are produced. Production of plots for Release Valida-
tion and Online monitoring are governed by PdmV and DQM DC respectively.
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But production of plots for Offline Monitoring is done by Tier0 and sequences

are managed by DQM Team.

Enwvisioning of the Plots using DQM-GUI: The DQM-DC team
manages this tool and provides all the required support and documentation to
the subsystems by developing specific plugins. Different server occurrences of
the tool running at several different locations make the tool difficult to manage.
Online DQMGUI servers are controlled by the DQM-DC team whereas RelVal
and offline servers are governed by the CMSWEB HTTP group.

Validation and certification : Validations of the CMSSW releases and
certification of Runs are performed by the shifters and experts with the help
of CMSSW code and GUI plugins. DQM DC team interacts and provides all
the basic training to the code developers, PFGs and certification experts to

make sure that this validation and certification task is done efficiently.

Recording the results using runregistry: In order to follow the cor-
rect information about quality flags with respect to data collected from the
CMS detector, runregistry is used by the Data Certification team. This whole
class of information is used by the DQM DC team to deliver the final Golden
JSON file to the collaboration.

The entire process [7] of DQM which is described above using 3 Tiers and 4

layers is shown in the schematic way using figure 4.5.

4.2 Release Monitoring: RelMon

Release monitoring, RelMon [8], is another significant tool of Data Quality Moni-
toring process. To analyze the data from the CMS detector a software framework,
CMSSW, is required. This CMSSW is upgraded and maintained by releasing the
newer versions by the Physics data and Monte-Carlo Validation group (PdmV). Rel-
Mon is a tool used to achieve the comparison between the two CMSSW releases using

root files consist of various DQM histograms. This task of comparison is known as
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Figure 4.5: Flow chart describing the complete DQM process at the CMS. Image
source: https://twiki.cern.ch/twiki/pub/CMS/DQMPositions/
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validation in which ‘test CMSSW release’ is validated against the ‘reference CMSSW
release’. All the Detector performance Groups, DPGs, Physics Object Group, POGs
and Physics Analysis Groups, PAGs [9] generate the important set of histograms on
a group of data and Monte-Carlo samples. Details about the method, Validation

group and samples used along with results are described in following sections.

4.2.1 Method to Perform Validation

The main task of PdmV group is to give approval or to validate the release of
newer version of the CMSSW. Validators from various PAGs and POGs examine the
new developments from newer version(s) of the CMSSW releases and the software
infrastructure, Data quality monitoring (DQM) package for the validation group
needs to be maintained by them. Validation is performed using Data and Monte-
Carlo (full simulation, fast simulation) work flows. When two CMSSW releases are
compared there can be differences in the results and these differences, their origin
and consequences need to be addressed and fixed. Comparisons between the releases
are made by analyzing the DQM histograms of various PAGs, DPGs and POGs from
both the releases. This comparison of histograms are based on the statistical Chi-
Square test where the threshold of p value! (1e-05) determines if comparison has
passed the test or not. Results due to differences are marked as Ok, Ezpected or
Failure depending upon the development of the new CMSSW release. Report is
prepared to highlight in particular the salient features of the comparison, based
on the validation which involves a manual, visual inspection of physical quantities
of interest, reconstructed in the two CMSSW releases, which is then uploaded to
validation database (ValDB) page [10]. Once the developments are verified to be
valid, they are used in CMSSW for data taking at Tier-0, data-processing and Monte
Carlo production. It is only after analyzing the reports and level of discrepancies
from all the PAGs, POGs and DPGs, PdmV group approves or disapproves the
CMSSW versions. If the versions are found to be compatible then PdmV group

IThe p value is defined as the level of marginal relevance within a statistical hypothesis test
which represents the probability of the occurrence of a given event
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makes them public, to be used by all the users of the CMS collaboration for various

analyses processes. Figure 4.6 shows the official page where comparison campaigns

for the CMSSW are announced.

RelMon Reports 2

Links:

TO THE ONLINE DQM GUL...
TO THE OFFLINE DQM GUI...
TO THE RELVAL DQM GUL...

Comparisons
cmssw_9 4 5 canplvscmssw_9 4 0-FuLLsim SUBCATEGORIES
+ FullSimReport
+ FullSimReport PU
cmssw_9_4_5 canolvscmssw_9_4_0-parta SUBCATEGORIES

+ DataReport

Figure 4.6: The Official RelMon comparison page where test and reference CMSSW
releases are mentioned.

4.2.2 The Standard Model Physics Validation

Various Physics analysis groups, PAGs, like Standard Model, Susy, TOP, B Physics
and Higgs play very important role to study and analyze the physics processes. Stan-
dard model is one of the most important physics groups amongst all the PAGs. In
SMP-PAG validation is performed using electroweak muon dqm (EwkMuDQM)and
electroweak electron dqm (EwkElecDQM) modules. To perform the validation, com-
patibility check of new version of the CMSSW is made w.r.t to older version and
these comparisons are chosen in such a way that Monte-Carlo is checked against

Monte-Carlo and data work-flow against data work-flow only, as shown in figures
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4.7 and 4.8. For the Data, Single electron, Single muon, Double muon, Double

electron samples have been used for the validations.

4.2.2.1 Samples used for Validation

e ZEE, Double electron sample: Reconstruction of Z boson using electron

and positron, Z — e™ e~

e ZMM, Double muon sample: Reconstruction of Z boson using muon and

antimuon, Z — u p~

e WE, Single electron sample: Reconstruction of W boson using electron

and neutrino/antineutrino, W+ — et v, , W~ — e~ 17,

e WM, Single muon sample: Reconstruction of W boson using muon and

anti-neutrino/antineutrino, W+ — pt v, , W= — u= v,

4.2.2.2 Workflow used for Validation

e Data validation which consists of electron and muon data samples.

e Monte-Carlo validation which consists of full Simulation with and without

PileUp , fast Simulation with PileUp only

4.2.3 Analysis of DQM Plots

To validate the test release in comparison to the reference release, consistency study
of some significant variables for electron and muon sample, like dilepton mass, dilep-
ton transverse momentum, leading, sub-leading jet’s momentum, pseudorapidity, of
the samples become very important. These variables are being analyzed using DQM
codes (EwkElecDQM and EwkMuDQM codes) of SMP-PAG group, which are run
locally and resulting output distributions are studied. Some of the variables which

were considered for the present study are listed and defined in the following sections.
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4.2.3.1 List of Variables

e Kinematics: Transverse momentum (pr), pseudorapidity (n), charge,
difference of transverse momentum between the positive and negative

muons/electrons (Apr)

e Muon ID variables: To identify the real muon and rejecting the recon-
structed muons from other sources muon identification variables are used. e.g.
dzy, which measure’s the transverse distance of muon to the primary vertex of

an interaction.

e Electron ID variables: To differentiate the real electron from the fake ones,
shower shape variable is used. These variables are called as electron identifi-

cation variable which is a measure of the shape of showers, e.g. oy 2

e Electron ISO variables: Separation between the reconstructed hits around
the electron in ECAL (Ecaliso), in HCAL (Hcaliso) and separation of tracks

from the electron track (Trackiso) both in Barrel and Endcap.

e Muon ISO variables : Muons are required to be well isolated from energy
deposits and other charged particles in its vicinity to reduce the fake muon con-
tributions from other sources. Tracker relative isolation is one of the variables

used for isolation of muons.

e Jet variables: Number of Jets, transverse momentum (pr) and pseudora-
pidity (1) of leading and sub-leading jet, Opening angle between leading and
sub-leading jet (Ag)

e Photon variables: Number of photons, transverse momentum, py and pseu-

dorapidity, 1 of photons
e 7 boson variables: Dilepton invariant Mass, transverse momentum
e Trigger variable: whether fired or not

e Number of muons/electrons, Number of good muons/electrons, Primary Ver-

tex distribution

2Tt is defined as the width of the ECAL cluster along the n direction computed for all the
crystals in the 5 x 5 block of crystals centered on the highest energy crystal of the seed cluster
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All the above mentioned variables are very important to understand the re-
constructed objects (W and Z boson in this case). The other important variable

which is of key importance is phi star, ¢* [11].

4.2.3.2 Phi star (¢*) Variable

At the energy of TeV scale, large amount of the photons, W and Z bosons are pro-
duced during the hadronic collisions. The dilepton system is boosted in the trans-
verse direction due to the QCD radiation in the initial state of the hard scattering.
This leads to non zero component of transverse momentum g for the dilepton sys-
tem. The correct modeling of the vector boson ¢r distribution is important in many
physics analyses at the LHC for which the production of W or Z bosons constitutes a
significant background. At High ¢r values, perturbative calculations are used where
as for low qr soft gluon re-summation technique is used. The Z boson production
cross section is dominated by the low g7 spectrum which is explained by transverse-
momentum re-summation formalism. The measurements of low ¢r at high energy
experiments like at the LHC and at the Tevatron, were dominated by uncertainties
in experimental resolutions and event selection efficiency, which had direct impact
on the precision of gr measurement by constraining the bin width selection for the
measurements. So the investigation for additional observable(s) with lesser sensi-
tivity to experimental uncertainties and with refined experimental resolution was
required. The optimal experimental observables to probe the low ¢y domain of Z
production were found to be the ar, the transverse momentum of dilepton pair [12]
and phi-star variable ¢* [12]. ar is less sensitive to the lepton pr resolution than gr
and also the selection cut efficiencies for lepton isolation are less related with ar as
compared to gr. If ar is divided by dilepton invariant mass, q, it becomes even less
susceptible to lepton pr resolution than the ar. This results in to the new variable
named as phi star variable ¢*. So studying of ¢* = ar/q in low g7 non perturbative

region leads to an improved understanding.

PrPT .
ap = 2—————sinA¢ 4.1
P+ Ph .
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Recoil

Figure 4.9: Figure describing the acoplanarity, azimuthal opening angle be-
tween leptons and the transverse momentum of dilepton pair. Image source:
https://slideplayer.com/slide/3948429/

q= \/2p1p2(1 — cos(A0) (4.2)

where, q is the dilepton invariant mass , A¢ is the azimuthal opening angle of lepton
pair having momenta p' and p? with A is the angle between the two leptons as

shown in figure 4.9.
—)sin(6;) (4.3)

where, ¢ueop = ™ — A and 0}, is the scattering angle of the leptons with respect
to the proton beam direction in the rest frame of the dilepton system. 6 can be
defined in the terms of lepton variables.

- +
no—-n
(—5—)

cos(0;) = tanh (4.4)

where, = (n™) is the pseudorapidity of the negatively (positively) charged lepton,
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respectively. The ¢* variable has certain dominance over the ¢r. Some of the major

advantages of this variable are as follows;

® AS ¢ucop and 0 depend absolutely on the directions of the two leptons, which
are measured with a precision of a milliradian or better, ¢* is experimentally
very well measured as compared to any other quantity that relies on the mo-

menta of the leptons

e The experimental resolution for ¢* is significantly better than the one for qr,
which enables the possibility to better test theoretical ideas and constrain

non-perturbative effects [13]

e ¢* is correlated to the quantity ar/q , where ¢ is the invariant mass of the
lepton pair and ar represents the transverse momentum of dilepton pair, and

therefore probes the same physics as with the transverse momentum, gr

e Values of ¢* ranging from 0 to 1 probe the gr distribution mainly up to ~ 100
GeV/c

4.2.4 Selection Cuts

Specific set of selection cuts have been used to validate and analyze the DQM plots of
certain set of variables like transverse momenta, pr, pseudorapidity, n-distribution,
invariant mass of di-bosons for WM, WE, ZMM and ZEE samples for 2015-16 data.
Selection cuts which are used in the analyses are optimized from time to time de-
pending upon the beam and bunch spacing. Selection cuts used here to select the
leptons ( electrons and muons ) in all of the above samples for 2015 and 2016 data
are medium identification cuts [14,15]. These cuts are recommended by the Muon
and Electron POGs after examining all the situations. Details of these cuts are

below:

4.2.4.1 For Muons

e Each muon is required to possess transverse momentum more than 25 GeV

and lie with in pseudorapidity range of 2.1 (pr > 25 GeV and n < 2.1)
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e The ratio of the sum of transverse momenta of all the tracks ® to the muon

track transverse momentum should be less than 0.1 (IsoCut < 0.1)

e To reconstruct the Z boson from the two muons, one of the muon needs to
have transverse momentum more than 20 GeV and other muon is required

to have transverse momentum more than 10 GeV (pT#1 > 20 GeV, pr,, > 10

GeV)

e The invariant mass of the chosen pair (1) should lie in the range 60 to 120
GeV/c? .

e Triggers : HLT IsoMu, HLT IsoTkMu, HLT Mu (recommended by MUON
POG).

4.2.4.2 For Electrons

e Each electron is required to possess transverse momentum more than 25 GeV

and lie within pseudorapidity range of 2.4 (pr > 25 GeV and n < 2.4)

e To reconstruct the Z boson from the two electrons, one of the electron needs to
have transverse momentum more than 25 GeV and other electron is required
to have transverse momentum more than 15 GeV (pr, > 25 GeV and pr,, >

15 GeV)

e One out of the two electrons involved in the reconstruction of Z needs to lie

with in pseudorapidity range of 2.4 and other in 2.5 (n < 2.4 (2.5))

e The invariant mass of the chosen pair (ML) should lie in the range 60 to 120

GeV/c* .

e Triggers : HLT Ele, HLT DoubleEle.

After implementing the above selection cuts, the distributions of certain im-

portant variables as described above are shown in figures 4.10 and 4.11.

3These are the tracks which are centred around a muon track and lie within a cone of radius
less than 0.3
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Figure 4.10: Phi star (¢*) distribution before (top) and after (bottom) applying the
7 selection cuts using the Double electron sample. This variable was introduced
to the EwkElecDQM code and then obtained distribution was sent to SMP group
where it was approved for inclusion in the CMSSW releases.
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4.3 Data Certification: DQM-DC

Data certification is another major subgroup of PPD which takes part in online
monitoring and offline monitoring along with the certification of data coming out of
collisions in the CMS detector. The principle goal of DQM-DC [4] team is to organ-
ise, monitor and maintain the various live monitoring applications and visualization
tools of both online and offline DQM modules. Along with this, DC team is also
responsible for central certification process in which it is needed to prepare the list
of runs and lumisections (LS) good for physics analysis performed by the various

groups and users of the CMS collaboration.

4.3.1 Data Taking and Data Flow Process at the CMS

The process of certification begins with the start of data taking, when collisions of
proton proton beams at the five main interaction points, among which the CMS is
located at one interaction point of the LHC, occur. In the beam, proton bunches
have bunch spacing of 25 ns. Each proton beam carries 2808 bunches and within each
bunch there are 10'! number of protons which leads to about 600 million collisions
per second. But it is not possible that every proton of beam 1 collides with another
proton from beam 2. A number is assigned to every single collision of protons in
order to give the identity, this assigned identity is called as ‘run number’. Particles
resulting from the collisions are detected by various subsystems of the CMS detector

which include the Silicon tracker, Calorimeters ECAL, HCAL and muon chambers.

During collisions, particles interact with each other and the detector records
information about energy and momenta of incoming and outgoing particles in the
form of electrical signals. Entire data processing is connected to the computing
system of the LHC. In order to study physics it is important to understand the kind
of particles (physics objects) produced and the process in which these particles are
produced. To extract all this information, reconstruction of the events need to be

done. The process of reconstruction is performed via tracking, in which particle
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trajectories are reconstructed using the tracks, vertexing, in which extrapolation
of tracks is done using certain selection criteria in order to find the originating
point of these tracks, and particle identification is done by classifying each track.
All the extracted information is stored in the form of histograms. If the process
of reconstruction is done immediately after collision event without any delay it is
called as ‘Express Stream’, if it is performed after the delay of 48 hours it is called
as ‘Prompt Reconstruction” and further delay leads to ‘Re Reconstruction’. All the
live information about every collision event with all the required details of all the
sub-detectors is sent to Online DQM GUI for monitoring and then propagated to
online runregistery for book keeping. It is the responsibility of online shifter to check
whether all the subsytems of the detector are present in data acquisition system,
DAQ and included in data taking process or not. It is the online shifter which
provides the very first information about the detector and run to the DQM team
during the collisions/data taking. All of raw data from DAQ and trigger system
is propagated to Tier0 [16] where processing of raw data in to primary data set
takes place (Prompt Reconstruction). Once the data is completely processed all
the information is propagated to the offline GUI for the visualization of physics
objects and then this information is passed to offline runregistery for book keeping.
All the information in this way flows from the online world to offline world before

certification of these data/events can happen.

4.3.2 Run Classes at the CMS

It is not only proton collision runs that are recorded or detected by the CMS detector
and certified by the DQM-DC team, the runs are also classified in to different classes
based on the detector and trigger conditions. Certification is not performed on all
of the run classes but only on classes which can provide the good and meaningful

physics objects. Runs are classified in to:

e CruZeT runs: CruZeT stands for cosmic runs at zero tesla. This implies

that the cosmic runs are recorded when the CMS has magnetic field of zero
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tesla. Cosmic runs are for the high energy particles (mostly protons) coming
from the universe which hit the earth’s atmosphere and produce hundreds of

secondary particles on reaching its surface as shown in figure 4.12

P = proton

L = muon

T = pion

vV = neutrino
et = alectron
e~ = positron
¥ = photon

1
1
4 . ]

Figure 4.12: Cosmic rays producing the secondary particles including muons.

