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Abstract

Quark Gluon Plasma (QGP) is a primordial matter found few microseconds after
the Big bang. This thesis presents elementary discussions on Quark Gluon Plasma
and its possible signatures in proton-proton collisions. The theory behind QGP
formation and its presence in high energy collisions experiments along with open
problem explaining need for number of binary collisions of partons in proton-
proton collisions to formulate initial conditions using Glauber model is presented.
We then discuss methodology for reproducing charged particle distribution using
Glauber formulation coupled with negative binomial distribution (NBD). The role
of Multi Parton Interaction (MPI) in proton proton collisions along with analysis
methodology for understanding identified/ strange/ multi-strange particle pro-
duction mechanism is studied using PYTHIA8 event generator. We discuss the
< pr>, ‘;—IJY, particle ratios and newly proposed quantity R, are determined as

a function of charged particle multiplicity at mid and forward rapidities.
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Chapter 1
Introduction

The universe is made up of fundamental particles classified as fermions and bosons.
Elementary fermions are of two types namely quarks and leptons. There are six dif-
ferent types of quarks: up, down, charm, strange, top and bottom and six leptons:
electron (e7), electron neutrino (v.-), muon (u~), muon neutrino (v,-), tauon
(t7), tauon neutrino (v;-). These quarks and leptons can interact through four
interactions: Gravitational, Electromagnetic, Weak and Strong. The Electromag-
metic theory description is well understood and is unified with weak interaction
in SU(2); ® U(1)y gauge symmetry, where gauge bosons are photon and W* and
Z bosons. This theory is also called Electroweak theory (1). The theory that de-
scribes strong interaction between quarks and gluons (called partons) is Quantum
Chromodynamics (QCD).

1.1 Quark Gluon Plasma

QCD has two notable properties: asymptotic freedom and confinement. Asymp-
totic freedom suggests that the coupling strength becomes arbitarly small (g « 1) for
smaller length (order of few fermi) scales or equivalently higher energy/ momen-
tum scale. The number of flavors and number of colors decide whether the theory
is asymptotically free or not. The beta function which provides energy dependence

(1) with gauge coupling (g) is defined as (2),

(1.1)

og g (11Nc ~ 2Nf)

P& = Slogn ™ 2| 3 3

In QCD N, = 3, hence number of flavors should be greater than 16 (Ny > 16)
in order B(g) to be positive. Since we have only six flavors of quarks the theory
is asymptotically free. Confinement prevents free quark to exist in nature. In the

confined phase, the energy required to separate two quarks increases with the sep-
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aration distance.

When the confinement is broken due to result of high energy then the resultant
phase of nuclear matter will contain relatively free quarks and gluons. This phase
is called Quark Gluon Plasma (QGP). Higher temperature and higher baryon den-
sity are the recipies for formation of QGP. When the QCD vacuum is excited by
increase in temperature, hadrons are formed. When temperature of the system is
further increased the hadrons starts to overlap each other. After critical tempera-
ture (T,) roughly about 160 - 180 MeV the hadronic system dissolves into system
of quarks and gluons. Similar way, when the overlap occurs adiabatically, at higher
baryon density the system dissolves into quarks and gluons. This kind of primor-
dial matter can be found in core of neutron stars or at early universe or at high

energy collision experiments (like in LHC) (3) (4).

1.2 High energy collisions in LHC

In heavy ion collisions, two lorentz contracted nuclei with radius of order fermi
collide each other. The most of incident partons lose some energy, most of these
interactions are soft where only small momentum transfer takes place. This can be
explained as follows, two nuclei can be considered as two discs of strongly inter-
acting transverse color fields and the charges associated with these fields collide.
Hence some of color charge exchange occurs between these disks and longititudi-
nal color fields are produced. These in turn occupy space between colliding disks
thus reducing energy in disks themselves and then they gradually decay into q¢g
and gluons (17). There is also less probable high transverse momentum particle

production due to hard perturbative interactions between incident partons.

As a consequence of lorentz contraction, the system with very high energy formed
just as the two disks collide is very far from equilibrium. This system expands and
cools as it does. The energy density after saome time say 1 fm/c where the discs
are roughly 2 fm apart are still greater than the average energy density of typical
hadrons (18). Thus the quarks and gluons produced after the collisions are far
from independent. They form a collective medium because they are strongly cou-
pled and flow as a relativistically hydrodynamic fluid with low viscosity to entropy
density ratio (g = ﬁ). This matter is Quark Gluon Plasma.