Source: http://physicsopenlab.org/2017/08 /29 /cosmic-rays-composition/

These particles may have the energy as large as 100 times the energy of particles
colliding at the LHC. These cosmic ray particles interact with matter to produce
the secondary charged particles including muons, named as cosmic muons. Muons
can travel hundreds of metres without interacting with the matter and hence can
be detected at the earth’s surface and even at deep underground. This penetrating

nature of muons helps the muon subsytem of the CMS detector to detect them.

Cosmic run in DQM is defined only if both the proton beams are absent,
tracker subsytem is present in the DAQ while recording these runs and with atleast
one out of three muon subsystems (CSC, DT and RPC) should be on, while taking

the cosmic data.

o CRAFT runs: CRAFT stands for Cosmic Runs at Four Tesla. In this class
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the above mentioned criterion for cosmic runs remains the same except the
magnetic field. These runs are taken after switching on the CMS magnet

system which provides a magnetic field of 4 Tesla.

e Commissioning runs: These are the runs which are taken when both the
beams are present in the LHC beam-pipe and are stable ones but HLT menu is
not good from the physics point of view. There is also a possibility of having
non stable beam with HLT menu good for physics, even in such cases runs
will be considered as commissioning runs. So it is the beam stability and HLT
menu for physics which decides this class of runs. Also the magnetic field

should be equal to 4 Tesla while recording this kind of data.

e Standard Collision runs:These are the runs which are taken when both the
beams are present in the LHC beam-pipe and are stable ones having required
centre of mass energy with the magnetic field of 4 Tesla and good HLT menu
from the physics point of view. All the subsytems should be included in DAQ
during the data taking.

e Short Collision runs: These are the runs which have the detector and the
trigger conditions same as of standard collision runs but have run length of
very few minutes. Runs which have very less number of lumisections, hardly
3 or 4, with total luminosity of run < 80 nb~! are considered as short runs. In
these runs statistics is so small that no useful physics information from them
can be extracted to study the relevant physics part. So these runs are not

considered for the certification.

DQM-DC team certifies all the above data/runs classes except commissioning,
which does not have any kind of meaningful physics in it and short collision runs as it
lacks the required statistics to extract the important and useful physics information
from them. Also for the cosmic runs (CruZeT and CRAFT) if number of tracks
are less than 100 then such runs are not considered for the certification because of

insufficient statistics.
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4.3.3 Tools for Certification

DQM-DC team constantly monitors the flow of the runs from Online RR to Offline
RR. To have all the required information for the process of certification certain tools

are required to propagate the information in proper channel. Tools required are

e Online runregistry: For monitoring the live status of all sub-detectors of
the CMS and to store all the information of collision events like run number,

energy, run start time, stop time and magnetic field.

e Primary Datasets: These are the datasets required for the certification of
runs. These datasets cover almost all possible types of physics processes which

are under study by various sub groups. Name of these primary datasets are
i) Single Muon

ii) Single Photon

iii) JetHT

iv) Zero Bias

e Tier 0: To perform the task of prompt reconstruction of the primary datasets

described above from the raw data.

e Offline DQM GUI: For monitoring all the physics objects created using the

above datasets and analyze them in the form of DQM histograms.

e Offline runregistry: To store all the information from all DPGs and POGs

about the detector parts and physics objects for each collision event/run

4.3.4 Workflow of the Data Certification

Many subsystems (DPGs and POGs) take part in the process of central data certifi-
cation. The detector performance groups which participate include CSC, DT, RPC,
Tracker, Pixel, SiStrip, ECAL and HCAL whereas the physics object groups which
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participate are JetMet, Muon, Lumi and Egamma. The online shifters from each
DPG and POG provide their initial feedback of each event/run to their respective
experts. After getting the feedback from shifters, experts analyze the DQM plots
related to detector performance and physics object which is reconstructed during
the PromptReconstruction. Then this information about the goodness or badness of
run for the various DPGs and POGs is saved and stored in the respective workspace
of subsystem using offline RR. For example Muon experts check all the DQM distri-
butions related to the reconstructed muon for every run which needs to be certified
and mention their findings about the run whether it is good or bad in the muon

workspace of offline run-registry.

Certification is a process which is carried out weekly. It starts immediately
with data taking and stops only when detector stops taking data. DQM-DC team,
every week, makes a call for list of runs which propagate and become available
from online RR to offline RR for the certification. This list is sent to all the DPGs
and POGs which are involved in the certification. Experts of every subsystem feed
their findings to their respective workspace from which DQM-DC team extracts the
information and puts all the certified runs, whether good or bad, in complete state.
Based on the information DC team separates the good run from the list and creates
a JSON file for Golden channel physics and Muon channel physics which consists
of the lumisection wise information of each and every good run. These JSON files
are used to plot the luminosity plot of data, which compares how much data is
recorded by the CMS out of data delivered by the LHC. Also only the data which
is marked good is compared with the data recorded by the CMS. This comparison
gives the direct view about performance of the detector. The difference between
the CMS recorded data and the CMS validated good data is because of the losses
suffered by the DPG or reconstructed physics objects. These losses are also studied
in detail by the DQM-DC group to see whether it is possible to recover any single
bit of lumisection of bad runs or not. In such cases experts are asked to review
their findings about the run and change the flag of data from bad to good. Once

bad data is recovered by the subsystem, central DC team again performs the entire
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process to gain the lumisection and luminosity of that run. Also few bad data is
recovered during the process of re-reconstruction. Once whole year data taking and
certification of the data finishes, all the results are made public and every CMS user

can use these JSON files for their analyses purposes.

4.3.5 Certification during 2017

During the year 2017, DQM-DC team certified the cosmic and proton-proton Col-
lision data taken at the centre of mass energy of 13 TeV. In collision data not only
proton proton collision data was certified but also a special class of Xe-Xe collision
data. The LHC operations resumed in the end of May 2017 after a technical stop of 4
months. In order to calibrate the sub-detectors, CMS started taking Commissioning

and CruZeT runs to have the correct idea about the performance of the detector.

4.3.5.1 Certification of Cosmic Runs

The process of certification in 2017 started with the CruZeT campaign on 10-04-
2017. First cosmic run which was recorded with 0 Tesla magnetic field of detector
was 290129, taken on 27-03-17. During the whole year DC team has certified 348
CruZeT runs and 591 Cosmic runs taken with 4 Tesla magnetic field, which are
called as ‘CRAFT’. 293491 was the first CRAFT run which was taken on 07-05-17
and call for first CRAFT was given on 15-05-17. Central DC team does not provide
the JSON files for the cosmic runs. But if any user wants to use this certified cosmic
data the user can generate its own JSON file using the instructions to produce JSON

file, which is provided by the DC team.

4.3.5.2 Certification of Collisionl17 Runs

The first collision run ‘294927" with the centre of mass energy of 13 TeV and magnetic
field of 3.799 Tesla took place on 23-05-17 having the LHC fill number 5698. The

HLT menu was not good for the physics during this period so runs which were taken
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with this HLT menu during the period called Era A, was named as ‘Commissioning
runs’. There were 311 commissioning runs that were taken before the HLT menu
for physics became good and collision runs made available for the certification. Era
A comprised of runs ranging from 294927-297019, with last run taken on 16-06-17.
Dataset name was changed from the Era A to Era B with the change in the HLT
menu key. During the entire 2017, a total of 1026 collision runs were recorded with
13 TeV centre of mass energy, out of which 43 runs were special ones which were
taken with HLT menu not good for physics, so these runs were not considered for
the certification. 399 runs from these collision data had insufficient statistics that
could hardly be certified so they were also excluded from the certification process.
Also 3 runs were taken with the bunch crossing of 50 ns instead of 25 ns and 7
low PU runs along with 3 Xe-Xe collision runs were also taken. So all these runs
together were not considered for the certification. The LHC has delivered 49.98 fb~!
of luminosity for these 1026 collision runs and the CMS has recorded 45.14 fb~! out
of the delivered luminosity. The loss of 4.84 fb~! of luminosity corresponds to the
dead time and down time of the detector. Among these 1026 runs, only 571 runs
were certified which corresponds to the 44.10 fb~! luminosity, the loss of 1.04 fb~!
is due to the above mentioned runs (signoff, special runs, 50 ns, low PU) which were
not considered for the certification process. The Luminosity plots corresponding to
these values are shown in figures 4.13 and 4.14 [17]. The details about the runs
recorded by the CMS and certified by the DQM-DC team in year 2017 at /s = 13
TeV are listed in table 4.1.

44.10 fb=' luminosity corresponding to collision runs were available for the
certification and all runs amounting this luminosity were certified by the DQM-DC
team giving 100 % efficiency for the certification procedure. Out of this luminosity
the data which corresponds to the good runs containing all the information of good
lumisections of these runs has luminosity of 41.86 fb~!. The only good runs which
were certified are known as the CMS validated runs or Golden validated runs. The
luminosity difference between the CMS validated and the CMS recorded for physics(

runs considered for certification) is attributed to the losses either due to complete
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bad runs or bad lumisections of the good runs. The losses are discussed briefly in

next section.

ERA From Run To Run Dataset Name Golden Certified
Luminosity
(in /o)

Run2017A 294927 297019 /PromptReco 0
/Collisions2017A /DQM

Run2017B 297046 299329 /PromptReco 4.823
/Collisions2017B/DQM

Run2017C 299368 302029 /PromptReco 9.664
/Collisions2017C/DQM

Run2017D 302030 303434 /PromptReco 4.252
/Collisions2017D/DQM

Run2017E 303824 304797 /PromptReco 9.278
/Collisions2017E/DQM

Run2017F 305040 306462 /PromptReco 13.540
/Collisions2017F /DQM

Run2017G 306546 306657 /PromptReco 0.09
/Collisions2017G/DQM

Run2017H 306896 307082 /PromptReco 0.22
/Collisions2017H/DQM

Table 4.1: List of runs certified during 2017

4.3.5.3 The Data Losses

During the year 2017 there was data loss of 2.20 fb~! luminosity. This loss is due

to various DPG and POG losses related to bad runs or few bad lumi sections of the

overall good runs. Losses are classified in to two categories: the inclusive loss and

the exclusive losses. Inclusive losses are those losses in which two or more than two

detector groups contribute in the losses. e.g. Inclusive loss due to Pixel detector

is more than 500 pb~! and similarly for the Silicon Strip same amount of inclusive

loss is recorded as shown in figure 4.15. The same amount of loss due to these
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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 4.13: Graph representing the LHC delivered luminosity (azure), the CMS

recorded (orange) and certified as good for all kind of physics analysis (Golden

Physics) while having the stable beam (light orange).
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two subsytems implies that few runs which are marked bad by Pixel detector is also
marked bad separately by the Silicon Strip detector so therefore the same runs which
are contributing in the losses of these two systems. The exclusive losses correspond
to the losses explicitly by the specific DPG or POG e.g. the exclusive loss due to
RPC detector is around 48 pb~! as shown in figure 4.16. This loss is solely due to
few runs which do not pass the desired quality test of RPC detector only for the
rest of subsystems these runs are marked good and pass the quality test for other
subsystems. Losses can also be classified in to detector control system, DCS loss
or data quality flags loss. Total luminosity loss of 2.20 fb~! for 2017 run contains
1.28 fb~! loss due to DCS and 0.93 fb~! loss because of data quality flags and are
shown in figures 4.17 and 4.18 respectively. HCAL, CSC and Strip were the DPG
which contributed majorly in the DCS loss. The losses due to only these three DPGs
valued around 1.0 fb! (975 pb~1). Major loss of quality flags were due to pixel and
HLT subsytem, they both together counted the loss of around 500 pb~!. The details
about the losses of each DPG and POG can be found in the reference [18] for entire
2017 and in the references [19,20] for losses in terms of the detector control system

and quality flags respectively.
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Figure 4.15: Total inclusive losses for 2017 data. Luminosity losses are in pb~!
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Figure 4.16: Total exclusive losses for 2017 data. Luminosity losses are in pb~*
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HCAL 430.60

Strip 306.80

ES 8.40
ECAL 15.50
DT 17.20

RPC 47.90
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CSC 236.90
TK_HV 125.60

Figure 4.17: Exclusive losses in terms of the DCS loss for 2017 data. Luminosity

losses are in pb~!
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Figure 4.18: Exclusive losses in terms of quality flags loss for 2017 data. Luminosity

losses are in pb~!
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Chapter 5

Phenomenology of Multi-Particle

Production

Collisions of particles at relativistic high energies lead to the production of vari-
ous new elementary particles. These particles are produced due to the gluon-gluon,
quark-quark and quark-gluon interactions between the constituent quarks and glu-
ons of the colliding particles. The produced particles can be the baryons (qqq state),
mesons (gq state) or leptons. Simplest but the most significant observation to de-
scribe the mechanism of particle production is charged particle multiplicity and the
distribution of number of particles produced, known as multiplicity distribution [1].
Multiplicity distribution, MD, carries important information about the correlations
of particles produced, thus providing a very fine way to inquest the dynamics of the
quark-quark, gluon-gluon and quark-gluon interactions. Particle production mecha-
nism [2] can be described in terms of several phenomenological models which use the
laws of statistical mechanics, thermodynamics, fluid mechanics, hydrodynamics and
statistics etc. Ensemble theory approach from statistical mechanics has been applied
to establish the statistical models which incorporate statistical fluctuations as a vital
information source. Various phenomenological models have been very successful in

describing the mechanism of particle production in high energy interactions.

Current high energy experiments for studying particle collisions use high
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precision sophisticated detectors which have several distinct layers of sub-detectors,
adequate in detecting the neutral and charged particles produced during the particle
collisions very accurately. In order to understand the particle production mecha-
nism, predictions of the theoretical and phenomenological models are compared with
the experimentally observed distributions of particles resulting from high energy
collisions. One of the most readily measured quantities is the number of particles
produced. The following sections of this chapter give a brief overview of multi-
plicity measurements, some basic definitions of probability distribution, moments
and their notations. Also several statistical distributions, various phenomenological
approaches and models which have been successful in describing the multiplicity

distributions are described in this chapter.

5.1 Overview of Multiplicity Distributions

Collision or interaction of two particles is generally described in terms of cross-section
which is calculated by measuring the number of particles produced. The cross section
essentially gives the measure of the probability of production of particular number
of particles. The multiplicity distribution is generally defined in terms of probability
by the formula

On On

P=—"= 5.1
Zn:O On Ototal ( )

where o, is the cross section for production of ‘n’ number of particles and ;s
represents the total cross section of interaction at center of mass energy /s. Ex-
perimentally this probability, P,, is obtained from the number of charged particles
produced at specific multiplicity, n., and the total number of particles produced
during the collisions, N;yq;. The probability is defined as in equation (5.1) with n is
replaced by n.,. The production probability of n charged particles in the final state
resulting from the particle collisions is associated with particle production mecha-
nism. The multiplicity distribution, MD, obeys conventional Poisson distribution

if there is no correlation between the particles produced i.e. particles produced in
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the high energy interactions are exclusive and independent of each other. The in-

)

teraction in this case follows ‘a +b0 — c+d + ........ , where a and b are colliding

particles and ¢, d are the particles produced after collision. In such cases dispersion,

which is defined by D = v/< n2 > — < n >2, is related with the average multiplic-
ity < m >. The presence of any kind of correlation amongst the particles leads to
the deviation from Poissonian form. The measurement of charged multiplicity dis-
tributions provide notable constraints for models of multiparticle production. Few
of these models are derived from the Quantum Chromodynamics, in which particle

formation involves soft scale based on the non perturbative techniques of QCD.

Multiplicity distributions at low energies, of order of ~ 10 GeV for leptonic
and hadronic collisions such as e*e™ or pp, could be described very well using Poisson
distribution [3,4]. The multiplicity distributions exhibited a broader width at higher
energies showing the significant deviation from the Poissonian form. The correlation
in the particles produced during the collisions was found to be responsible for the
deviations. In 1972 Koba, Nielsen and Olesen [5] brought forward the theory of
universal scaling for multiplicity distributions at high energies which is known as
KNO scaling. The energy dependence of the dispersion defined by relation D o
< n > implied the compliance of KNO scaling. But 13 years later violation of KNO
scaling was observed by UA5 collaboration while analysing the multiplicity data at
Vs = 540 GeV [6] obtained from pp collisions. Later on it was revealed by the
collaboration that KNO scaling was violated even at /s = 200 GeV [7]. The data
at these energies were well described by the negative binomial distribution NBD [§]
with £ and < n > as its two important parameters. The parameter k£ describes the
width of distribution. But the failure of NBD in describing the MDs was observed
at /s = 900 GeV and /s = 1.8 TeV [9] at Tevatron. The failure of NBD led
Giovannini and Ugoccioni to put forward a two component model [10,11] in 1999.
This model was based on the combination of two NBDs, one as soft component of
interactions and other as semi-hard component and was successful in describing the
data at /s = 1.8 TeV. This combination model clearly explained the experimental

results in favour of multi-partonic interactions. The overlap of various interactions
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has effect on the distributions and illustrates the deviations from KNO scaling at
lower energies. Few years later in 2002 Kodama and Aguiar used the concept of non-
extensive entropy based on Tsallis model [12] to describe the multiplicity data at
lower energies [13] for pp collisions (at 27 and 44 GeV). Recently another statistical
distribution named, Weibull distribution, is used to describe the multiplicity data at
higher energies. The advantage of using this distribution is that it can be fitted to
the non-symmetrical data. Though Weibull distribution failed to describe the data
at lower energies at /s ~ 91 GeV but its implementation and success on multiplicity

data at higher energies (LHC energies) is investigated and presented in the thesis.

All the existing distributions and models which describe the data at lower and
intermediate energies fail to explain the experimental data of multiplicity at LHC
energies, /s = 0.9 TeV to 7 TeV. This motivated us to work on the problem of
charged particle multiplicity data at highest available energy. The analysis has been
done for energies ranging between 14 GeV to 7 TeV and published by us. However
the work reported in this thesis is focused on the study of multiplicity for energies
ranging from 91 GeV to 7 TeV. In the following sections scaling properties like
Feynman scaling and KNO scaling etc. are discussed along with several statistical

and phenomenological distributions which are successful in describing the data.

5.2 Basic Theoretical Concepts

Particle production in high energy interactions can be described by the uncorrelated
emissions i.e. the particle produced is independent of each other. In such cases
multiplicity distribution is governed by Poissonian form. Discrepancies to this form
indicate the correlations between the particles produced. Over the last 20 years the
multiplicity distributions at various center of mass energies, /s, have been studied
by using different analytical and phenomenological approaches. Some of these are

described in the following section.
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5.2.1 Feynman Scaling

Fields radiated in an inclusive process, like a4+b — c+anything, at high energies are
Lorentz contracted in the longitudinal z-direction and makes field energy a ¢ function
in z [14]. This field energy is distributed uniformly in longitudinal momentum space
using Fourier transformation in order to have equal average amount of energy in any
element dp.. Using the phenomenological concept of quantum number exchange
between the colliding particles, Feynman explained that the number of particles
with a given mass, m and transverse momentum, py per dp, interval depends on the

energy, E = E(p,) [15] as

dn 1
~ — 5.2
.~ E (5.2)

This can be used further to find the probability of particle type 7, having mass

m, transverse momentum py and longitudinal momentum p, as;

dUc d z
ab — fl<pT7 p

Pz
——)d*prd 5.3
Ototal W) E pray ( )

Ppr = fi(pva)

with W = X2 and particle energy, E is defined as;

2
E = \/m?+ pj + p? (5.4)

= =) which is called as scaling function or Feynman func-

where Function, fi(pr,r = &

tion [16], describes the distribution of particles. Feynman put forward the hypothesis
that scaling function, f; becomes independent of W at high energies and is known
as Feynman scaling. x, which is known as Feynman variable is the fraction of
particle’s longitudinal momentum, p, to incident particle’s total energy W (z = sz)
By integrating the equation (5.3) !, the mean multiplicity as a function of /s can be

derived giving the expression in equation (5.6). This shows the falling of exclusive

cross sections with the increasing energy /s as;

1fz__1ff2 pr, W dpde pr = fl(pTv W)ln( )
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<n>o InW o Iny/s withW = g (5.5)

~ % (5.6)

6*<7’L>

Using the relation of rapidity ? and integrating the equation (5.3) gives the
dependence of rapidity on energy as, |Ymaz| ~ In (m—‘/;E) , where |Ymaz| is total phase
space available to particles, implying that the maximum rapidity also increases with
In /s in a collision. Considering the assumption of uniform distribution of particles

in rapidity, the numbers of particles produced in unit rapidity interval is given by;

— = const. (5.7)

The scaling function, f;(pr,z) has a limit that as s — oo then z — 0 i.e. it
becomes independent of s at high energies. f;(pr,x) reaches to a constant value
at smaller x 3. Height of rapidity distribution near mid-rapidity (y = 0), which
is called as plateau, is defined by fi(x) at = 0. The function f; represents the
integration over p2. As f;(0) has constant value which means height of distribution
is independent of energy /s. Similarly, the pseudorapidity at mid rapidity (‘;—Z) is
nearly constant on applying the Feynman scaling. The transfer from y to 1 depends
on average transverse mass my (= \/]m) Under the condition m? <<< p,
pseudorapidity approximates the rapidity. This average transverse mass square, m2
is weakly dependent on the energy i.e. transformation factor changes only by 1 %
with change in the energy from /s = 100 GeV to 1 TeV. Also this transformation is
responsible for dip in the distribution near n ~ 0 which is not present in the rapidity
distribution. The dip in 5 distribution depends on ratio pr/m and n value. This

behaviour is shown in figure 5.1 where ratio 20 = 1.

2 Rapidity is given by, y = % In ?_rgz and cZTyz ~+

3 Integrating by parts\/ﬁ = d In(z++/4m?%/s + z?) and that integral fol fi(z) In x dx
2 /st

converges for finite f;(0)
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?
n=0

Figure 5.1: Figure describing the (a) Rapidity distributions for two energies: (solid
lines) assuming Feynman Scaling, (dashed line) a more realistic situation at the
higher energy (b) Pseudorapidity distribution for pr =m

5.2.2 Koba-Nielsen-Olesen (KNO) Scaling

In 1972 Koba, Nielsen and Olesen [5] proposed the scaling relation for multiplicity
distributions, known as KNO scaling, which was derived from the Feynman scaling.
The shape of multiplicity distribution can be described well using the assumption
that energy dependence of multiplicity distribution at higher energies could be for-
mulated using the average multiplicity. They established this scaling behaviour to

explain the issue of energy dependence of multiplicity.

Number of particles in the final state is scaled by defining a variable z = —'—,
where < n > represents the average multiplicity at energy, v/s. The probability is

On _ 1
Ototal <n>

given by, P, = U(z). KNO scaling is generally believed to have an
asymptotic property i.e. validity in the limit < n > — oo and was derived by using
the extended form of the Feynman function expression, equation (5.3) KNO scaling

is derived by calculating,
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The function @ is used to describe the correlation of ¢ particles i.e. ¢ parti-
cles having energy E,, transverse momentum pr ,, longitudinal momentum p, , and
Feynman variable-z,. Integrating the equation (5.8) for all z; leads to polynomial

in the form of In4/s i.e.

Fu= <ln1\/§>\y<ln7z/§> + O(ﬁ) (5.9)
\/_

Since < n > = ) P,(s) n, substituting the equation (5.9) in the expression of

< n > leads to the relation * < n > oc Iny/s . This means the probability, P,, of

the distribution can be scaled in terms of In./s as;

P":<i>\p(<2>>+0<<7j>2> (5.10)

From the above equations it is found that the first term is due to the leading term

in Iny/s, i.e. In(y/s)? where as second term consists of all other terms in Iny/s, i.e.

(Iny/5)7 for ¢’ < q. ¥ (2 = ——) is a universal function which is energy-independent.
This implies that multiplicity distribution at all the energies plotted as function
of z would fall on one curve. KNO scaling predicts the increase in width of the
multiplicity distribution with the increase in average multiplicity. KNO scaling is an
immediate outcome of the observation that rapidity plateau remains constant with
the increase in energy [17]. The increase of multiplicity results from the stretching
of the available rapidity space. The field radiates the particles uniformly in y, so
that the entire distribution fluctuates up and down with the total field energy, in a
manner that it remains independent of \/s. Therefore, the multiplicity distribution,
and the ratio of the width of the distribution to the mean of distribution, remain the
same. Experimentally, it is known that KNO scaling holds for energies up to /s ~ 60
GeV. The rise of the rapidity plateau with increase in energy was the perfect scenario
to show the violation of Feynman scaling (so is the violation of KNO scaling). KNO
scaling was found to be violated logarithmically with increasing energy /s and first
violation was observed in pp collision in UA5 experiment at centre of mass energy,
Vs = 540 GeV.

Yt <n>=3 Pus)n= [ nPu(s)dn = [;* 2V(z) dz = In\/s
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5.3 Statistical and Thermal Distributions

To characterize the multiplicity distribution, several statistical distributions based
on probability theory and models have been used in the past. The statistical and
probability distributions play key role in defining the multiplicity at various energies.

These probability distributions are described in the following section.

5.3.1 Poisson Distribution

Poisson distribution, named after French mathematician S. Poisson [18], is a method
to measure the number of events for a specific outcome of a discrete variable in a
destined time or space for which an average number of events can be determined.
Poisson distribution follows the situation where there are lesser successful events
against failure or vice-verse and also the events with in any interval should be in-
dependent of another. If particles produced in the high energy interactions are
independent of each other i.e. absence of any kind of correlation amongst them,
then multiplicity follows the Poisson distribution. The probability distribution of n

particles is then given by;

P, = e <> (5.11)

It has only single free parameter, < n >, which is the mean of the distribution.
Any correlation between the particles will lead to the deviation from this poisso-
nian form. Poisson distribution exhibits the asymptotic KNO scaling. Probability
distribution function can be defined separately for even and odd number of parti-
cles in order to take care of ‘even-odd’ effect which implies that the total number of
charged particles produced should be even to obey the charge conservation principle.

Probability in this situation is defined as

n
sn> —<n>

P, =
n!

., forn =even (5.12)

P, =0, forn = odd (5.13)
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Poisson distribution was used to describe the exclusive distribution of particles

b

produced in an interaction; ‘a +b — ¢+ d + ........ . Experimentally at higher
energies (/s ~ 30 GeV) Poisson distribution failed to define the particle multiplicity

suggesting the existence of correlation between the particles produced.

5.3.2 Gamma Distribution

Thermal models like Boltzmann-Gibbs (BG) model [19,20] (or its generalizations)
are based on the canonical distributions. These models describe only the parti-
cles which are uncorrelated and non-interacting. But in high energy interactions,
particles stemming out are characterized by correlations and interactions amongst
themselves. For intermediate and high momenta (pr > 3 GeV/c) BG distribution
fails to define the multiplicity spectra as well as transverse momentum spectra. At
the lower and intermediate energies, where BG distribution fails, Gamma distribu-

tion provides the successful explanation of experimental multiplicity data.

In statistics the Gamma distribution is a continuous probability distribution
and member of the distributions which have two parameters given by;

% (x —p)leNe Bl if x > 0

flzia; 8) = (5.14)

0 otherwise

The probability function of the Gamma distribution for variable z can be

written in the form;

P, = Ay, (x—p) @ Heflemm (5.15)

where A,, (= %) is a normalization constant of the distribution. «: the
shape parameter, 3: the inverse scale parameter or rate parameter ® and p: the
location parameter, are the fit parameters of the Gamma distribution. In general
location parameter, p is taken as 0 to have standard Gamma distribution which has

the form,

5 Rate parameter is defined as the reciprocal of the scale parameter
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P, = A, z@ Ve b2 (5.16)

The parameters a and [ of the distribution are normally greater than 1 but
under condition o = 1, the Gamma distribution becomes the exponential distribu-
tion. Both the parameters o and 3 define the shape of the graph but change in £
shows an intense effect on the shape of distribution as shown in figure 5.2. When
the shape parameter, « is increased and scale parameter, § is kept constant then
the distribution shifts towards right side of zero. If a approaches infinity, then dis-
tribution takes the form of normal distribution. The mean of Gamma distribution

is simply the ratio of its two parameters and defined as

<zr>= % (5.17)
5 v ’ y ’ ’
f a=1,B=1
45 ‘||”|I a:2!ﬁ=1 -
a |l a=3,B=1 l
H a=3,B=0.5
.\.-
0 0.5 1 1.5 2 2.5 3

Figure 5.2: Figure showing the Gamma distribution for few alpha and beta val-
ues to show the change in the shape of the Gamma distribution. Image source:
https://en.wikipedia.org/wiki/Inverse-gamma_distribution

In high energy collider experiments, emitted particles have a tendency to bunch
together in a narrow cone known as a jet. Hadrons in a jet have a very confined dis-
tribution around the axis of jet in momentum space. Due to this narrow distribution

they might be considered as one dimensional ensemble. If the momentum-energy
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conservation is considered ( Y ¢; = E and considering all the hadrons going in the
same direction with ¢; = |p;|) during hadronization then the particles produced
evolve into one dimensional micro-canonical ensemble®. If the momentum distribu-
tion in events with fixed multiplicity is defined by Boltzmann Gibbs distribution’
then the normalized single particle distribution of particles in events with n multi-

plicity is defined as;

fule) = Ace7Pne (5.18)

where A. = B2 / (kp T(D)) is a constant, kp = ( [ dS,), the angular part
of the momentum space integral, D the dimension of the phase space and £, is
related to the inverse temperature of the system and is given by equation (5.21).
represents the momentum space volume of a microcanonical state and € represents
the energy of a particle produced. Total energy E in then = > ¢. kp = f aQ,

follows from the conditions

1= [an, [dp e (5.19)

E

— = /de/dpleefn(e) (5.20)

n

By substituting the equation (5.18) in to the equation (5.20) and integrating it

gives the dependence of 3, on multiplicity n and energy E. It is found that inverse

temperature, /3, [21], in every event is proportional to the multiplicity n, as;
Dn

T

Multiplicity distribution in this case follows Gamma distribution [21,22] whose prob-

(5.21)

ability distribution function is the same as defined in equation (5.16).

6 Microcanonical system is defined as a system contained in constant volume V having fix
energy E with a constant number of particles N and is completely isolated from its surroundings

"The Boltzmann distribution is a probability distribution of the particles in a system over
several possible states. It defines the probability of a certain state as a function of energy of the

e /BT Wh
=V ere
>iLiei/ksT

p; is the probability of state i having energy ¢;, kp is the Boltzmann constant, T is the system
temperature and M is the total number of states accessible to the system.

state and temperature of the system on which it is applied. It is given by; p; =
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In case the average momentum distribution follows a micro-canonical be-
haviour then the shifted multiplicity (n-ng) follows Gamma distribution. ng is a
constant which gives the shift in the multiplicity and is defined as nyo = 1 + %,
where D is the dimension of phase space. This shift in multiplicity from n — (n-ng)
can be made without violating KNO scaling. In this case the normalized single

particle distribution in events with n multiplicity is defined as;

Qn1(E —¢)

fale) 0. (F) (5.22)

where above equation is in accordance with micro-canonical momentum space vol-

ume at fixed energy and multiplicity, and given by;

_ kp T(D)

(E) = =

EP1 (5.23)
The probability distribution function in this case is given by,
P,=A, (n— no)(a/_l)e_ﬂl (n=m0) (5.24)

Where o is the shape parameter and ' is the inverse scale parameter of the Shifted

Gamma distribution

5.3.3 Negative Binomial Distribution

Negative Binomial distribution plays a key role in describing the multiplicity spec-
trum. NBD has been applied on experimental measurements of multiplicity to char-
acterize the process of multi particle production over broad range of energy for
several interaction processes. NBD describes well the multiplicity distributions for
nearly all the inelastic high energy processes except for data from the highest avail-
able energies ( ~ TeV). The probability distribution function of NBD is derived by
considering an infinite series of Bernoulli trials [23] with probability of success p of
an event on each single trial. It is defined as
n+k—1

BYPP(p k) = (1-p)p (5.25)
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It provides the probability of n failures before k successes, having success
probability p. Using the equation I'(x + 1) = zI'(z) the above equation can be
simplified. Thus,

n+k—-1) (n+k—-1!  Tn+k)  (n+k—-1)n+k—-2)...k
n nl(k—1)!  Tn+DCk) I'(n+1)
(5.26)
YD () = ER) (g (5.27)

NCESINOAS

The mean < n > of the distribution is related with the probability, p by

1 <n>
-=1 5.28
; ; (525)
Using the above equation probability function of NBD gets simplified in to
I'(n+k) <n>/k " 1
PNBP(p k) = 5.29
e @’)IWHJW%)Q+<n>M) (1+ <n > /) (5:29)

Under the condition of large k, k — oo (k~* — 0), NBD approaches back to

Poissonian form and for & = 1, NBD reduces to the geometrical distribution®.

Where as for negative values of k binomial distribution can be formed from
NBD. Figure 5.3 shows the NBDs with different set of parameters. Py”"(n) function
obeys KNO scaling only if parameter k£ of NBD function is constant and independent
of energy. Probability of NBD function can be written in the KNO form as,

k‘k
\I/NBD(Z) = F(k) Zk_l €_kz (530)

with limit < n >/k >> 1 and z = n/ < n > being fixed. Analysis of k as a

function of energy, /s, for multiplicity distribution directly exhibits whether KNO

8The geometric distribution is a special case of the negative binomial distribution with the
number of successes (k) equal to 1. It is a discrete distribution for n =0, 1, 2, ... having probability
density function, P, = (1 — p)"p with p as the probability of success.
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Figure 5.3: Example of Negative binomial distributions with a) constant value of
parameters k at different set of parameter < n > and b) with constant value of
parameters < n > at different set of parameter k. Plot taken from [16]

scaling is violated or not. Multiplicity distribution following the NBD originates
from the fact that particles emitted in the interaction process are correlated. This

correlation is exhibited by the recurrence relation g(n) [16];

(n)P(n)

g9(n) = Pin—1) (5.31)

This is constant in case of uncorrelated emission. Any divergence from the constant
value of recurrence relation reflects the existence of correlations. For Poisson dis-
tribution, P(n) = <22~e~<"> the uncorrelated emission of particles, g(n) = < n >
is a constant. The particles which are distinguishable (by means of their momenta)
are represented by the term (n) of equation (5.31). In terms of NBD, recurrence

relation is written as,

gn)=a+bn k=a/b and<n>= a/(1—0) (5.32)

where a =< n > k/(< n > +k) and b =< n > /(< n > +k), which makes
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g(n) = a(l + n/k). Experimentally it is found that parameter k increases with
increase in rapidity range and decreases with increase in /s for a fixed rapidity

interval. At higher energies the relation of k with energy /s is found to be,

El'=a + Blns (5.33)

with « and [ as constants.