Due to very short lifetime (= 10723

sec) QGP cannot be directly observable.
What is observable are hadronic and leptonic residues of the transient QGP state.
The main signatures of QGP are direct photon production, enhanced production

of strange particles, J/v¥ suppression. Recently it was found in high mutiplicity
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proton proton collisions there is enhancement of strangeness production in AL-
ICE experiment (19). This kind of results allows one to speculate that there might

be formation of QGP matter in proton proton collisions also.

1.3 Need for number of binary parton collisions in pro-

ton proton collision

It is observed that ratio of yield of particles in Pb-Pb collision to that of p-p colli-
sion with scaling of number of binary nucleon-nucleon collisions is less than 1 for
central collisions (5). This ratio is called as nuclear modification factor (R44). This

is defined as follows,

B (dNaaldpr)
< Neo11> (dep/de)

Raa (1.2)
The fact that suppression observed in R4 of charged hadrons was an indication
that presence of strong medium effect on production of particles in the final states
(5).

In order to probe possible medium formation in proton proton collisions, com-
parison of yield in proton proton collisions at high and low multiplicity has to be

taken. Accordingly the formula can be rewritten as

(dep/de)high/< Neoll >high

Rpp = (1.3)

(dep/de) w/< Neotl > 10w

lo

where yield in corresponding yields are normalised with corresponding mean N,,;;.
The main ingredient for the above formula is mean number of binary parton-partonn
collisions (< N,,;; >). Traditional Glauber model is used to find the N,,;; from ei-
ther 2pF function or hard sphere distribution of nucleon density in case of heavy-
ion collisions considering protons as point like particles. In the same spirit an at-

tempt to extend Glauber model for proton proton collisions are taken in this thesis.



Chapter 2

Estimation of number of binary
parton collisions for proton proton

collisions

In heavy-ion collisions, the formalism for Glauber is straight forward and same is
employed in this thesis. Unlike in heavy-ion collisions where the protons are as-
sumed as the point like particle in most of the models. The density profile usu-
ally taken is Wood-Saxon density profile, where the density of nucleons in nucleus
is distributed in radially symmetric fashion. But application of point like proton
model into proton proton collision will not be a valid conclusion at energies in the
order of few TeV because, at higher collision energies the Bjorken variable (x o %)
becomes closer to zero, hence wave function of individual quarks and gluons in-
side proton becomes dominant. So, proton no longer can be considered a point
particle but an extended object with constituent partons. In this thesis, we took
complex extended proton as the base model (6). Main objective for this chapter is
to emphasis the fact that N;,;; and hence number of participant partons ( Npar¢ )
can be calculated for proton proton collision and the methodology involved in the

same.

2.1 Model description

In this thesis, Gaussian-fluctuating configuration model for describing proton is
considered. In this model, proton is made up with three effective quarks and gluon
flux tubes connecting them and they interact via harmonic potential which is in ac-

cordance with Renormalization group procedure for effective particles (RGPEP)(1).
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The densities of quarks (p,) and gluons (py) itself taken as Gaussian type as

(r;7rg) = ! e_% (2.1)
Three effective quarks with gaussian density profile shifted from each other by dis-
tance greater than the RMS radius of the quarks (rg).
1 x2+y2 z2
Tz 22
rrs, 1)) =—————¢ s ! 2.2
pg( s l) (27‘[)3/27‘521‘1 ( )
The density distribution of quarks is spherically symmetric about the centre of
each quarks with parameter r, while, density of gluons are cylindrically symmetric
about the line joining centres of two adjacent quarks.with radius parameterised by
rs hence, the overall combination of these density profiles becomes radially asym-
metric. The radius of the gluon flux tubes (r;) are determined by the radius of the
quarks connected to each end and the length of the tubes will be restricted by the
RMS radius of the proton itself.

The overall density function of proton under study was taken to be following,

1-x 3
PG (611,12, 13) =Ng—— Y pgx—r1i574)
k=1

3 . 2.3)
N2 ;pg[@—l[ek,m](r— 5’6; r

Tk

qr ?]

where, Z[0, ¢] transforms vector (0,0,1) into (cos¢psing, sinpcosd,cosl) and ry =
rx(cosdysinby, singcosly, cosly) is the position vector of k-th effective quark.
The explicit form of 10, ¢] is given in Appendix A. At high energies contribution
of gluons dominate over quarks in particle production. In order to incorporate the
different weights for such contributions, parameter x is used where, x can take

values 0 < ¥ < 1 and Ng is the overall normalisation constant.

2.2 Calculation of Overlap function

Assuming the direction of incoming protons to be in z-axis so the collision plane is

x-y plane, hence any dependency along z-axis is integrated out.

T(x,y)= fp(x, y,2)dz 2.4

The density distribution provides probability of finding parton at (x, y, z), per unit

volume normalised to unity. While the thickness function provide the probability
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of finding a parton at target flux per unit transverse area. The overlap function

Ty, (b) for projectile proton(a) and target proton(b) is defined as

b b
Tpp(b):ffTa(x—E,y)Tb(x+ E,y)dxdy (2.5)

where T,(x - g, »Ty(x+ g, y)dxdy provide the joint probability distribution for
finding parton in the overlap region dxdy upon integration provides overlap func-
tion. Here T, is sum of 4-components namely quark-quark, quark-gluon, gluon-

quark, gluon-gluon (calculations for the same is not provided explicitely).

Tpp(B) = (Tpp)gq () + (Tpp) gg(B) + (Tpp)gg () + (Tpp) g (b) 2.6)

2.3 Results for calculation of V,,;;
Number of binary collision between partons given by

Neoi1(b) = Og;ELTpp(b) (2.7)

Where, agg EL js inelastic cross section of partons (UggEL =4.3 mb for p+ p collision
at /s = 7TeV ). Overlap function is geometric description of collision mechanism,
o introduces energy into equations because o is dependent on collision energy.

Number of participant partons at impact parameter 'b’ is given as
Npari(b) x N, ;,(b) (2.8)

where x is a free parameter (0 < x < 1).

The positions of constituent quarks in this model are varied in random and al-
lowed to collide with other proton. Length of the gluon tubes are kept fixed. As it
connects two quarks the parameter, d = 1.5 fm. The RMS radius of quarks and pro-
tons are taken to be 0.25 fm and 1 fm respectively. Since the inelastic cross section
of partons (o/VEL) is known and taken to be 0.43 barn. Giving equal contributions
from quarks and gluons for cross section parameter « is kept as 0.5 and Ng = 10.
The resultant N,,;; is obtained as function of impact parameter, b. Impact param-
eter distribution taken to be gaussian with mean close to RMS radius of proton and
as well as 30 exhausts length approximately RMS diameter of proton. This as input
for the model gives for N;,;; and Ny as a function of impact parameter (b).

The Figure 2 shows the comparison of number of binary participant collisions

and number of participants in p+p collisions and Au-Au collisions. Overall com-
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parison reveals for particular choice of parameters the experimental data can be

explained well using this model.



Chapter 3

An overview of Multi Parton

Interactions in p-p collisions

To understand hadronic collisions at LHC, QCD based partonic models of hadron
provide basis. In this base, each hadron is considered to have elementary particles
as constituents. These hadron when collide at ultra relativistic velocity the con-
stituents form the seed of the complicated process leading to production of dif-
ferent particles at detector(10). Due to composite nature of hadrons, it is possible
to have multiple hard parton scattering in single hadron-hadron collisions. These
class of events are known as Multiple Parton Interactions(MPI). Also correlation
between Ny/p;r and N,j, are not linear in nature. Hence to understand particle pro-
duction mechanism, the MPI scale is inevitable. Here we used a pQCD inspired
monte carlo event generator PYTHIA to analyse particle production mechanism
with MPI scale.

3.1 Description of PYTHIAS

PYTHIA is a common tool used to generate events in high energy proton proton
collisions. In 1978, JETSET was developed and it was merged with PYTHIA. The
older versions of PYTHIA used FORTRON 77 as coding language. PYTHIA8 was de-
signed to have C++ as its coding language. The minimum CM energy that PYTHIA
limited is 10 GeV and the maximum can extend upto CM energy of 100 TeV(8).