5.3.4 Krasznovszky-Wagner Distribution

Krasznovszky-Wagner distribution is named after physicists S. Krasznovszky and
I. Wagner. The Generalized geometrical optical model is the basis of KW distri-
bution [24]. This probability distribution was found very fruitful in describing the
multiplicity distributions of inelastic and non diffractive processes at energies rang-
ing from /s = 14 GeV - 900 GeV [25,26]. It is a three parameter function whose

probability distribution function is defined as,

2m F(A)A ZmA—l €_F(A) 2z
<n> F(A)

P(<n>mA) = (5.34)

where z = —7— and F(A) = %&;m). Parameter A is a scaling violation parameter
which depends upon the energy /s and m is a constant, a real positive number,
depending upon the collision type. The probability distribution obeys KNO scaling
if the value parameter A remains constant in the limit \/s — co. From the analysis
of data with KW distribution it was found that the parameter A decreases with
increase in energy [26]. At higher energies ( /s > 546 GeV), KW distribution

shows departure from the experimental data.

5.3.5 Lognormal Distribution

Lognormal (or log-normal) distribution [27,28] is a continuous probability distribu-

tion of a random variable with its normally distributed logarithm. This implies if
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a variable z is distributed lognormally then function dependent on z i.e. y = In(x)

will have normal distribution. The probability function is given by,
(5.35)

1 _In((z—p)/m)?
202

1
e

Pn ,0,M) =
(1 ) Yy

where o is the shape parameter, i, the location parameter and m, the scale
parameter which is also the median of the distribution.
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Figure 5.4: Plot showing the effect of o on the log-normal probability density func-
tion and its consequence on the shape of the distribution with Location parameter,
u = 0. Image source: https://en.wikipedia.org/wiki/Log-normal_distribution

The shape parameter, o does not change the location of the graph, it just

influences the overall shape as shown in figure 5.4. Scale parameter m, makes the
graph to shrink or stretch while the location parameter p tells the position of graph
In standard conditions p is taken as 0 and m is considered as 1, so

on r-axis.

the resulting distribution has only shape parameter, o. Log-normal successfully
describes the data at lower energies i.e. from /s = 14 GeV to 34.8 GeV [28] but it

fails to justify the experimental multiplicity data beyond 40 GeV.
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5.4 Weibull Model

Weibull distribution [29] was named after its inventor, Waloddi Weibull, a Swedish
mathematician in 1937. It is a continuous probability distribution which can take
numerous shapes and can be fitted to the data which is non-symmetrical in nature.
Weibull distribution is the most practiced distribution for the analyses of data and
fitting. The basic advantage in analyses done by using Weibull method is that it
determines the precise failure or success rate even with very small sample size. The
standard Weibull distribution has only two parameters, characteristic value or scale
factor (A) and slope value which is also known as shape parameter (k). As the name
suggests, shape parameter is responsible for the shape of the Weibull distribution
where as scale factor gives the approximation to the expected measurements. Figure
5.5 shows various shapes of the Weibull distribution at different values of shape
parameter but with constant scale factor, A\. The probability function for a Weibull

random variable is given by;

Po(n, M\ k) = ;(

n—p

A

(k—1) .
) exp~ "3, where n > 0. (5.36)

Under standard conditions pu, the location parameter, is considered as 0, thus
probability is defined as,

k (k—1)
Po(n, A\ k) = —(—) exp~ X" where n > 0. (5.37)

P,(n,\ k) =0, where n < 0. (5.38)

While A > 0 is the scale parameter and k > 0 is the shape parameter. These

two parameters for the distribution are related to the mean of the function, as

n=A'(1+1/k) (5.39)

If the scale parameter ), is increased and shape parameter k, is kept constant

then the distribution extends towards the right and its height decreases [30]. If it is
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decreased then the distribution extends towards the left ( i.e., towards its beginning
or towards 0 ) and its height increases, where as its shape remains unchanged in
both the cases. The value of shape parameter £ < 1 implies the reduction in
the failure rate where as k > 1 implies the increase in the failure rate over time.
Consistency in failure rates is illustrated by the value £ = 1. Standard Weibull
distribution which has two parameters does not produce negative values [31] which
is very important feature for the data analysis where actual measurements, like

charged particle multiplicity, can not be negative.
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Figure 5.5: Weibull probability distribution exhibiting the various shapes with con-
stant value of scale factor, A with different slope values, k. Plot taken from [29]

5.5 Tsallis Non-extensive Statistics

All models and distributions defined and elaborated in previous sections can be used
to make predictions for charged particle multiplicity and use the basic concepts of
probability and statistics. Another distribution which is derived from the concepts

of statistical mechanics and a non-extensive behaviour of entropy, has also been
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used to study the multiplicities in high energy interactions. Entropy has the most
acceptably an extensive nature. However, this is normally acceptable when we study
and analyse the short range interactions, at least for lower energies. But when
we analyse the long range interactions like quark-quark, gluon-quark and gluon-
gluon interactions this assumption no longer stands valid. In such interactions the
standard statistical mechanics which is extensive, becomes non-extensive in nature.
Therefore, it becomes very crucial to take care of the non-extensive nature during

the study of important observables like multiplicity and transverse momentum.

Constantino Tsallis [12] introduced a possible and desirable solution for this
problem. He brought forward the concept of replacing the regular Gibbs entropy”
with a new Tsallis entropy which is non-extensive in nature. This Tsallis entropy
is indexed by a parameter ¢, a real-valued parameter, which measures the extent
of deviation from extensivity. Most of the results from statistical mechanics can be
transformed into this new concept. In study of production of quark-gluon plasma in
heavy-ion collisions at higher energies, thermostatistics is notably significant. In very
high energy collisions, statistical equilibrium is supposed to be achieved which leads
to the non exponential form of transverse energy distribution of the hadrons pro-
duced during the collisions. This non exponential behaviour has been observed not
only in heavy ion collisions but also in the leptonic collisions, eTe™ — hadrons [32]
as well as in hadronic collisions, pp (pp) — hadrons [16] and can be described very
well by adopting non-extensive equilibrium as ascribed to the Tsallis non-extensive
thermodynamics. In above mentioned scenarios, Tsallis statistics is the best pos-
sible solution and technique available to describe the multiplicity distributions and
transverse momentum distributions for a broad range of energies from lower en-
ergies (GeV scale) up to the highest available energies at the LHC. Thus Tsallis
non-extensive phenomenon plays a key role in the high energy collisions. In the
following sections generalized form of statistical mechanics of Tsallis statistics is

discussed.

9 The macroscopic state of a system is characterized by the distribution on the mi-
crostates. Entropy function of such system can be represented in the form of probability as
S =-kp >, pi Inp;, where p; is the probability of microstate ¢ and kp is Boltzmann constant.
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5.5.1 Tsallis Gas Model

C. Tsallis proposed the concept of “g-entropy” and the conventional Gibbs entropy
in view of this new concept is altered as;
1— P
S = —Z“ = (5.40)
q—1
with P, being the probability related with microstate!® a and sum of the probabilities

of all micro-states should be one for normalization; ), P, = 1.

Tsallis redefined the ¢ biased averages of observables [13] as;

1
= — q
<0> a >0, P, (5.41)

The observable, O, here can be rapidity y, transverse momentum p; or multiplicity

for the analysis of high energy interactions. The normalization factor, [, = > PJ

The probability of a microstate for ¢g-biased microstate is defined as;

P, = ==, (5.42)

This ¢ biased micro-state probability is adopted for the estimation and analysis of
physical quantities. The entropic index ¢, a real number, in the limit ¢ — 1 gives
back the usual form of extensive entropy. The equilibrium probabilities are driven
from P, by maximizing the entropy under suitable constraints. The fixed value
(average) of the energy and conserved charge are the two important and relevant
conserved quantities in particle collisions. In Grand canonical system!!, the first law

12

of thermodynamics *#, can be written in terms of charge, entropy and energy as,

08+ o dp.— BroE ++6Q =0 (5.43)

10 A microstate is defined as the arrangement of each particle in the system at a given instant.

1Tt is defined as a system contained in constant volume V having fix temperature T with a
constant chemical potential ;4 and can exchange energy and particles with its surrounding.

12 18t Jaw of thermodynamics , 6U = T6S + puéQ — dW, in presence of external mechanical
variables (z;) that can change, generalizes to: 60U = TS + pdQ — X >, dz;, where 0Q) is change
in the charge and X are the generalized forces correspond to the external variables z; which are
independent of the size of the system
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E =) Ep. and Q=7 Qu (5.44)

with Q,, E, being the charge and energy of the microstate a and constants
«, Br, v are Lagrange multipliers. Lagrange multipliers are used to find the local
maxima and minima of a function which is subject to condition that the given values
of the variables should satisfy one or more equations. 7 and ~ are related with the

temperature 7" and chemical potential, y as;

1 oS i 08
YT \OE ),y T Q) g

V' in above equation is volume acquired by the grand canonical system. By

solving the variation equation (5.43), the Tsallis distribution can be obtained,

B = (e, [5(E, — Q)" (5.46)

q

Where Z, is the Grand Partition function and g-exponential function is defined as,

1

exp,(A) =[1— (¢ —1)A] 1 (5.47)

This g-exponential under condition ¢ > 1, can be written in the integral form as;

lexp,(A)] = /000 dzG(x)e™, where G(x) = ( e " (5.48)

with v = q%l, so G(x) which is considered to be the probability distribution for
variable z, can take maximum value at z = 1. For ¢ — 1, G(z) tends to Dirac
delta function §(x — 1). Generalized partition function, Z, using grand canonical

approach is given by,

Z‘I(ﬁa 122 V) = Z equ[_B(Ea - MQ@)]q (549)

It is to be noted that in the limit ¢ — 1, exp,(A) reduces to the exp(A) and
in the context of this limit equations (5.46) and (5.49) reduce to the quantities

consistent with the normal Boltzmann-Gibbs statistical mechanics. The parameter
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f in equation (5.49) is not the Lagrange multiplier Sy which is the inverse of the

temperature but 3 is associated with the temperature as;

B - DE Q) T
N 1+(1-¢)S 1+ (1—¢g)S (5.50)

T known as “physical” temperature gives the better explanation of thermal equilib-
rium than the Tsallis non-extensive temperature, T because of the constraints while
dealing with zeroth law of thermodynamics. In case of grand canonical approach
where chemical potential is constant charge can be conserved by controlling the
average charge but in canonical approach chemical potential is not constant so it
becomes important to apply the charge conservation directly. Direct charge conser-
vation becomes important because of the fluctuations around average () which plays
a significant role even at smaller values of (). This modifies the partition function

as;

Z,8.Q.V) = > 5(Q — Qu) exp,[~B(E,))" (5.51)

where 0(Q — Q,) is a Kronecker delta. The canonical probability in this case
is then defined by,

o = "2 (e [a(E)" (5:52)

5.5.1.1 Tsallis Multiplicity Distribution

Tsallis multiplicity distribution is the particle multiplicity distribution obtained from
Tsallis non-extensive statistics. Using the probability of a microstate for g-biased
microstate [13], the probability for system having exactly n number of particles is
given by,

P, = 6(n—na)p, (5.53)

a

ng is the number of particles in state a. Partition function constrained to n particles

is defined as;
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ZM (B V Z 3(n — na)(expy[~B(Es — 1Qa)])" (5.54)

(n)
Then probability function for multiplicity distribution is; P, = Zg . g-exponential
q

function can be represented in the integral form and written as;

20 V) = [ deG@) 2w, V) (5.55)

0

Generating function for multiplicity distribution related to the probability defined

above is;
_y P — Zmgn 5.56
- Z nt = Z Z q (5.56)
n=0 n

The generalized partition function, Z™ with ¢ = 1, for n particles for the ideal gas

can be described in terms of Boltzmann Gibbs function as

Z"(B, 1,V VZ@ ) exp(Bug;)]" (5.57)
with limit n < 3q+17 here it is considered that h different species of particles are
produced in the collisions, with mass m; and charges ¢;, ¢ = 1,....., h. where as

function ¢;(3) is defined as;

¢i(B) = gﬂ 5 2(Bm;) (5.58)

with K3(8m;) being the modified Bessel function and g; is statistical factor of a
particle. If number of particles produced exceeds the limit described above (n <
3(1;—1) then it causes the deviation (inconsistency) in the partition function of Tsallis
ideal gas. In ideal gas, parameter [ approaches to zero, which is responsible for

this divergence. To escape this disparity, a Vander Waal’s hard core interaction

is introduced. This is done by including the concept of excluded volume ** which

3The excluded volume is that volume of the particle that is inaccessible to other particles i.e.
volume which do not participate in the interaction process and is given by 4 times the volume of

particle produced (meson or baryon). vy = 47;:" ,
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imitates this effect. The partition function for n particles is attained by replacing

the volume, V' with the V' - nvy, new partition function has form,

Zn(ﬂvuvv) - Z”(ﬂ,u,V—nvg) @(V_nv()) (559>

O is the Heaviside function which restricts numbers of particles in volume V' to
n < % By substituting the partition function (equation (5.57)) in the expression of
generating function (equation (5.56)), the generating function of Tsallis probability

can be obtained and is given by;

F(t) = exp(t — 1)Vng[l + (¢ — YAV ngh — 1) — 2v9ny]

F =1 (Vna?lla - D) 2] (5.60)
A3 =~ (5.61)

ng is the density of particles for several particle species and related to the average

number of particles < n > by,

h
<n>

na(Bop) = —— = Zsbi(ﬁ)exp(ﬁuqi) (5.62)

Where ¢, represents the density of particle i and is given by equation (5.58). Tsallis
probability generating function has the same form as that of Negative Binomial
distribution (Fypp = [1 — =2=(t — 1)]7% = exp[< n > (t — 1)]) with average of

number of particles < n > for Tsallis probability as;

The parameter k£ of NBD is related to the Tsallis entropic index, q as,

1 Vo
—=(g— 1N —-2= 64
.= (a—1) v (5.64)

This leads to the limit on ¢ as ¢ > 1 + f;)g If ¢ is found to have a value below

the limit then MD would be of Binomial form. This situation is analogous to the

condition if parameter k of NBD is negative then we have binomial form of MD.
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Tsallis distribution having entropic index, ¢ > 1 makes the width of multiplicity
distribution wider than the conventional distributions like Poisson and NBD. The
entropic index, ¢ plays vital role in determining the width of multiplicity distribution.
If we have small value of limit ¢-1 then multiplicity data from experiments can be
approximated by NBD, in this situation parameter & of NBD is related to entropic
index, ¢ as k oc (¢ — 1)~*. Reasonable increase in value q from the unity makes the

Tsallis distribution wider and comparable to the experimental data.

We have used this concept of non-extensive entropy to describe and analyse the
multiplicity spectrum at high energies which could not be explained by the models
as described in previous sections of this chapter. The analysis aims to determine the

success of Tsallis statistics on multi particle production in high energy interactions.

5.6 Two Component Model

Experimental data of charged particle multiplicity distributions in leptonic collisions
at high energies (y/s > 91 GeV) exhibit the existence of shoulder structure (dip-
bump in the MD) in the region of intermediate multiplicity. This shoulder structure
is related with the emission of hard gluons which results in the appearance of one or
more than one additional jets in the final state. These jets act as footprints of QCD
partons and carry the kinematic properties of the partons (quarks and gluons). Even
NBD, which is the most successful distribution in defining the multiplicity data at
lower and intermediate energies (v/s < 91 GeV), fails at these energies. Giavonnini
et al. proposed a two component approach [10] to study the shoulder structure in

e~ annihilation. In this two component approach the multiplicity distrubtions

e
were assumed to be a weighted superposition of two NBDs associated to two-jet and
multi-jet (> 3 jets) production. Probability in this case have five parameters weight

factor a,, < mq >, k1 of one NBD and < ngy >, ky of second NBD and given by,

Po(a; < ny >, ki; < ng >, ky) = aPYB(< ny > k) +(1—a)PYB(< ny >, ky) (5.65)

The weight factor, «, gives the 2-jet events fraction and can be obtained by using a
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jet finder algorithm [33] at various energies. The same characteristic was observed by
UA5 collaboration for energy, /s = 540 and 900 GeV in pp interactions. The mul-
tiplicity distrubtions at these energies can be described by using two NBD-shaped
components. To understand this Giavonnini and Ugoccioni performed the system-
atic investigation and found that these components can be described in terms of
soft and semi-hard events [11]. Though the superimposed physical sub-structure in
leptonic and hadronic collisions are different but the weighted superposition mech-
anism is the same in two cases. These soft and semi-hard events can be understood
in terms of events with and with out minijets. The UA1 collaboration defined the
minijets as group of particles having a total transverse energy more than 5 GeV. The
contribution due to soft events represent the events which do not have mini-jets and
the semi-hard events are the events having mini-jets [34,35]. The multiplicity dis-
tributions are then defined as a weighted superposition of the two components, soft
and semi-hard. The weight . represents the fraction of events with no mini-jets.

In this case the probability of multiplicity distribution is given as;

P, = asopt PMP + (1 — agop) PMP (5.66)
The multiplicity distribution (MD) of each component can be any of the dis-
tributions described earlier. Analyses of experimental data at higher energies using

this approach reflects how the contribution of the events with mini-jets grows with

energy, /s.

5.7 Moments

Moments play crucial role in investigating the characteristics of charged particle
multiplicity in high energy interactions. Higher order moments and its cumulants
are the precise tools to study the correlation between the particles produced in these
interactions [36]. The departure from the independent and uncorrelated production
of particles can be measured well using the factorial moments, Fj,. Not only the
correlation between the particles but the violation or holding of KNO scaling at

higher energies can also be studied and understood correctly by using the normalized
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moments of order g, C;. These moments are defined as;

= z Zq:q (5.67)
o <(nn—=1)..(n—q+1)) > (5.68)

<n >4

The factorial moments and their cumulants, K, are near to precise in defining
the tail part of distribution where events with multitude of particles give a mean-
ingful contribution. The factorial moments and cumulants are related to each other

and given by relation;

q—1
Fy=) Cr Ky mFy (5.69)
m=0

The relations between the factorial moments and cumulants for the first five

ranks are given below;

F1:K1:1
Fy =Ky +1
Fy=K;+3Ky+1 (5.70)

Fy=Ky+4K3+3K2+ 6K, + 1
Fs = K5 + 5K, + 10K3K5 + 10K3 + 15K2 + 10K, + 1

Factorial moments exhibit the features of any kind of correlation present be-
tween the particles and cumulants of order ¢ illustrate absolute ¢g-particle correlation
which can not be brought down to the lower order correlation. In other words, if
all ¢ particles are related to each other in ¢"* order of cumulants then it can not
be divided in to disconnected groups i.e. ¢ particle cluster can not be split in to
smaller clusters. The ratio of cumulants to factorial moment is known as H, (= %)
variable. It is easy to study the features of cumulants and factorial moments in the
form of ratio than the absolute cumulants and moments [37]. These moments and
their dependence on energy /s helps in improving, redefining and rejecting various

Monte-Carlo or statistical models which can be used in describing the production

of particles at high energies.
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5.8 Average Charged Multiplicity

The energy dependence of mean charged multiplicity < n > is expected to reflect
the underlying particle production process. A number of phenomenological models
have been proposed to describe the behaviour of mean charged multiplicity with
energy. Enrico Fermi [38] was the first to suggest the evolution of mean multiplicity
with energy using the phase space model which was based on the fireball and hy-

drodynamical models for hadron-hadron interactions [39]. He suggested the form;

<n>=ays (5.71)

In another different approach [40] it was found that all the models were pre-
dicting the power law dependence of energy on mean multiplicity. It was found that
using this approach the relation of multiplicity with energy describing by equation
(5.71) can be obtained in the limit of a continuous distribution. For the discrete

distributions the above equation (5.71) is modified as;
<n>=ay/s —1 (5.72)

To describe the data at higher energies a fit corresponds to the empirical relation was
proposed [41]. This emiprical relation is the most widely accepted relation which

describes the multiplicity as a function of energy /s as;

<n>=a+bln(ys)+cin*(\/s) (5.73)
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Chapter 6

Results and Discussion

6.1 Introduction

The study of charged multiplicity in the final state of high energy interactions can
unveil information about the series of events that occur at the early stage of inter-
action. Analysis of the charged particle multiplicity gives an understanding about
the dynamics of formation of hadrons as a combination of quarks (anti-quarks) and
gluons, collectively known as partons. Charged particle production in final state
exhibits the footprints of this evolution of hadrons from the partons, embedded in
the form of correlations among the particles. Production of multitude of particles [1]
at high energies originates from the interactions amongst partons quarks and glu-
ons. The partons which are coloured, fragment together to form colourless hadrons
(baryons: gqq or mesons: q). Sometimes the hadrons produced are unstable in
nature and decay into the lighter stable particles. The stable particles are the fi-
nal state particles which are observed in the particle detectors. The formation of
hadrons from the partons is known as hadronization. This process of hadronization
occurs nonperturbatively where the coupling constant, ag of strong interaction be-
comes very large. The production of final state particles is understood theoretically
and also through phenomenological models. In the present work various phenomeno-
logical models, as described in the previous chapter, have been used to study the

multiparticle production. The results from these models are compared with the ex-
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perimental data at various energies obtained from different experiments. Detailed
analyses on charged particle multiplicities have been done using the different par-
ticle collisions. The study presented in the thesis is categorized in the following

categories:

e Hadronic (h-h) collisions at various energies
e Leptonic (eTe™) collisions at various energies

e Hadron-Nucleus (h-A) collisions at various energies

6.2 Analysis of Hadronic Interactions

In high energy collisions, the particles colliding with each other have a total rela-
tivistic mass and energy much higher than their rest mass and energy because of
the high velocity they achieve during the process of acceleration. The dynamical
properties of quarks and gluons which constitute hadrons can be well understood
using hadronic interactions [2]. In these interactions the distribution of the number
of produced hadrons provides a basic means to characterize the events. A conven-
tional case of two colliding hadrons can lead to the production of several particles
due to different interaction processes such as quark-quark, gluon-gluon and quark-
gluon interactions. To study the characteristics and detailed features of multiparticle
production during the hadronic interactions, we have analysed the data of pp colli-
sions from the CMS detector [3] at the LHC at CERN and pp data from the UA5
experiment [4, 5] at the SPS at CERN.

6.2.1 Study of pp Interactions using the CMS Data

In the present study multiplicity distributions of charged particles for proton proton
collisions at centre of mass energies /s = 0.9, 2.36 and 7 TeV [6] and in different
restricted pseudorapidity intervals using the CMS detector at the LHC are analysed
and presented in this chapter. Full phase space multiplicity data get influenced

by energy-momentum conservation but data at restricted pseudorapidity intervals
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is likely to have less impact due to the constraints of energy-momentum conser-
vation [7]. This behaviour helps in exploring the fundamental dynamics of strong
interaction in QCD in a more prominent way. The data samples analysed here were
recorded at the CMS detector and consist of inelastic and non single diffractive
events produced in the final state of the interactions. Events at these energies were
selected using minimum bias trigger [8] which includes mostly soft interactions with
particles having small transverse momenta. Multiplicity spectrum up to pseudora-
pidity region |n| < 2.4 was accepted as there was considerable drop [9,10] in the
reconstruction of data for region |n| > 2.4. After applying all the appropriate se-
lection cuts total sample of 132294, 11674 and 441924 NSD events were selected at
energy /s = 0.9, 2.36 and 7 TeV respectively.

6.2.1.1 Analysis of Multiplicities

Multiplicity data at pseudorapidity intervals |n| < 0.5, 1.0, 1.5, 2.0 and 2.4 have
been analysed at /s = 0.9, 2.36 and 7 TeV. Also the multiplicity data with larger
transverse momenta, pr > 500 MeV have been analysed. As experimental data is
available only at the highest interval for pr > 500 MeV, so analysis is performed
only at |n| < 2.4. We have used the NBD, Gamma, Shifted Gamma, the Tsallis and
the Weibull models to obtain the multiplicity distributions at these energies. The
results from these distributions from different models are then compared with the ex-
perimental data. Detailed description about the probability distribution functions,
PDF, of these models has been given in chapter 5. The best fits of these functions
have been obtained by using the fit procedure of ROOT version 6.08/00 [11] from
CERN to minimize the x? using the library MINUIT 2. During the fitting we have
considered the probability distribution for 7 TeV extending up to continuous range
of number of produced particles. Probability beyond these values falls below 0.01 (<
0.1 %) which is due to the very low statistics at each of these points. Consideration
of these points lead to the very large errors in the fit parameters of the distributions.
Figures 6.1 - 6.3 show the results of these models fitted on experimental data for

0.9 TeV, figures 6.4 - 6.6 show the various distributions fitted to the 2.36 TeV data
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and 6.7 - 6.9 for the 7 TeV data. Multiplicity analysis of the data having py greater
than the 500 MeV in pseudorapidity window || < 2.4 at energies, /s = 0.9, 2.36
and 7 TeV are shown in figures 6.10 - 6.12. A comparison of chi-square and p values
of these fits are given in table 6.1 and the parameters of these fits at various pseudo-
rapidity intervals at energies 0.9, 2.36 and 7 TeV are shown in table 6.2. Confidence
Level, C'L or probability values, generally known as p values [12], are calculated for
each x?/ndf value to determine the statistical significance of the results obtained
from various models used in the analyses. These p values for different models are
shown in table 6.1. The p value is used to test the hypothesis i.e. it measures how
much evident we are against the null hypothesis (to nullify the hypothesis). This
null hypothesis here implies that the models being used for determining multiplic-
ity distributions, successfully define the experimental data. The p values can vary
from 0 to 1, p value < 0.001 (0.1 %) indicates the strong evidence to reject the null
hypothesis where as for values > 0.001 we can not reject the null hypothesis. So p
value or C'L value becomes significant in accepting or rejecting these models statis-
tically. Confidence level, CL > 0.1 % implements the less than 1 in 1000 chances
of being wrong. All the results having CL > 0.1 % are statistically acceptable for

these models.
6.2.1.2 Results and Discussion

The probability distributions calculated from the NBD, Gamma, Shifted Gamma,
the Weibull and the Tsallis models are implemented on pp collision data for several
pseudorapidity intervals at energies, /s = 0.9, 2.36 and 7 TeV from the CMS exper-
iment. It is observed that the Weibull, Shifted Gamma and the Tsallis models could
reproduce the experimental data well for most of the pseudorapidity intervals with
few exceptions. A comparison of the x?/ndf and p values at several pseudorapidity
intervals at above mentioned energies for these distributions are given in table 6.1
and fit parameters of these distributions are shown in table 6.2. It is found that
for most of the data, x?/ndf values for all these fits are comparable with p values

corresponding to CL > 0.1 %
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Figure 6.1: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 0.9 TeV and comparison of the experimental data with the
NBD and the Gamma distributions.
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Figure 6.2: The charged particle multiplicity distributions in pp collisions by the
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Figure 6.3: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 0.9 TeV and comparison of the experimental data with the
Tsallis distribution.
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Figure 6.4: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 2.36 TeV and comparison of the experimental data with the
NBD distribution.
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Figure 6.7: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 7 TeV and comparison of the experimental data with the NBD

and the Gamma distributions.
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Figure 6.8: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 7 TeV and comparison of the experimental data with the Shifted

Gamma and the Weibull distributions.
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Figure 6.9: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at 7 TeV and comparison of the experimental data with the Tsallis

distribution.
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Figure 6.10: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at || < 2.4 with pp > 500 MeV and comparison of the experi-
mental data with the NBD distribution.
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Figure 6.11: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at |n| < 2.4 with pr > 500 MeV and comparison of the experi-
mental data with the Gamma and Shifted Gamma distributions.
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Figure 6.12: The charged particle multiplicity distributions in pp collisions by the
CMS experiment at || < 2.4 with pp > 500 MeV and comparison of the experi-

mental data with the Weibull and the Tsallis distributions.
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Gamma, Shifted Gamma and the Tsallis fits though provide the clear justifi-
cation of experimental data but these distributions fail at pseudorapidity intervals
In] < 0.5 and |n| < 1.0 at 7 TeV with CL < 0.1%. The Weibull model explains the
experimental data very well for all |n| regions at every energy. For multiplicity with
transverse momenta, pr > 500 MeV all the fits fail to reproduce the experimental

data at /s = 7 TeV for pseudorapidity region, |n| < 2.4.

For the Weibull model shape parameter, k increases with increase in pseu-
dorapidity interval at given energy and do not vary significantly with energy for a
given pseudorapidity interval. Though one can observe the minute decrease in the
k values with increase in energy as shown in table 6.2, this decrease is insignificant
owing to the large errors. The shape parameter is associated with the nature of
the fragmentation process. In h-h interactions the dynamics of the fragmentation
process does not vary much with the energy in given pseudorapidity interval. The
scale parameter A\, which determines the width of the distribution, increases with
the energy for particular set of pseudorapidity intervals as well as with increase in
pseudorapidity interval at a given energy. This behaviour of scale parameter is ex-
pected as it is associated to the mean multiplicity, which increases with the centre
of mass energy as well as with the pseudorapidity intervals and can be described
using empirical relation [13]. In figure 6.13 the variation of parameter A with the
energy, /s for extreme pseudorapidity intervals, |n| < 0.5 and |n| < 2.4 is plotted.
The dependence of parameters of the Weibull distribution on energy shown by the

solid lines in the figure 6.13 can be described using relation;

A =a+b(Iny/s) + c (Iny/s)? (6.1)

The fit parameters a, b and ¢ for the extreme pseudorapidity intervals are given

below;

For |n| < 0.5; a =4.462+0.099, b=0.762+0.298 and c¢=0.403 £0.160

For |n| < 2.4; a=20.931+0.219, b=4.767£0.806 and c¢=0.681 =+ 0.450
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Figure 6.13: Dependence of the Weibull parameter A on energy, /s.

For the Gamma and Shifted Gamma distributions, shape parameters, § and
[’ show decrease in the values with increasing energy as well as with pseudorapidity
intervals. The shape parameter, 5 (') is expected to decrease as it is related to the
dimension, D which decreases with the energy as, D ~ \/Lg [14]. The scale parameter
a (a’) of the Gamma (Shifted Gamma) distribution is a parameter which affects the
shape of the distribution. This parameter varies very minutely and remains almost
constant within limit of errors which indicates that the shape of the distribution

remains independent of the increase in energy and pseudorapidity.

For the Tsallis statistics, value of entropic index, ¢, which measures the depar-
ture of entropy from its extensive behaviour exceeds unity in every case as observed
from table 6.2. For a given pseudorapidity interval |n|, ¢ value increases with in-
crease in energy but decreases with increase in pseudorapidity interval size at a given
energy. This increase in the ¢ value indicates that the non-extensive behaviour of
entropy becomes more pronounced at higher energies. The dependence of ¢ on the

B .
 which is

energy, /s, can be defined in terms of power law where ¢ = Ay /s
inspired by the observation that single particle energy distribution obeys a power

law behaviour [15] . Figure 6.14 shows the variation of ¢ values with the energy
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at several pseudorapidity intervals. The parameters of power law used to describe

this variation of ¢ with energy are given in table 6.3. It is observed that value of

parameter By of power law remains almost constant within limits of error for each

pseudorapidity interval, depicting the weak but constant dependence of ¢ on the

centre of mass energy, 1/s.

1.6

1.4

1.2F

1k

4 In[<0.5
sl #* M<1.0
4+ [ <1.5
“+ [ <2.0
+ <24

6x102

10°

2x10° 3x10°

Vs (GeV)

4x10°  5x10°

Figure 6.14: The dependence of entropic index, ¢ of the Tsallis statistics on energy,
/s fitted with power law, ¢ = Ag \/EBO

In]

q

g =4 \/EBO

q0.9TeV

42.36TeV

qrTev

Ao

By

0.5

1.431 £ 0.004

1.546 £+ 0.030

1.674 = 0.010

0.851 £ 0.020

0.076 £ 0.003

1.0

1.356 £ 0.033

1.475 £ 0.029

1.593 £ 0.004

0.811 + 0.072

0.076 £ 0.010

1.5

1.201 £ 0.046

1.284 £+ 0.026

1.401 £+ 0.026

0.706 £ 0.106

0.077 £ 0.018

2.0

1.111 & 0.003

1.183 £ 0.021

1.303 £ 0.007

0.660 £ 0.014

0.076 £ 0.003

24

1.055 £ 0.008

1.136 £ 0.031

1.228 £ 0.055

0.630 = 0.081

0.075 £ 0.012

Table 6.3: Power law ¢ = Ao\/§B° dependence of entropic index , g on energy /s

for different pseudorapidity intervals.
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6.2.1.3 Moments

Multiplicity distributions at higher energies become much more broader than at
lower energies and the experimental data at these higher energies show the violation
of KNO scaling [16]. The correlation between the produced particles and the signif-
icant change in the shape of distribution can be studied and understood correctly
by using the Moments. The deviation from independent production can be under-
stood if the factorial moments are greater or less than unity. The violation of KNO
scaling at higher energies can also be understood correctly by using the normalized
moments. Also the energy dependence of these moments implies KNO scaling vi-
olation. Analysis of moments on pp data using the Weibull model has been done
by S.Dash et al. [13]. But no previous study on moments using the Tsallis model
has been done. Hence a detailed analysis of the moments using the Tsallis model
becomes our obvious choice in an attempt to understand the correlation among the
particles produced. The moments C, and Fj have been calculated by using the
Tsallis model and are shown in table 6.4. The dependence of normalised moments,
C, and factorial moments, I, on the pseudorapidity, |n| at a given energy and de-
pendence of C, and F, on the energy, /s at a given pseudorapidity interval are
shown in figures 6.15 - 6.18. It is found that at each set of pseudorapidity intervals
the values of both the moments C; and Fj increase with increase in centre of mass
energy, v/s. The value of C,, decreases with increase in the pseudorapidity interval at
a given energy whereas Fj, remains same within limit with increase in pseudorapid-
ity interval as shown in figures 6.17 - 6.18 confirming the KNO scaling violation at
higher energies and correlations amongst the produced particles. The values of the
moments from the Tsallis models are compared with the CMS experimental values

and found to be in good agreement.