Hard process included are of 2 — 1,2 — 2 and 2 — 3 type. QCD processes are
classified into hard and soft classes. The soft QCD processes include Elastic pro-
cesses (AB — AB), Single diffractive (AB — XB or AB — AX), Double diffractive
(AB — X) and Non-Diffractive processes. The Hard QCD includes following pro-

cesses g8 — 88,88 — 44,98 — 48,99 — 449,99 — 88, 49 — qq(New), gg — cc,
qG — cc, gg — bb, qG — bb.



Along with QCD processes PYTHIA includes Electroweak, Higgs processes, Top
quark production and also SUSY processes. Hadronisation in PYTHIA is solely on
the Lund string fragmentation framework(7). Main ingredient in PYTHIAS is intro-

duction of Multi parton interactions, which is discussed in next section.

3.2 MPIin PYTHIA8

Perturbative QCD gives as a function of transverse momentum pr, the total rate
of parton-parton interactions(6). In parton based MPI models it is observed that
cross sectiion for 2 — 2 scattering diverges for low momentum transfers.

dp}

dO'g_.z X 7 (3-1)

Py

Also abandunce of low x partons at high collision energy (1/s) makes it worse. Thus
at LHC energies when this cross section is p integrated from some p ;i to some
kinetic maximum produces higher cross section than total hadron-hardron cross
section for pj i, of order (4 —5) GeV(8). This could be interpreted as that every
hadron-hadron collisions contains several parton-parton interactions with typical
momentum of order p ;.

Hence cross section in equation can be re-intrepreted such that number of
multiparton interactions per collision diverges rather than cross section itself as
P1min — 0. Ultimately the p; — 0 divergence is tamed by color-screening effects,
which provide natural lower cut-off for p, . In PYTHIA, the divergence removed by

adding cutoff p o as (11),

dos_n  ag(pi+piy)

(0.4
dpi — (pT+piy?

(3.2)

The as, p1o parameter and parton distribution function (PDF) are tunable as-
pects of this model. Upon integrating equation for inelastic, non-diffractive
process we obtain mean number of MPI as,

02-2(p1o)

<npmpr>pro)=——"— (3.3)
OND

where o yp is the non-diffractive cross section for the process.
If all MPI are uncorrelated the above equation holds and the < ny;p; > could be
considered as the mean of poisson distribution. But in PYTHIA several correlations
are considered like energy conservation of partons. This is achieved by ordering
2pL

MPI into decreasing value of x , where x = N so hardest MPI is generated first.
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Probability of i-th interaction is given by Sudokov-type expression,

( /‘p”.l 1 d0'2_>2 /
exp| - —_— —dp
p.  OND dp,

dPyvpr 1 doa.p

piL onp dpli

(3.4)
where do,_., may now be modified to take correlations with the (i — 1) preceding

MPI into account.

3.3 Analysis Methodology

Minumum thresold value of pr to classify the hard QCD is kept at 2 GeV/c to avoid
divergence of cross section mentioned in equation 3.1}

To have better control of statistics, we have generated 1.5 Million Events for pro-
ton proton collisions at /s = 13 TeV and /s = 7 TeV using PYTHIA8.2. ¢ is re-
constructed using Kaon channel (¢ — K~ + K™ ) and K* is reconstructed using
Kaon-pion channel (K* — K* + 77 ). The charged particle muliplicity is measured
for both mid - pseudorapidity ( || < 0.5) and pseudorapidity range corresponds to
VOA and VOC detectors in ALICE, together called VOM detectors ( —3.7 <n < —-1.7
and 2.8 <7 <5.1). For Ry, analysis six different multiplicity classes in mid - pseu-
dorapidity and VOM pseudorapidity classes as well as Ny/p; classes were defined
as shown in the Table[3.1]similarly for other analysis multiplicity classes is given in
the Table

Table 3.1: Multiplicity classes

Inl <0.5 O0< N, <2 2< N, <5 4< N, <8
8<Np<1l1 11< N, <25

VOM 0<N,,<8 8<N,,<16 | 16<N,, <25
25< N <35 | 35< N, <70

Nypr 0< Npypr<2 2< Npypr<>s 4 < Npypr<8
8< Nypr<l1l | 11 < Nypr<25

Analysis flow chart indicating part of analysis displaying steps for calculation

of mean pr and Ry, as a function of charged particle multiplicity is shown in the

Figure
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Table 3.2: Multiplicity classes

Inl <0.5 O0< N, <2 2< N, <4 4< N, <6
6< N, <8 8< N, <11 11<Ny <14
14<N,,<18 | 18<N, <22 | 22<N,, <27

VoM O0<N.<3 3< N, <6 6<N.<9
9< N, <15 15< N, <20 20< N, <28
28 < N, <38 38< N, <50 50< N, <70

Nypr O0< Nypr<2 2< Npypr<4 4< Npypr<6
6< Npypr<8 8< Nypr<l1l1 11 < Npypr<14
14 < Npypr<18 | 18 < Npypr <22 | 22 < Npypp <27

Event Generation

v

Root file containing
particle information

—

Extract momentum
Distribution,Charged particle
Multiplicity

—

Y

Extract

Y

profile p,

'

Mean Nch

Normalise p,
distribution
Ree- I_\IO R,.-Nch
Scaling

Extract Mean
Py

v

Plot scaled mean p,
ratio vs scaled N,

Figure 3.1: Analysis flow chart
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Chapter 4

Particle production mechanism in
light of MPI scale

Since number of hard scattering is directly proportional to number of charged par-
ticles produced in an event, we expect a linear relationship between Ny;pr and Nj,.
In fact that is the case when we consider mean characteristics of both as shown in

the Figure[4.1] where we observe clear deviation from y = mx.

7O II|III|III|IIIIII

(]
%
|IIII|IIII|IIII|IIII|IIII|IIII

2 4 6 8 10
Ny / <Ny

<

Figure 4.1: (Color online) Correlation plot between N, and Nypy at /s =7TeV

However when we project one multiplicity bin of N.;, over Ny/p; we get gaus-
sian like distribution of Nj;p; with increasing mean corresponding to higher and
higher N,j, multiplicity shown in plot[4.2]

Hence need for multiplicity study of Ny,p; is inevitable as like N,j. Different
variables and its variation with respect to N,;, and Ny;p; multiplicity bins are dis-

cussed in this section.
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Figure 4.2: (Color online) Projection plots for different N, classes into Nyspy

4.1 R,, analysis

Ry in this analysis is defined as follows,

(dep/de) i /< Neh >i-bin
Ry = i~bin 4.1)
(dep/de) /< Nch >min-bias

min—bias

(dep/de)i_bm/< NMPI >i-bin
Ryp-nmpi = (4.2)
(dep/de) /< NMPI >min-bias

min—bias

(aN,p/dpr)

i bi
Rpp—no—scaling:( ot (4.3)

min-bias
As the replacement for mean number of binary collisions mean N, for dif-
ferent multiplicity bins are taken since number of hard collisions in an event is

directly proportional to N,j,.

Ry, as a function of pr for different particles in both high and low multiplicity
at 7 and 13 TeV CM energies are plotted (Figures [4.3][4.4)[4.5). It is observed that
the particle production mechanism for both high and low multiplicity are different
due to curves varying slopes relatively negative compared to other. R, supression
(Rpp < 1) is observed for high multiplicity for p7 < 1GeV and for low multiplicity
for pr > 1GeV . And the crossing of curves do not vary for different particles for

corresponding different classes of N, and Ny;p;.

14



10 n e
Multiplicity classes , n[<0.5 1 E Multiplicity classes , [VOM| 1 [ Multiplicity classes
< 8F @ 0<N_ <2-7TeVv JF @ 0<N,<8-7Tev qF @ 0<N,,<3-7Tev
+ B 11<N,<25-7TeV ] B 35<N_ <70-7TeV JF MW 15<N,<28-7TeV
v 6 0<N,, <2 - 13TeV E 0<N h<8 137ev 1F 0<N,,.,<3 - 13TeV
8 4 v 11<Nch<25-13TeV :;:- _‘E ¥V 15<N,, <28 - 13TeV
=l © - -
3| < W m] Ells s
: . - it oy
2 [z 2P, = 3 Eld
> |2 . . B A4 AAA™ 4/ o
1 0

Scaled by <Nch> Scaled by <N >

MPI

%
s

:_ No-scaling i
i ,..ﬁ*

LB IIIIIIIIIIIIIIIII‘ '|||||IIII|IIII|IIII|
30 No Scaling +’= ~ No Scaling

el I P P " | TR YL

i:i—l—

[ )]

3
L DL L LA L
)|
L]
.4.
e
*
IIIIIII_I-*_I

0 1 2 3 4 0 1 2 3 4
pT[Gev] P, [Gev] P, [Gev]