6.2.1.4 Average Multiplicity

Dependence of the mean charged multiplicity on centre of mass energy is studied

using the empirical relation [17].
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Figure 6.15: C; moments obtained from the Tsallis model and its dependence on
pseudorapidity intervals || at /s = 0.9, 2.36 and 7 TeV.
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rapidity intervals |n| < 0.5 and |n| < 2.4 and comparison of the moments calculated

from the Tsallis model with the CMS experimental values [6].
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Figure 6.18: The variation of F;, moments with the centre of mass energy at pseudo-
rapidity intervals || < 0.5 and |n| < 2.4 and comparison of the moments calculated
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The values of average charged multiplicity calculated from the Tsallis model are
compared with the experimental values for pp collision data of the CMS experiment.
The values are found to be in good agreement taking the errors in account. The
extreme pseudorapidities are chosen because of availability of experimental < n >
values only at these pseudorapidities. Figure 6.19 shows the comparison of < n >
values from the data and model only for |n| < 2.4. The values of average multiplicity

for both model and the experiment are listed in the table 6.5 below.
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Figure 6.19: Dependence of the average multiplicity on the centre of mass energy.
The values from the Tsallis model is compared with the CMS experimental values.
The solid line is the fit for the Tsallis model from equation (6.3)

In| Interval | Energy (TeV) | Average Charged Multiplicity (< n >)

CMS Experiment Tsallis Model

0.9 4.355 + 0.207 4.583 + 0.772
0.5 2.36 2.262 £ 0.250 5.489 £ 0.992
7.00 6.808 £ 0.335 7.409 £+ 1.022
0.9 18.320 £ 1.273 18.957 £ 1.174
24 2.36 23.166 + 1.716 23.524 + 1.382
7.00 30.516 £ 3.660 31.231 + 3.042

Table 6.5: Average multiplicity < n > at two extreme pseudorapidity intervals, |n|
< 0.5 and |n| < 2.4 at /s = 0.9, 2.36 and 7 TeV
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at |n| < 2.4,

For CMS Data: <n>= 18.77+4.39(In\/s) + 0.845(In+/s)? (6.2)

For Tsallis Model : <n >= 19.35+ 3.874(Inv/s) + 1.146(In/s)? (6.3)

At /s = 7 TeV, the Tsallis model fails to provide the justification of data for
lowest rapidity interval, |n| < 0.5 which leads to the large difference between the
experiment and the model values. However for all other pseudorapidity intervals the

agreement is good.

6.2.1.5 Predictions at /s = 14 TeV

The energy dependence of entropic index, g of the Tsallis model is described by
the power law as discussed in previous section. The parameters of the relation are
given in table 6.3 for all pseudorapidity intervals. Using the power law relation, we
extrapolate the fit of the Tsallis model to obtain the g-value at /s = 14 TeV for dif-
ferent pseudorapidity intervals. Using these ¢ values the multiplicity distributions
are derived according to the Tsallis model for each pseudorapidity interval. The
mean multiplicity values are then found from the distribution. These ¢ values and
the mean multiplicities values for each pseudorapidity interval is given in the table
6.6. The predicted multiplicity distribution for pseudorapidity interval || < 1.5 at
/s = 14 TeV having entropic index, ¢ = 1.476 £+ 0.108 with < n > = 24.492 +
2.571 is shown in figure 6.20. The multiplicity distributions for other pseudorapidity
intervals can be calculated in the same manner. The predicted multiplicity distri-
bution at 14 TeV is also plotted along with multiplicity distributions at 0.9, 2.36
and 7 TeV for |n| < 1.5 in figure 6.20. The analyses of multiplicities in pp collisions
using the CMS data have been published by us and more details can be found in

the reference [18].
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Figure 6.20: The multiplicity spectrum predicted for pp collisions at /s = 14 TeV
is plotted along with the multiplicity distributions at /s = 0.9, 2.36 and 7 TeV at
In| < 1.5

Pseudorapidity Interval Tsallis Model
Ul q <n>
0.5 1.761 £ 0.004 8.428 £ 1.534
1.0 1.673 + 0.025 13.027 + 2.105
1.5 1.476 + 0.108 24.492 + 2.571
2.0 1.365 £ 0.002 32.049 £+ 2.973
24 1.292 + 0.031 36.176 + 3.251

Table 6.6: The non-extensive entropic index parameter of the Tsallis fit and average
multiplicity predicted at /s = 14 TeV at different pseudorapidity intervals for pp
collisions.
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6.2.2 Study of pp Interactions using the UA5 Data

Particles produced during the collisions are emitted with all sort of energies and
distributed according to some probability distribution functions. Mean value of the
distribution, used in defining the multiplicity spectra, coincides approximately with
the average number of particles obtained, called as average multiplicity, from the
experiment. Analysis of the experimental multiplicity data on antiproton-proton,
pp, collisions using UA5 streamer chambers [5] at the CERN at different energies,
Vs = 200, 540 and 900 GeV have been done. The UA5 experiment was performed
during 1980s at CERN. Data samples analysed at these energies consist of inelastic
and non single diffractive (NSD) events which produced multitude of particles in
the final state. The minimum bias trigger [19] was used to select the NSD events
at these energies. The trigger excluded almost all the single diffractive events along
with other background events and recorded around 95 % of NSD events. This process
led to the rejection of around 97 % of hadronic secondary interactions (background)
from the sample of events. Data sample analysed here consists of 4156 NSD events
at energy, /s = 200 GeV, 7344 events at /s = 540 GeV and 6839 events at /s
= 900 GeV. The details of the data collected and of the experiment can be found
from [20, 21].

6.2.2.1  Analysis of Multiplicities

Multiplicity data at pseudorapidity intervals |n| < 0.5, 1.5, 3.0 and 5.0 have been
analysed along with the full phase space multiplicity data at centre of mass energies
Vs = 200, 540 and 900 GeV [20,21] for pp collisions. We have used the NBD,
Gamma, the Weibull and the Tsallis models to obtain the multiplicity distributions
at these energies. The results are compared with the experimental data. Fitting
procedure used here to fit these functions is the same as used in proton-proton
analysis described in the previous section. Figures 6.21 - 6.22 show the results
of these models fitted on experimental data at 200 GeV, figures 6.23 - 6.24 show
the various distributions fitted to the 540 GeV data and figures 6.25 - 6.26 for the
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900 GeV data. The x?/ndf values have been compared for all the four models

and are shown in the table 6.7, where as the parameters of the fitted distributions

corresponding to the data are shown in table 6.8.

—sk— 200 GeV In| full (x10%
—— 200 GeV n| < 5.0 (x 10°)

. —— NBD Distribution ((
—A— 200 GeV || < 3.0 (x 10%)
(
(

—H— 200 GeV In| < 1.5 (x 10)
—G— 200 GeV || < 0.5 (x 1)

107
0 10 20 30 40 50 60 70
n
10°g , : . .
105; —— Gamma Distribution _________________ —sk— 200 GeV I full (x10%)

(
1 . . : —¥— 200 GeV | < 5.0 (x 10%)
b, TR HH SR SRS —A— 200 GeV ] < 3.0 (x 109
E . (
(

—B— 200 GeV fnf < 1.5 (x 10)

A ................. —— 200 GeV fn] < 0.5 (x 1)

10-5 I | I I | | I I | | I I | | | I I | | I I | | | I I | | I I | i 1

10 20 30 40 50 60 70
n

Figure 6.21: The charged particle multiplicity distributions in pp collisions by the
UAS5 experiment at 200 GeV and comparison of the experimental data with the

NBD and Gamma distributions.
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Figure 6.22: The charged particle multiplicity distributions in pp collisions by the

UA5 experiment at 200 GeV and comparison of the experimental data with the

Weibull and the Tsallis distributions.
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Figure 6.23: The charged particle multiplicity distributions in pp collisions by the
UA5 experiment at 540 GeV and comparison of the experimental data with the
NBD and the Gamma distributions.
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Figure 6.24: The charged particle multiplicity distributions in pp collisions by the
UAS5 experiment at 540 GeV and comparison of the experimental data with the
Weibull and the Tsallis distributions.
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Figure 6.25: The charged particle multiplicity distributions in pp collisions by the

UA5 experiment at 900 GeV and comparison of the experimental data with the
NBD and the Gamma, distributions.
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Figure 6.26: The charged particle multiplicity distributions in pp collisions by the
UA5 experiment at 900 GeV and comparison of the experimental data with the
Weibull and the Tsallis distributions.
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6.2.2.2 Results and Discussion

For antiproton-proton collisions, the probability distribution functions calculated from the
Tsallis, Weibull, Gamma and NBD models have been implemented on the UA5 experi-
mental data. The x?/ndf values have been compared for all the four models and are
shown in the table 6.7. The parameters of the distributions fitted to the data are shown in
table 6.8. It has been found that all these distributions provide comparative explanation
to experimental data of particle production at 200 GeV. Weibull distribution is good to
explain the data only at smaller pseudorapidity intervals ( || < 0.5 and 1.0 ) but fails
to provide appropriate justification at higher pseudorapidity intervals at /s = 540 and
at full phase space at /s = 900 GeV. At 200 and 540 GeV the Gamma distribution de-
scribes the experimental data at all pseudorapidity intervals except at |n| < 5 whereas for
900 GeV it reproduces the multiplicity data well for restricted pseudorapidity intervals as
well as for full phase space. The failure of Gamma distribution at 200 and 540 GeV for
higher pseudorapidity interval (|n| < 5) is attributed to smaller statistics. The Tsallis gas
model describes the data at all pseudorapidity intervals of every energy and successfully
reproduces the experimental data with p values with a confidence level CL > 0.1 %. The
shape parameter, 3, of the Gamma distribution shows very small decrease in the values
with increasing energy as well as with pseudorapidity intervals. This behaviour is expected
as the shape parameter is related to the dimension, D which decreases with increase in
energy as described in previous sections. «, the scale parameter does not vary significantly
with the increase in energy and increase in pseudorapidity intervals at a given energy. It
is a numerical parameter which affects only the shape of a distribution. The insignificant
change in the values suggests that distribution remains the same with increasing centre of

mass energy and pseudorapidity intervals

For the Weibull model scale parameter A, which determines the width of distribution
and is related to the mean multiplicity, increases with the energy for particular set of
rapidity interval and also increases with increase in rapidity interval at a given energy, as
expected. The shape parameter, k does not vary much with rise in energy at given rapidity
intervals as the dynamics of fragmentation process in h-h interactions remains same and
does not change much with the energy and pseudorapidity intervals. Figure 6.27 exhibits

the variation of parameters A\ of the Weibull fit on the centre of mass energies, /s for
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full phase space data. The variation trends of A with the energy can be described using

empirical law with A = a + b(Iny/s) + ¢ (Iny/s)?

The fit parameters of the relation at full phase space are a = 112.105 + 24.596,
b= —38.069 £8.341 and c¢=4.026+0.702

45

20||||||||||||||||||||||||||||||||||||||

200 300 400 500 600 700 800 900

Vs (GeV)
Figure 6.27: Dependence of the Weibull parameter A on energy at full |n].

The Tsallis model provides the comparative description for experimental data. The
entropic index, ¢ in each case comes out to be more than unity following the non-extensive
nature of entropy in the Tsallis statistics. The increase in ¢ values is very small with
increasing energy at given rapidity interval but decrease with rise in rapidity interval at
given centre of mass energy, /s implementing the predominance of non-extensive nature
of entropy at higher energies. The similar kind of dependence of entropic index on energy
was observed in the study of pp collision data indicating the same and uniform behaviour
of entropic index in h-h interactions. Figure 6.28 shows the increase in g values with energy
/s for full phase space multiplicity at various energies. The dependence of ¢ values on the
centre of mass energy can be described using the power law inspired from the observation
that single particle energy distribution obeys a power law behaviour. The parameters of
power law, ¢ = Ag \/EBO defining the dependence of ¢ on the energy at full phase space
are, Ag = 0.968 + 0.010 and By = 0.006 £ 0.001
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Figure 6.28: The dependence of non-extensive parameter g on the centre of mass
energy for full phase space multiplicity. The solid line corresponds to the power
law, ¢ = Ay \/EBO

6.2.2.3 Moments

Detailed analysis of C; moments has been done using the Tsallis gas model in order to
understand the correlation of the particles produced in the final state. The dependence of
Cy on the |n| at specific energy and dependence of C;; on energy +/s at particular rapidity
interval for pp data are shown in figures 6.29 - 6.31. The first five moments for the
experimental data and the values obtained from the Tsallis model are shown in table 6.9.
It has been found that at each set of pseudorapidity intervals the value of the moments C,
increases with increase in centre of mass energy, /s, but it decreases with increase in the
pseudorapidity interval at particular energy. These trends are similar to the one observed
in the experiments and are shown in the figures from 6.29 to 6.31. The behaviour of the
moments from the Tsallis model clearly shows the correlation between the particles and

violation of the KNO scaling at higher energies.
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Figure 6.29: C; moments obtained from the Tsallis model and its dependence on
pseudorapidity intervals || at /s = 200, 540 and 900 GeV.
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Figure 6.30: The variation of C;; moments with the centre of mass energy at pseudo-
rapidity intervals || < 0.5 and |n| < 1.5 and comparison of the moments calculated
from the Tsallis model with the data.
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Figure 6.31: The variation of C; moments with the centre of mass energy at pseudo-
rapidity intervals |n| < 3.0 and |n| < 5.0 and comparison of the moments calculated
from the Tsallis model with the data



194 Chapter 6

6.2.2.4 Average Multiplicity

The average charged multiplicity values for full phase space are obtained from the Tsallis
model and compared with the experimental values for antiproton-proton analysis from the
UAS5 experiment. The method of calculations is the same as in the case of pp collisions.
Both the values are listed in the table 6.10 and found to be in good agreement as shown

in figure 6.32. This clearly shows the success of the Tsallis model at these energies.

34 For Full Phase Space R S— A T— -
sof.... 4 Tsallis Model : : : '
. —— UAS5 Data

30

28

26

<n>

24
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18 oo e, SRR SO SR -
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Figure 6.32: Dependence of average multiplicity < n > on the centre of mass energy,
/s and comparison with the experimental data. The solid line corresponds to the
equation (6.5)

For Data : <n>= 122.01 — 40.33(Inv/s) + 3.99(In\/s)* (6.4)

For Tsallis Model : < n >= 131.10 — 43.74(In+/s) + 4.30(In+/s)? (6.5)

Energy (GeV) | Average Charged Multiplicity < n >

UA5 Experiment Tsallis Model

200 20.17 £ 2.65 20.50 £ 0.14
540 26.28 £ 2.05 26.40 £ 0.20
900 32.73 £ 1.39 32.51 £ 0.92

Table 6.10: Average multiplicity < n > at full phase space at /s = 200 , 540 and
900 GeV
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6.3 Analysis of Leptonic collisions

Multiparticle production has been studied in large variety of processes such as leptonic,
hadronic or heavy ion interactions. Out of all the processes, the leptonic interactions
provide clear framework for this dedicated study. In leptonic interactions such as ete™
collisions, large number of particles are produced, including hadrons [22,23]. The best
advantage of such collisions is that all of the available centre of mass energy is utilized
in the particle production. Electrons and positrons are the point like particles which
interact via electroweak interaction. The electron-positron pair annihilates to produce
a photon or Z° boson or a pair of W boson, W=, via annihilation process, which then
decay instantly to form quark-antiquark pair, which subsequently fragment to produce the
hadrons; eTe™ — (Z°/y)* — W* — ¢g. The analyses on multiparticle production in the
leptonic collisions have been done for energies ranging from 14 GeV to 206 GeV [24,25].
Multiplicity data from TASSO detector at DESY [26,27], OPAL and L3 detectors of the
LEP collider [28] have been used for this study. At lower center of mass energies, /s = 14,
22, 34.8 and 43.6 GeV, data in restricted pseudorapidity intervals, |n| < 0.5, 1.0, 1.5 and
2.0 as well as in full phase space from TASSO experiment [29] have been analysed. In this
section, results are presented by using data from the OPAL and the L3 experiments only
with /s > 91 GeV. Details of the leptonic analysis at lower energies, /s < 91 GeV, data
used, number of events and interpretation of the results can be found at references [24,25]

published by us.

6.3.1 Experimental Data

The experimental data used in the analysis of multiplicity distributions of charged particles
at different energies are taken from the two experiments, OPAL and L3 at the Large
Electron-Positron Collider, LEP at CERN [30]. We have included the results for the data
at /s > 91 GeV from the OPAL and the L3 experiments only in the present study [31].
Data from these two detectors have significant number of events and preferred over the
ALEPH and DELPHI detector of LEP, which have lower statistics as compared to the
former two experiments. The data have been analysed for energies ranging from /s =

91 GeV to 206 GeV [32-36]. Appropriate selection cuts were implemented on the sample
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data to collect the final events. The number of hadronic events along with the luminosity

at these energies are given in table 6.11.

Experiment | Energy Final selected events Luminosity References

(GeV) (pb)

91.2 82941 3.5 (32]

133 766 2.5 [33]

OPAL 161 1336 10.0 [34]

172 228 10.4 [35]

183 1098 57.2 [35]

189 3277 186.3 (35]

130.1 556 6.1 (36]

136.1 414 5.9 (36]

L3 172.3 325 10.2 [36]

182.8 1500 55.3 [36]

188.6 4479 176.8 [36]

194.4 2403 112.2 [36]

200.2 2456 117.0 (36]

206.2 4146 207.6 (36]

Table 6.11: Data samples of eTe™ collisions used for the analysis at various energies
from the OPAL and the L3 experiments.