Figure 4.3: (Color online) panel - 1(from left): R,, of kaon as a function of
charged particle multiplicity in mid rapidity region. panel - 2: R, of kaon as a
function of charged particle multiplicity in forward rapidity region. panel - 3: R,
of kaon as a function of number of multi-parton interactions for inclusive hard
processes using PYTHIAS. The vertical lines in data points are the statistical un-
certainties.
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particle multiplicity in mid rapidity region. panel - 2: R, of pion as a function of
charged particle multiplicity in forward rapidity region. panel - 3: R, of pion as

a function of number of multi-parton interactions for inclusive hard processes
using PYTHIAS. The vertical lines in data points are the statistical uncertainties.
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Figure 4.5: (Color online) panel - 1(from left): R, of proton as a function of
charged particle multiplicity in mid rapidity region. panel - 2: R,,, of proton as

a function of charged particle multiplicity in forward rapidity region. panel - 3:
Ry, of proton as a function of number of multi-parton interactions for inclusive
hard processes using PYTHIAS8. The vertical lines in data points are the statistical
uncertainties.
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4.2 Mean p; analysis

The normalised mean p7 of proton, kaon and pion for both Color reconnection
"ON" and "OFF" as a function of N, for different rapidity(|n| < 0.5 and VOM ) and
function of nMPI is plotted (Figures [4.6][4.7][4.8). We observe that for all the three
particles under consideration, the normalised mean p7 increases with multiplicity
for both N,.;, and nMPI at both 7 TeV and 13 TeV. Where Deviation from CR - ON is

2.2 ||||I||||I||||I||||I||||F 4||||I|||IIIIIIIIIIIIIIIIIIIIII_I |||IIIIIIIIIIIIIIIIIIIIII_
o C CR - modes 1F 1F 3
S 2F o CR-OFF-7Tev 3F 1F E
'_218'_1 CR-ON-7 TeV i a1 -
v “°F . CR-OFF-13TeVv HE 1E y E
+ 16Fv CRON-13TeV § JF JE -
+ - v - : : - v + -
X C . 1E J1E - m
Taraf & 1 ’ =l M *:
sz . E b 1E X 1E 3 =
A | E12F - | = . el = I S =
o /\'_ : ! e ° : :. 2) e ° 0: C K o hd ° ° ’ k
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g o1} @ = ® —HL 9
é o * L0 8 i 1L ° J
2 - ° 1 E.® 11 o ]
5 01 + [ L 1
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Figure 4.6: (Color online) panel - 1(from left): Normalised mean < pr > of kaon as
a function of charged particle multiplicity in mid rapidity region. panel - 2: Nor-
malised mean < pr > of kaon as a function of charged particle multiplicity in for-
ward rapidity region. panel - 3: Normalised mean < pr > of kaon as a function of
number of multi-parton interactions for inclusive hard processes using PYTHAS8.
The vertical lines in data points are the statistical uncertainties.

defined as,

Valuecr-on — Valuecr-
Deviation from CR-ON-= CR-ON CR-OFF (4.4)
ValueCR_ON

It is observed that the deviation is almost same for both 7 TeV and 13 TeV for all the

three scales.
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Figure 4.7: (Color online) panel - 1(from left): Normalised mean < pr > of pion as
a function of charged particle multiplicity in mid rapidity region. panel - 2: Nor-
malised mean < pr > of pion as a function of charged particle multiplicity in for-
ward rapidity region. panel - 3: Normalised mean < pr > of pion as a function of
number of multi-parton interactions for inclusive hard processes using PYTHAS.
The vertical lines in data points are the statistical uncertainties.

4.3 Particle production analysis

To understand the production and energy dependence of different particles in pro-
ton proton collision, we plotted integrated yield of such particles as function of
multiplicity at two different centre-of-mass energies (7 and 13 TeV) for different
particles (n* +77,K* + K~,p+ p, A, ¢ and K*°) (Figures . Itis ob-
served that integrated yield is independent of energy and shows linear trends with
increase in multiplicity at mid-rapidity. However, integrated yield seems to have
lower slope for multiplicity at forward rapidity and Nyp; scale. It is also observed
that there is certain dependence of energy for K* for multiplicity at mid-rapidity
and Ny,p; scale, this dependence found to dominate more at mid-rapidity multi-

plicity scale.
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Figure 4.8: (Color online) panel - 1(from left): Normalised mean < pr > of pro-
ton as a function of charged particle multiplicity in mid rapidity region. panel - 2:
Normalised mean < p7 > of proton as a function of charged particle multiplicity
in forward rapidity region panel - 3: Normalised mean < pr > of proton as a func-
tion of number of multi-parton interactions for inclusive hard processes using
PYTHAS. The vertical lines in data points are the statistical uncertainties.

4.4 Particle production ratio analysis

In similar way as previous analysis, ratio of integrated yield of different particle to
that of pion (n* + 77) is calculated and we plotted integrated yield ratio as func-
tion of multiplicity at two different centre-of-mass energies (7 and 13 TeV) in three
different scales(Figures[4.12J4.13). It is observed that integrated yield ratio of (K* +

K™)/(m" + ™) is higher in all rapidity range and all multipicity compared to (p +
p)/ (m* + 7). This is expected because mass of kaon is lower than proton and ac-
cording to Boltzmann distribution for given energy production of kaon should be
higher than proton. In mid rapidity, proton to pion ratio and kaon to pion ratio is
higher in 13 TeV compared to 7 TeV, but this difference is not observed strongly in
forward rapidity scale and Ny;p; scale. Similar conclusions can be given for ¢/ (7" +
n7)and K*°/(n*+n7). The increasing trend in (K*+K ™)/ (n*+n7), ¢/ (" +n~) and
K*°/(n*+77) ratios hints the possible enhancement of strangeness and decreasing

trend in proton to pion ratio hints possible Baryon - Anti baryon anhilation.
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Figure 4.9: (Color online) panel - 1(from left): Particle production of A™ + A~ and
nt + 7~ as a function of charged particle multiplicity in mid rapidity region. panel
- 2: Particle production of A" + A~ and #* + 7~ as a function of charged particle
multiplicity in forward rapidity region. panel - 3: Particle production of A* + A~
and 7t + 7~ as a function of number of multi-parton interactions for inclusive
hard processes using PYTHIA8. The vertical lines in data points are the statistical
uncertainties.

4.5 Averaged Particle production

Averaged integrated yield (?1_13\/]/ < N_.p, ‘fi—]}\f/ < Njpg) is plotted at 7 TeV and 13 TeV
for p+p, KT+ K", ¢, K*° at three different scales (Figures . Similar trends
were observed for ¢ and K*? also energy dependence is found in mid-rapidity scale
and Nyp; scale. Whereas proton and kaon show no such dependence. Hence the

particle production is driven solely by multiplicity.
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Figure 4.10: (Color online) panel - 1(from left): Particle production of ¢ and K *0
as a function of charged particle multiplicity in mid rapidity region. panel - 2: Par-
ticle production of ¢ and K*° as a function of charged particle multiplicity in for-
ward rapidity region. panel - 3: Particle production of ¢ and K*° as a function of
number of multi-parton interactions for inclusive hard processes using PYTHIAS.
The vertical lines in data points are the statistical uncertainties.
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Figure 4.11: (Color online) panel - 1(from left):Particle production of p + p and
K*+K~ as a function of charged particle multiplicity in mid rapidity region. panel
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multiplicity in forward rapidity region. panel - 3: Particle production of p + p and
K* + K~ as a function of number of multi-parton interactions for inclusive hard
processes using PYTHIAS8. The vertical lines in data points are the statistical un-
certainties.
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Figure 4.12: (Color online) panel - 1(from left): Particle production ratio of

K*+ K and p + pton* + n~ as a function of charged particle multiplicity in
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panel - 3: Particle production ratio of K* + K~ and p+ p to 7" + 7~ as a function of
number of multi-parton interactions for inclusive hard processes using PYTHIAS.
The vertical lines in data points are the statistical uncertainties.
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Figure 4.13: (Color online) panel - 1(from left): Particle production ratio of and
K*%to n™+7~ as a function of charged particle multiplicity in mid rapidity region.
panel - 2: Particle production ratio of and K*° to #™ + 7~ as a function of charged
particle multiplicity in forward rapidity region. panel - 3: Particle production ratio
ofand K*? to 7" + 7~ as a function of number of multi-parton interactions for
inclusive hard processes using PYTHIAS8. The vertical lines in data points are the
statistical uncertainties.
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Figure 4.14: (Color online) panel - 1(from left):Averaged Particle production of