6.3.2 Multiplicity Analysis

To study the behaviour of multiplicities, the distributions from the NBD, the Weibull,
Gamma and the Tsallis models have been implemented. The two component approach to
obtain the multiplicity distribution at these energies has also been implemented in each
case. Results are compared with the experimental data as shown in figures 6.33 - 6.40.
The x?/ndf values have been compared for all the four models and are shown in table
6.12. The parameters of the fits corresponding to the figures 6.33 - 6.36 are shown in the
table 6.14. To study the data at higher energies where the shoulder structure needs to be
considered we have extended the analyses using two component approach for each model.
The values of o, which represent the two jet fraction have been taken from the Durham jet
finder algorithm. The y? /ndf values have been compared for the two component approach
implemented on all these models (modified distributions) and the values are shown in table

6.13 along with the p values and the references. The results of MDs using two component
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approach are shown in figures 6.37 - 6.40 and the parameters of the Modified Weibull and
the Modified Tsallis distributions are listed in table 6.15.
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Figure 6.33: The charged particle multiplicity distributions in e
the L3 experiment and comparison of the experimental data with the NBD and the

Gamma distributions.
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6.3.3 Results and Discussions

The probability distributions calculated from the Tsallis, Weibull, Gamma, NBD and their
respective two component models have been implemented on eTe™ experimental data.
Confidence Level, CL or probability values, generally known as p values, are calculated
for each x?/ndf value to determine the statistical significance of the results obtained
from the models. The chi-square comparison and p values for different models and their
respective two component approach are shown in tables 6.12 and 6.13. All the results for
which CL > 0.1 % or 0.001 are statistically acceptable for these models. It is observed that
the Weibull model fails to describe the multiplicity data at these energies. But Gamma
and the Tsallis distributions are in agreement with the experimental data at almost all
the energies with C'L value > 0.1 %. For two component method it is found that this
approach improves each fit by reducing the x?/ndf values significantly. The improvement
in the value of x?/ndf due to two component is distinctly visible in the case of the Tsallis
and the Weibull distributions. In the modified Tsallis model all the data sets which were
excluded statistically in the Tsallis model due to low p values corresponding to CL <
0.1% become statistically acceptable with values CL > 0.1%. The Weibull distribution
which itself could not describe the data, can explain the data well at both lower and
higher energies except at /s = 91, 189 and 206 GeV using the Modified approach. The
shape parameter, 3, of the Gamma distribution shows very small decrease in the values
with increasing energy and scale parameter o almost remains constant with the energy,

as expected [14].

For the Weibull model shape parameter, £ does not change much with energy and
all the values are within limits of errors. This behaviour corresponds to the emission of
soft gluons followed by the hadronization. Moreover, the shape parameter is associated
with the nature of the fragmentation process. In leptonic interactions the dynamics of the
fragmentation process does not vary much within the range of energy under study. But A,
which determines the width of distribution increases with the energy. This behaviour is
expected as A is related to the mean multiplicity < n > which increases at higher energies
as more number of particles are produced. The increasing trend of A with the center of
mass energy, /s is the same as observed in the analysis of hadronic interactions. The

increase can be described by the power law [39]. Figure 6.41 exhibits the dependence of A
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of the Weibull fit on the centre of mass energies of eTe™

L3 experiment.

The increase of \ with the centre of mass energy, /s can be parameterised in terms

of power law, A = u /5", with y and v as the fit parameters. Values of the parameters p

and v :

For OPAL experiment: y=5.844+0.23 and v =0.30+0.010,

For the L3 experiment: = 10.054+0.99 and v =0.20+£0.019
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Figure 6.41: Dependence of the Weibull parameter, A on energy for the OPAL and
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From the tables above it is clear that for both the Tsallis and the Modified Tsallis, the
entropic index, ¢ which measures the departure of entropy from its extensive behaviour is
found to be more than 1, in each case. This ensures the non-extensive behaviour of entropy
in these interactions. The parameter Krg of the Tsallis fit is related to q. K1g measures
the deviation from the Poissonian form and is related to the K parameter of the NBD
which determines the width of the distribution. Thus the value of entropic index, ¢ > 1
causes the width broadening of distribution which takes it closer to the experimental data.
This value of entropic index, ¢ > 1 is the basis of Tsallis statistics which was proposed
because the standard BG distribution having ¢ = 1 could not replicate the multiplicity
distributions at higher energies. Due to the centre of mass energies being very closely
spaced, the calculated ¢ values from both the experiments are plotted together against
energy +/s as shown in figure 6.42. One can observe a weak dependence of g on energy.
It is found that almost all the g values lie well within the upper and the lower limit
of confidence band. Figure 6.43 shows the ¢; and g2 values as a function of /s. Tt is
observed that there are few values which are outside this band. This is on account of the
low statistics leading to the large errors on the ¢; and gs. The mean value < ¢ > for the
Tsallis Model and < ¢q; >, < g2 > for the Modified Tsallis Model at these energies are
found to be;

Tsallis: <g¢> = 1.388 & 0.095,

Modified Tsallis: <q > =1.077 + 0.017, and < g2 > = 1.489 + 0.100.
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Figure 6.42: Dependence of the Tsallis non-extensive entropic index, ¢ on /s
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Figure 6.43: Dependence of the non-extensive entropic indexes, q1 and g of the
Modified Tsallis model on /s.
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6.3.4 Moments

The Tsallis gas model has been used to calculate the moments in order to understand the
correlation of the final particles produced during the interaction process. The moments
have been calculated by using the values of the Tsallis fits to the experimental data on
multiplicity distributions and obtaining the multiplicity distribution as predicted by the
Tsallis model at each of the energy. The dependence of C;; and F;, moments on the energy
/s for ete™ data is shown in figures 6.44 and 6.45. The moments from the OPAL and the
L3 experiments are listed in tables 6.16 - 6.17 whereas the moments calculated using the
Tsallis model are given in tables 6.18 and 6.19. It is observed that the F; moments in each
case is greater than unity, confirming the correlation between the produced particles [40].
It has been found that the moments C; and Fj are independent to the centre of mass
energy, 1/s. This behaviour indicates that there is no violation of the KNO scaling at the
lower energies. Moments from the OPAL and L3 data are compared with the moments

obtained from the Tsallis model and are found to be in good agreement.

4 L3 Data Tsallis Model
Cs -+ Cs
c, |+ ¢
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Figure 6.44: Dependence of C; moments on the centre of mass energy, /s and
comparison of the moments obtained using the Tsallis model with the experimental
values.
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Figure 6.45: Dependence of F, moments on the centre of mass energy, /s and
comparison of the moments obtained using the Tsallis model with the experimental

values.
Experiment | Energy Reduced Moments
(GGV) CQ 03 C4 05
91 1.089 £+ 0.003 | 1.287 £ 0.012 | 1.636 £ 0.029 | 2.218 + 0.072
133 1.095 4+ 0.002 | 1.317 £ 0.021 | 1.716 4 0.063 | 2.396 £ 0.147
OPAL 161 1.082 £ 0.002 | 1.277 £ 0.010 | 1.618 £ 0.023 | 2.180 £ 0.077
172 1.080 4+ 0.052 | 1.258 £ 0.061 | 1.565 £ 0.069 | 2.063 £ 0.074
183 1.070 £ 0.026 | 1.257 £ 0.024 | 1.586 £ 0.044 | 2.126 £ 0.058
189 1.063 4+ 0.018 | 1.241 £ 0.019 | 1.549 £ 0.019 | 2.046 + 0.015
130.1 | 1.082 £+ 0.014 | 1.258 £ 0.057 | 1.563 £ 0.042 | 2.058 £ 0.096
136.1 | 1.095 4+ 0.002 | 1.301 £ 0.007 | 1.656 £ 0.019 | 2.237 + 0.045
172.3 | 1.094 £ 0.004 | 1.299 £ 0.012 | 1.656 £+ 0.021 | 2.245 £ 0.028
13 182.8 | 1.091 4+ 0.005 | 1.287 £ 0.016 | 1.626 4 0.025 | 2.180 £ 0.069
188.6 | 1.086 + 0.007 | 1.273 £ 0.020 | 1.591 £ 0.047 | 2.106 £ 0.098
194.4 | 1.093 4+ 0.005 | 1.294 £+ 0.017 | 1.644 4+ 0.035 | 2.216 £ 0.066
200.2 | 1.093 £ 0.004 | 1.294 4+ 0.015 | 1.643 £ 0.032 | 2.215 £ 0.058
206.2 | 1.091 £ 0.006 | 1.290 4+ 0.016 | 1.634 £ 0.035 | 2.195 £ 0.067

Table 6.16: C; moments from the OPAL and the L3 data for eTe™ interactions
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Experiment | Energy Factorial Moments
(GGV) FQ F3 F4 F5
91 1.043 £ 0.003 | 1.139 £ 0.011 | 1.301 + 0.026 | 1.549 + 0.054
133 1.052 £ 0.002 | 1.181 £ 0.024 | 1.402 £+ 0.064 | 1.748 £+ 0.133
OPAL 161 1.041 £+ 0.002 | 1.148 + 0.010 | 1.324 + 0.031 | 1.589 % 0.066
172 1.041 £ 0.052 | 1.135 £ 0.043 | 1.287 £ 0.049 | 1.513 £ 0.036
183 1.032 £ 0.025 | 1.140 £ 0.029 | 1.321 + 0.033 | 1.594 + 0.037
189 1.026 £ 0.018 | 1.126 £ 0.017 | 1.288 + 0.012 | 1.528 £+ 0.004
130.1 | 1.039 £ 0.005 | 1.123 £ 0.018 | 1.261 £ 0.041 | 1.465 £ 0.084
136.1 | 1.054 £ 0.002 | 1.167 £ 0.008 | 1.352 £ 0.018 | 1.624 £ 0.040
172.3 | 1.057 £ 0.005 | 1.181 £ 0.014 | 1.384 £ 0.025 | 1.691 £ 0.035
13 182.8 | 1.053 £ 0.003 | 1.167 £ 0.017 | 1.354 £ 0.026 | 1.633 £ 0.064
188.6 | 1.049 £ 0.005 | 1.154 £ 0.019 | 1.322 £ 0.048 | 1.571 £ 0.089
194.4 | 1.056 £ 0.006 | 1.176 £ 0.018 | 1.374 £ 0.036 | 1.670 £ 0.061
200.2 | 1.057 £ 0.005 | 1.178 4+ 0.016 | 1.378 4+ 0.032 | 1.676 + 0.056
206.2 | 1.056 £ 0.006 | 1.175 £ 0.018 | 1.372 £+ 0.035 | 1.665 £+ 0.063
Table 6.17: F, moments from the OPAL and the L3 data for eTe™ interactions
Experiment | Energy Reduced Moments
(GGV) CQ 03 04 05
91 1.048 £ 0.011 | 1.141 £ 0.032 | 1.280 £ 0.069 | 1.472 £ 0.127
133 1.068 £+ 0.059 | 1.204 + 0.181 | 1.416 + 0.341 | 1.725 £+ 0.153
OPAL 161 1.093 £ 0.021 | 1.293 £ 0.088 | 1.643 £ 0.157 | 2.225 £+ 0.052
172 1.095 £ 0.091 | 1.301 £ 0.161 | 1.659 &+ 0.149 | 2.261 £+ 0.129
183 1.102 £ 0.108 | 1.313 £ 0.099 | 1.696 + 0.202 | 2.341 £+ 0.094
189 1.110 £ 0.057 | 1.323 £ 0.193 | 1.715 £+ 0.066 | 2.382 &+ 0.115
130.1 | 1.065 £ 0.012 | 1.195 £ 0.041 | 1.401 £ 0.096 | 1.705 £+ 0.193
136.1 | 1.069 £ 0.015 | 1.208 £ 0.046 | 1.426 £ 0.112 | 1.748 4+ 0.226
172.3 | 1.082 £ 0.002 | 1.253 £ 0.071 | 1.534 £ 0.061 | 1.993 £ 0.023
13 182.8 | 1.084 £ 0.031 | 1.264 £ 0.011 | 1.540 £ 0.018 | 1.998 +£ 0.046
188.6 | 1.087 £ 0.011 | 1.269 £ 0.013 | 1.566 £ 0.027 | 2.081 £ 0.043
194.4 | 1.090 £ 0.073 | 1.274 £ 0.007 | 1.578 £ 0.016 | 2.098 £ 0.038
200.2 | 1.092 £ 0.052 | 1.284 £ 0.015 | 1.584 £ 0.029 | 2.139 £ 0.034
206.2 | 1.093 £ 0.009 | 1.291 4+ 0.036 | 1.618 4+ 0.097 | 2.168 £+ 0.092

Table 6.18: C; moments obtained using the Tsallis model for e*e

interactions
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Experiment | Energy Factorial Moments

(GeV) F2 F5 F4 F5
91 1.009 £ 0.018 | 1.022 £ 0.024 | 1.079 £ 0.048 | 1.110 £ 0.077
133 1.025 4+ 0.051 | 1.069 £ 0.229 | 1.125 4+ 0.247 | 1.187 £ 0.010
OPAL 161 1.036 &£ 0.019 | 1.145 £ 0.103 | 1.306 £ 0.088 | 1.252 £+ 0.065
172 1.047 £ 0.072 | 1.157 £ 0.092 | 1.332 4+ 0.109 | 1.352 £ 0.133
183 1.051 £ 0.101 | 1.173 £ 0.041 | 1.368 £ 0.072 | 1.373 £ 0.014
189 1.056 £ 0.031 | 1.175 £ 0.011 | 1.373 £ 0.026 | 1.381 £ 0.233
130.1 | 1.034 £ 0.009 | 1.101 £ 0.072 | 1.199 £ 0.061 | 1.329 £ 0.117
136.1 | 1.041 4+ 0.009 | 1.086 £ 0.134 | 1.162 4+ 0.082 | 1.388 £ 0.133
172.3 | 1.045 £ 0.003 | 1.142 £ 0.006 | 1.278 £ 0.014 | 1.502 £ 0.023
L3 182.8 | 1.048 + 0.010 | 1.145 £ 0.009 | 1.291 £ 0.010 | 1.515 % 0.035
188.6 | 1.050 + 0.021 | 1.146 £ 0.008 | 1.301 £+ 0.003 | 1.522 +£ 0.061
194.4 | 1.051 4+ 0.005 | 1.152 £ 0.046 | 1.307 & 0.017 | 1.547 £ 0.009
200.2 | 1.053 £ 0.013 | 1.158 £ 0.011 | 1.319 £ 0.021 | 1.552 £ 0.030
206.2 | 1.056 £ 0.012 | 1.164 4+ 0.052 | 1.334 £ 0.033 | 1.572 £ 0.039

Table 6.19: F, moments obtained using the Tsallis model for ete™ interactions

6.3.5 Average Multiplicity

The empirical relation has been used to study the variation of the mean multiplicity as a

function of centre of mass energy . The average multiplicity values from the Tsallis model

have been compared with the experimental values for eTe™ interactions from the OPAL

and the L3 experiment of the LEP. Both the values are listed in table 6.20 and found to

be in good agreement. These values are shown in figure 6.46.

For Data : <n>= 176.74 — 70.52(In+/5) + 7.99(In+/s)? (6.6)

For Tsallis Model : <n >=134.85 — 53.11(In+/s) 4 6.183(In+/s)* (6.7)
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Experiment | Energy (GeV) | Average Charged Multiplicity < n >
Experiment Tsallis Model
91 21.40 + 0.43 21.07+ 0.21
133 23.40 £+ 0.65 23.17 £ 0.29
161 24.46 £+ 0.63 24.01 4+ 0.47
OPAL 172 25.77 + 1.05 24.98 + 0.53
183 26.85 + 0.58 26.17 £+ 0.39
189 26.95 + 0.53 26.33 + 0.66
130.1 23.28 £ 0.26 23.21 £ 0.35
136.1 24.13 £ 0.29 23.53 £ 0.17
172.3 27.00 + 0.58 26.93 + 0.25
L3 182.8 26.84 4+ 0.34 26.77 £ 0.19
188.6 26.84 + 0.32 26.51 + 0.08
194.4 27.14 £+ 0.42 26.87 + 0.49
200.2 27.73 £ 0.47 27.09 £ 0.31
206.2 28.09 + 0.33 27.38 + 0.20

Table 6.20: Average multiplicity < n > at /s = 91 GeV to 206 GeV for ete™
interactions. The values obtained from the Tsallis model are compared with the

OPAL and the L3 experimental values
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Figure 6.46: Dependence of the average multiplicity < m > on the centre of mass

energy, /s for eTe™ collisions and comparison with experimental values. The solid
gy

line corresponds to the equation (6.7)
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6.4 Analysis of Hadron-Nucleus Interactions

The study of hadron-nucleus (hA) interactions [41] plays a significant role in understanding
the mechanism of hadron production and their properties. In these interactions nuclear
fragmentation products reflect in their characteristics the mechanism of production of
new particles. It is quite promising to investigate the correlation between the various
types of particles produced in the final state of an hA collision. The study of high energy
hadron-nucleus interactions become very important to understand the particle-particle in-
teractions and the phenomenon of particle production in heavy ions interactions in nuclear
targets. Heavy ion interactions play a key role in the understanding of physics of forma-
tion of quark-gluon plasma (QGP) [42]. Nucleus-nucleus interactions can be explained as
a superposition of hadron-nucleus interactions. Particles produced in the hA interactions
are studied using various phenomenological models. In present study the experimental
data from pion-emulsion and proton-emulsion interactions from different fixed target ex-
periments from the energy range 27 to 800 GeV have been analysed [43]. It is interesting
to revisit these old data for the models which successfully describe the present day data

at higher energies.