¢ and K*° as a function of averaged charged particle multiplicity in mid rapid-

ity region. panel - 2: Averaged Particle production of ¢ and K*° as a function of
averaged charged particle multiplicity in forward rapidity region. panel - 3: Aver-
aged Particle production of ¢ and K*? as a function of averaged number of multi-
parton interactions for inclusive hard processes using PYTHIAS8. The vertical lines
in data points are the statistical uncertainties.
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Figure 4.15: (Color online) panel - 1(from left) : Averaged Particle production of
p+ pand K* + K~ as a function of charged particle multiplicity in mid rapidity
region. panel - 2: Averaged Particle production of p + p and K* + K~ as a func-
tion of Averaged charged particle multiplicity in forward rapidity region. panel -
3: Averaged Particle production of p + p and K* + K~ as a function of Averaged
number of multi-parton interactions for inclusive hard processes using PYTHIAS.
The vertical lines in data points are the statistical uncertainties.
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Chapter 5
Summary

Calculation methodology for number of binary parton collisions in Glauber frame-
work model for proton proton collisions assuming proton to be composite ex-
tended object having three effective quarks and gluon flux tubes within connecting
each quarks is explained. Charged particle distribution for proton proton collisions
at /s = 7TeV is obtained using the model under consideration and is compared
with ALICE published data.

Using PYTHIA event generator Ry, is calculated for proton, pion, kaon at Vs=7
TeV and 13 TeV in N, (both mid rapidity and forward rapidity) and nMPI scale
and observed that production mechanism is different for low and high multiplic-
ities. Analysis is extended to calculate mean pr for same energies and same scale
but with and without Color-Reconnection mechanism.

Integrated yield for the identified particles are calculated as function of nMPI
at /s =7 TeV and 13 TeV and similar trend is obtained for mid-rapidity N, scale
and nMPI scale. Interesting to note that production mechanism is same for both
V/s =7 TeV and 13 TeV. Also ratio of integrated yields of p*, K*, ¢ and K*° to that
of 77 is found for nMPI scale. Multiplicity dependence of Averaged yield of iden-

tified particles is calculated and found that the production is driven by multiplicity.
Possible extension of N¢,; calculations can be done by calculating R, by sep-

arating different multiplicity bins for the N,j distribution obtained. And analysis

can be repeated for different energies to fine tune parameters used in the model.
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Chapter 6

Appendix

6.1 AppendixA

Here Rotation matrix given in section 2.1 is discussed. According to Euler rotation
theorem any rotation can be given using three angles (v, 8, @). Hence overall rota-

tion is given by,
R, B,y)=Zz(V)Ry (P % z(a) (6.1)

Where £ 7 (y) represent rotation about Z-axis by an angle y similarly %, (a) by an-

gle a and Zy () represent rotation about Y-axis by an angle £ (all 3 x 3 matrices).
Given initial position vector a = (0,0, 1) and the final rotated vector

b = (cos¢psinb, sindcosh, cosh), hence relating these vectors (considering vectors

to be column matrix)

b=2%(a,p,7)a (6.2)

After substituting matrices and relating euler angles with spherical angles we get,

B=0,a=0,y=—¢. Hence the explicit form of the rotation matrix is given by

cosfcos¢p —sin¢ cos¢sing
Z0,p) = | sinpcosf cos¢p singsind (6.3)

—sinf 0 cos@
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6.2 AppendixB

Definitions for the variables used in this work assuming incident beam is in the z-
direction.

1. Rapidity

_1 1+p
y—zln(—l_ﬁ) (6.4)

On successive Lorentz boost the velocity is not a additive quantity, hence rapid-
ity is defined as in the equation [6.4) which is an additive quantity. In experiments

alternative way of defining rapidity is,

1 (E+ pz) 6.5)

=1

2. Pseudo - Rapidity
At high energies all particles have E = pc hence the rapidity in equation [6.5]is ap-
proximated called Pseudo - Rapidity and defined as,

0
n= —lntan(E) (6.6)
3. Transverse momentum
The momentum 3 vector components can be decomposed into the longitu-

dinal (p;) and the transverse (pr), pr being a vector quantity which is invariant

under a Lorentz boost along the longitudinal direction. And it is defined as,

pr=\/pi+p; (6.7)
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