6.4.1 Multiplicity Analysis using 7 -Em and p-Em Data

The data under study on pion-nucleus interactions mainly come from the fixed target
experiments using nuclear emulsions as the detector [44]. The passage of a charged particle
through nuclear emulsion leaves behind a trail of ionization produced in AgBr crystals
which are reduced to specks of silver. This trail of specks, known as track, is scrutinized
under high power precision telescopes. In the present study m—-Em data at Pr,, = 50
GeV [45], 200 GeV [46], 340 GeV [47] and 525 GeV [48] have been analysed. Along with
the 7~-Em data, we have also analysed the data of proton-Emulsion, p-Em interactions at
Pray, = 27 GeV [49], 67 GeV, 200 GeV [50], 300 GeV [51], 400 GeV [52]and 800 GeV [53].
Various models described in the earlier sections, such as the NBD, the Gamma, Shifted
Gamma, the Weibull and the Tsallis models have been used to obtain the multiplicity
distribution at each of these energies. Results are compared with the experimental data.

Figures 6.47 - 6.48 show the results of these fits for 77-Em data and figures 6.49 - 6.50
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for the p-Em data.
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Figure 6.47: The charged particle multiplicity distributions in 7#~-Em interactions
at various energies and comparison of the experimental data with the Weibull and
the Gamma distributions.
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Figure 6.48: The charged particle multiplicity distributions in 7#7-Em interactions

at various energies and comparison of the experimental data with the Tsallis and
Shifted Gamma distributions.
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Figure 6.49: The charged particle multiplicity distributions in p-Em interactions at

various energies and comparison of the experimental data with the Weibull and the

Gamma distributions.
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Figure 6.50: The charged particle multiplicity distributions in p-Em interactions
at various energies and comparison of the experimental data with the Tsallis and
Shifted Gamma distributions.
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6.4.2 Results and Discussion

The probability distribution functions calculated from the Tsallis, Weibull, Gamma and
NBD models have been used for the 77 -Em and p-Em experimental data. The x?/ndf
values have been compared for all the four models and are shown in the table 6.21. The
parameters of the fitted distributions corresponding to the data are shown in table 6.22.
In 77-Emulsion data all the distributions explain the data well at all the energies except at
P = 340 GeV. In p-Em data the Tsallis model, Gamma and Shifted Gamma distribution
explain the data well at nearly all the energies except at Prq, = 27 GeV. The Weibull
distribution could explain the data upto Prq, = 300 GeV and fails at higher energies. The
most successful distribution corresponding to p values greater than 0.1 % is the Tsallis
distribution. For the Weibull distribution shape parameter, k does not vary significantly
with energy in both types of interactions. The scale parameter A, which is associated with
the mean multiplicity, as expected increases with increase in energy in both 77-Em and
p-Em interactions as shown in figures 6.51 and 6.52. The increase of A\ with the energy,

Prqp can be described in terms of power law, A = p P/, where yu and v are the fit

ab?

parameters.

i i i i
100 200 300 400 500
Pl (GeV)

Figure 6.51: Dependence of the Weibull parameter, A on energy, P4 for the 77-Em
interactions
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100 200 300 400 500 600 700 800
Pl (GeV)

Figure 6.52: Dependence of the Weibull parameter, A on energy, Prq for the p-Em
interactions

The values of the parameters p and v are;

For m-Em Interactions; w=3459+0.174 and v = 0.256 £ 0.010,

For p-Em Interactions; w=3176+0.118 and v =0.293+0.007

The shape parameters, 3, of the Gamma distribution and 3’ of Shifted Gamma

distribution show very small decrease in the values with increasing energy for both 7~-Em

and p-Em data. The scale parameter, «;, a numerical parameter of the Gamma distribution

and o of Shifted Gamma distribution which describes the shape of a distribution remains

constant within limits with increase in energy. This behaviour is expected as the shape

of distribution remains independent of the energy. The same behaviour was observed in

the analyses of hadron-hadron and leptonic interactions. For the Tsallis model the non-

extensive parameter ¢ in every case is found to be greater than 1 and increases linearly

with increase in energy, Prqp. This trend has been observed in the multiplicity analyses of

hadronic and leptonic interactions also as described in the previous sections. The variation

of ¢ with the lab energy is shown in figure 6.53.
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Figure 6.53: Dependence of the parameter ¢ of the Tsallis statistics on energy Prqp.

The rise in ¢ values for the cases are given by equations;

Qp—Em = Prap(97.47 £ 2.69)e=% + (0.9755 £ 0.002216)

Gr—BEm = Prap(35.57 £ 2.74)e=% + (0.9885 £ 0.004729)

The enhancement in the values of ¢ with energy points to the increased disorder in

a non-extensive manner in the interaction volume.

6.4.3 Moments

The Tsallis gas model has been used to calculate the moments in order to understand the

correlation of the final particles produced during the interaction process. The dependence
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of Cy and F; moments on the energy Prq, for 77-Em and p- Em data are shown in figures
6.54 and 6.55 respectively. The moments form the data are listed in table 6.23 whereas the
moments calculated using the Tsallis models are given in table 6.24. It is observed that
the F; moments in each case is greater than unity, confirming the correlation between the
produced particles. It has been found that the moments C; and Fj are independent to
Pr b in the case of m~-Em. However in the case of p- Em interactions a small decrease in
the higher moments can be observed at Pr,, > 200 GeV. The overall behaviour indicates
that there is no violation of the KNO scaling at the lower energies. Moments from the
data are compared with the moments obtained from the Tsallis model and are found to

be in good agreement.

12 7 -Em Data [ Tsallis Model
¢ c |+ c
0 T TP —i= c, -+ G, e
4+ G |+ G
8_ ................................................................. W- 02 + 02 ............................................
PR S SRS SRS SN S SR i ...........................................................
Y SO SO S A O T S SO SO NI S
A ¥ P &
] T R ST ¢ .................................... % .................................................. PR
v v : v
P PPN PN EFEFEFIIN EFRFRFIFIN AFSFRFIFE ARPRFITE AT SIS AT AT A
50 100 150 200 250 300 350 400 450 500
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8

s -Em Data | Tsallis Model

F Fs
F

E
F
F.

2

F
F2

N P RPN ENSNETITE FRFININN EENII INEFETINE PSR AT EFEPEI A
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P (GeV)

Figure 6.54: Dependence of C, and F, moments calculated from the Tsallis model
on energy P, for 77-Em interactions and comparison with the experimental data.
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Figure 6.55: Dependence of C; and F, moments calculated from the Tsallis model
on energy Prq;, for p-Em interactions and comparison with the experimental data.
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6.4.4 Average Multiplicity

The variation of the mean multiplicity as a function of energy, Prq, has been studied
according to the power law <n > =a (PLab)b . The average multiplicity values calculated
from the Tsallis model are given in table 6.25. These values are compared with the
experimental values for 7~-Em and p-Em interactions and found to be in good agreement

as shown in figure 6.56.

20 :
; -Em :
-] ST :
i< Tsallis Model:

[ 4 Data

N\
c
A\
2 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
Pl (GeV)
30 :
ip-Em : : . . . .
o5 { = Tsallis Model ... I o o o, b
N\
c
\Y4

ol 0 L v v 0 0 L 1 L L 1 1 1

100 200 300 400 500 600 700 800
P, (GeV)

Figure 6.56: Dependence of the average multiplicity < n > on energy, Ppq, for
7~ -Em and p-Em interactions and comparison with the experimental values. The
solid line corresponds to the equations (6.9) and (6.11) respectively.
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For mw~-Em;
For the Data : <n>= 2.826(Ppe)"%2° (6.8)
For the Tsallis Model : < mn >= 2.708(Ppg)"*™ (6.9)
For p-Em;
For the Data : <n>= 2.281(Pprq)"3! (6.10)
For the Tsallis Model : < n >= 2.276(Ppq)"3%° (6.11)

Energy Average Charged Multiplicity < n >
Pray (GeV) | Experiment Tsallis Model
7~ -Em
50 8.39 + 0.25 8.20 + 1.09
200 11.94 + 0.34 11.46 + 0.98
340 13.34 £ 0.59 12.96 £+ 0.81
525 15.93 £ 0.22 15.36 4+ 0.80
p-Em
27 6.60 &+ 0.10 6.29 + 0.44
67 9.73 + 0.23 9.53 + 0.83
200 13.31 + 0.28 13.09 £ 1.26
300 15.10 £ 0.20 14.74 4+ 0.65
400 17.00 £ 0.21 16.77 £ 0.82
800 20.02 + 0.29 19.59 + 0.63

Table 6.25: Average multiplicity < n > at various energies in 7~ -Em and p-Em

interactions
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Chapter 7

Summary and Conclusion

In high energy particle collisions several elementary particles are produced primarily due
to the gluon-gluon, quark-quark and quark-gluon interactions between the constituent
quarks and gluons of the colliding particles. One of the most important and interest-
ing observables to describe the mechanism of particle production is the charged particle
multiplicities. It makes an important tool to understand the underlying mechanism of
particle production in these high energy interactions. In the present work detailed anal-
yses of charged particle production in hadron-hadron, lepton-lepton and hadron-nucleus
interactions has been carried out. Data from two basic kind of experiments were used. For
the study of hadronic and leptonic interactions, data from various colliding beam exper-
iments have been analysed. For the study of hadron-nucleus interactions, data from the
fixed target experiments have been analysed. The phenomenological study of high energy
collisions requires a knowledge of the theoretically predicted basic parameters and their
experimental verifications. For instance, behaviour of the charged particle multiplicity
distributions in full phase space as well as in restricted phase space, momenta spectra,
correlations among produced particles, variation of average multiplicity with energy etc.
are a few parameters which require special mention. In the present study various phe-
nomenological approaches, statistical distributions and thermal models like the negative
binomial distribution (NBD), the Gamma distribution, Shifted Gamma distribution, the
Weibull and the Tsallis gas model have been used to analyse the data from few GeV upto
the LHC energies.
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The current study has been done using three kinds of interactions as described
in above section. In hadronic interactions analyses of the charged particle multiplicities
have been done at different pseudorapidity intervals in pp collisions at /s = 0.9 to 7.0
TeV, the data collected by the CMS experiment at the LHC and in pp collisions at /s
= 200 to 900 GeV,the data collected at the UA5 experiment at the Proton-Antiproton
Collider. In study using pp collision data it has been observed that Weibull model provides
the best description for the experimental data on each pseudorapidity interval, at each
energy with CL > 0.1 %. Except at pseudorapidity intervals |n| < 0.5 and 1.0 for 7
TeV, results from Tsallis model are statistically acceptable with the value of C'L > 0.1
%. The entropic index, ¢, of Tsallis statistics which measures the departure of entropy
from its extensive behaviour is found to be more than 1 in each case. This ensures the
non-extensive behaviour of entropy at higher energies. Whereas in pp collision data it has
been found that the prediction from the Tsallis gas model describes the experimental data
successfully at all pseudorapidity intervals at all energies with CL > 0.1 %. It has been
observed that the non-extensive parameter of the Tsallis model, ¢ increases with energy.
This increase in the g value indicates that the non-extensive behaviour of entropy becomes
more pronounced at higher energies. The dependence of ¢ with the energy can be well
understood using power law which is inspired by the observation that single particle energy
distribution obeys a power law behaviour. The average multiplicity value calculated from
the Tsallis model has been compared with the experimental values and found to be in
good agreement with them. At /s = 7 TeV, the Tsallis model predicted the value of
average multiplicity, < n >pg = 31.231 + 3.042 compared to the CMS experimental
value, < n >cps = 30.516 + 3.660 at highest pseudorapidity interval, || < 2.4. The
average multiplicity predicted by the Tsallis model at /s = 200 GeV and 900 GeV are
found to be, < n >pg = 20.50 + 0.14 and < n >pg = 32.51 + 0.92 compared to
the UA5 experimental values of < n >py45 = 20.17 £ 2.65 and < n >pya5 = 32.73 +
1.39 respectively. Using the Tsallis model and the energy dependence of ¢ parameter, the
prediction for multiplicity distribution at centre of mass energy, /s = 14 TeV has been
made as shown in figure 7.1. The g value and < n > corresponding to the multiplicity

distribution predicted at /s = 14 TeV at |n| < 1.5, are found to be;

g = 1.476 £+ 0.108 and <n> = 24.492 £ 2.571
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Predicted Multiplicity Distribution using the Tsallis Model

_atVs=14TeVand | <1.5

10° |

Figure 7.1: The multiplicity spectrum predicted for pp collisions at /s = 14 TeV
at |n| < 1.5.

The particles produced in the final state of interactions are not independent of each
other. The dynamical fluctuations arising due to random cascading processes in particle
production can lead to correlations amongst the particles. The study of higher-order mo-
ments of the distribution is very important tool to understand the correlation between
particles. The deviation from independent production can be understood if the facto-
rial moments are greater or less than unity. The violation or holding of KNO scaling
at higher energies can also be studied and understood correctly by using the normalized
moments. The KNO scaling implies the energy independence of these moments whereas
energy dependence of these moments implies KNO scaling violation. Moreover the en-
ergy dependence of higher-order moments has been used to improve or reject different
Monte Carlo and statistical models of particle production. The normalised and factorial
moments have been calculated using the Tsallis gas model and compared with the ex-
perimental values. The obtained values of moments found to be in good agreement with
the experimental values within experimental uncertainties. The values obtained from the

Tsallis gas model confirm the violation of KNO scaling as observed in the experimental
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values at higher energies.

A detailed analysis and comparison for the charged particle multiplicity distributions
for ete™ collisions at LEP II energies from /s = 91 to 206 GeV has been done using the
NBD, Gamma, Shifted Gamma, Weibull and Tsallis gas model. The two component model
which is associated with the two jet and multi-jet production has also been implemented
to describe the multiplicity distribution. It has been observed that the Tsallis model
and Gamma distribution provide the best description for the experimental data and are
successful at each energy with CL > 0.1 %. Use of two component model improves the
predictions of all the models to explain the experimental data. Weibull distribution which
fails to justify the experimental data becomes successful with the use of two component
approach. The average multiplicity predicted by the Tsallis model at /s = 206.2 GeV is
in good agreement with the experimental value and is found to be, < n >pg = 27.38
4+ 0.20 compared to the L3 experimental values of < n >;3 = 28.09 £+ 0.33. ¢, the
entropic index, of Tsallis statistics in each case is found to be more than 1 and increases
very weakly with the energy. The mean values of ¢ of the Tsallis model and ¢, g2 of the

two component approach are calculated, and found to be;

Tsallis: <qg> = 1.388 £+ 0.095

Modified Tsallis: < q > = 1.077 £ 0.017 and < g2 > = 1.489 + 0.100

We have also analysed the experimental data on multiplicity distributions of particles
produced in the interactions of proton with emulsion nuclei at incident energies between
Prap = 27 GeV to 800 GeV and interaction of pion with emulsion nuclei at Prq, = 50, 200,
340 and 525 GeV. The data have been compared with the various models and the Tsallis
model is found to be best amongst all in describing the experimental data with C'L > 0.1
%. The average multiplicity predicted by the Tsallis model at Prq, = 525 GeV is found
to be, < n >pg = 15.36 + 0.80 compared to the experimental values of < n >,_gm
= 15.93 + 0.22 whereas in case of proton emulsion interactions the < n > using the
Tsallis model at Py, = 800 GeV is found to be < n >pg = 19.59 £+ 0.63 compared
to the experimental value of < n >, g, = 20.02 + 0.29 . For the Tsallis model the
non-extensive parameter ¢ in every case is found to be greater than 1 and increases linearly
with increase in energy, Prqp. This linear increase can be described well using the relations

described below;
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Gp—Em = Prap(0.0009747 £ 2.691e79) + (0.9755 £ 0.002216)

Gr—BEm = Prap(0.0003557 4+ 2.738¢79) + (0.9885 £ 0.004729)

Another important feature of multiparticle states in high energy interactions is evo-
lution of mean charged multiplicity with energy. In the present analyses it is observed
that dependence of average charged multiplicity can be described well using an empirical
relation, < n > = a + b Iny\/s + ¢ In? /s for hadronic and leptonic interactions whereas

it follows power law in the case of lower Pr,, energies < n > = a P}jab.

In the present study it has been observed that the Tsallis Model is the best in describ-
ing the experimental data at both lower and higher energies in all kinds of interactions.
The success of the Tsallis model points us towards the predominance of non-extensive
behaviour of entropy as we go towards the higher energies. Our various analyses results
on hadronic, leptonic and hadron-nucleus interactions have been published in the inter-
national journals like Physical Review D and International Journal of Modern Physics E.

The complete list of the publications is provided at the end of this chapter.

Thus study of multiplicity distributions, their moments and dependence of average
multiplicity on the energy provide the interesting features of particle production and help
us in understanding the mechanism of particle production at higher energies. When the
data at higher LHC energies at /s > 13 TeV will become available in future it will be
interesting to test the behaviour of these models which may highlight the better and new

aspects of particle production mechanism.
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