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Abstract

The majority of e — p interactions occur via the exchange of photons be-
tween them. This interaction manifests in two distinct regimes determined
by the virtuality of the exchanged photon: deep inelastic scattering for
high virtuality photons and photoproduction for low virtuality (or quasi-
real) photons.

This thesis investigates multiple-partonic interactions (MPI) and two-particle
correlations in e —p photoproduction across a range of center-of-mass ener-
gies from 30 to 318 GeV. Monte Carlo simulations based on the PYTHIAS
event generator are utilized to examine the presence of MPI in e — p pho-
toproduction by comparing PYTHIAS predictions under various MPI sce-
narios with experimental data obtained from the ZEUS experiment. In
the analysis of two-particle An — A¢ correlations, the ridge structure in
An — A¢ space is studied. In the away-side region of A¢ a ridge structure
is present in the data and is replicated well by PYTHIAS, although there
is no sign of a near-side ridge. Additionally, the variation of correlations
with center of mass energy (1/s) is studied.

Furthermore, the resolution and efficiency of the ePIC detector for the

Electron-Ion Collider (EIC) are assessed using charged hadrons.
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Chapter 1

Introduction

Nuclear Science is concerned with the origins and structures of atoms, nu-
clei, and nucleons, which collectively constitute nearly all the visible mass
in the universe. Over decades of study, it has become evident that nucleons
consist of even smaller building blocks known as quarks, held together by
the strong force mediated by gluons. This fundamental theory describing
the strong force is Quantum Chromo-Dynamics (QCD). The objective is
to comprehend the intricate interactions among quarks and gluons, and
how nucleons and nuclei emerge from the properties and dynamics of these
particles. The electron-proton (e — p) scattering is the cleaner and precise
probe to study the internal structure of the proton.

The majority of ep interactions occur through the exchange of a virtual
photon between the electron and the proton. While the interaction of
high-energy photons with leptons is well described by electro-weak theory,
interactions with hadrons pose challenges and have led to the development
of Quantum Chromodynamics (QCD). However, QCD can currently only
be solved perturbatively, limiting its applicability to interactions with large
momentum transfers between particles. By combining QCD with Quantum
Electrodynamics (QED), many aspects of deep inelastic e — p scattering,
where the exchanged highly virtual photon acts as a point-like probe to the
quark content of the proton, can be described. In contrast, hadronic v — p

interactions (photoproduction), involving a real photon or a low-virtuality
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exchanged photon, are predominantly soft with low momentum transfer,
making them challenging to calculate with perturbative QCD. Measure-
ments of 7 — p interactions have revealed a hadron-like behavior of the
photon [1].

To a first approximation, a photon behaves as an object with a point-
like interaction. However, quantum-mechanically, it can fluctuate into a
fermion-antifermion pair. These fluctuations, such as into a pair of virtual
charged leptons, are described by Quantum Electrodynamics (QED). Ad-
ditionally, a photon can fluctuate into a g¢ pair with quantum numbers
JP¢ = 17~ and charges Q = S = B = 0. Interaction between this ¢g
pair and a proton occurs if the fluctuation time ¢y is large compared to the
interaction time ¢; [2]. The photon can have three states: the point-like
photon, the vector meson state (hadronic state), and the perturbative ¢g
pair. The fluctuation of photon into hadronic or ¢g state is called resolved

photoproduction.

1.1 Motivation

Multiple distinct initial parton scatterings in a single ep collision can be
studied in resolved photoproduction. Such interactions, known as multi-
parton interactions (MPI), have been conclusively seen in high-energy p+p
and heavy-ion collisions. Now the question is, why we are studying MPI,
and why it is important? The answer is that it directly affects particle pro-
duction, see figure 1.1, as multi-partonic interaction increases the average
charged multiplicity increases.

High-multiplicity events are believed to be driven by multi-parton inter-
actions (MPI). Figure 4.2, shows the comparison of the charged particle
multiplicity from the ATLAS experiment [3] at LHC to a Monte Carlo
model with and without MPI. It is seen that the multiplicity distribution

can not be predicted without considering MPI.
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Figure 1.1: Multi-partonic interactions (MPI) vs average charged multi-
plicity in e — p photoproduction at /s = 318 GeV

When two heavy ions collide at high energies, some of their constituent
partons may escape from hadronic confinement to form a hot mixture of
partons. Often referred to as quark-gluon plasma. It quickly decays into
a multihadronic final state, which retains a memory of its origin in terms
of correlations between the emerging hadrons. These correlations can be
measured by the 2-dimensional plot of particle separation in pseudorapid-
ity (n) and azimuthal angle (¢), which shows some interesting features.
A strong enhancement of particle pairs with small separation in both 7
and ¢ signifies the formation of a jet. The presence of a jet and a recoil
jet gives the enhancement for pairs of particles to emerge in opposite az-
imuthal directions. A jet and a recoil jet are not strongly correlated in
pseudorapidity, so the opposite azimuth (A¢ ~ ) particle pairs form a
'ridge’ in pseudorapidity difference (An). Surprisingly, heavy-ion collisions
also show a significant ridge-like component in An in particle pairs with
small azimuthal separation (A¢ =~ 0). It is also evident in proton-ion

and even in proton-proton collisions [4]. This effect is naturally absent in
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Figure 1.2: Charged particle multiplicity distribution at /s = 7 TeV,
using PYTHIA8 compared with the experimental data from the ATLAS
experiment at LHC

electron-positron collisions [5], so it is interesting to observe whether it is
present in electron-proton collisions. And the other thing to see is, whether
PYTHIAS (event generator used to simulate e — p collision events) can re-
produce these ridge-like structures.

We have to detect the final state particles precisely to study all the above
effects, which requires a detector with very good resolution and efficiency.
In particle physics, detectors are the most important. They help us under-
stand what happens during collision experiments. A good detector must be
precise and efficient to give us all the details about the particles involved.
Before we build a detector, we do simulation studies. These help us to
figure out the best design, make sure everything works well, and solve any
problems before we start building. Simulations also let us try out different
situations that might be tricky or expensive to do in real life. Therefore the

study of resolution and efficiency of the detector is crucial for its success.
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CHAPTER 1. INTRODUCTION

1.2 Structure of the Thesis

Here we will outline a brief overview of the thesis. This thesis mainly
has two parts, in the first part, chapter 2, is dedicated to studying the
resolution and efficiency of the ePIC detector for EIC!. From Chapter 3

we have the phenomenological studies of e — p photoproduction.

e In chapter 2, we will discuss briefly the EIC experiment and study
the resolution and efficiency of the ePIC detector for EIC.

e Chapter 3 focuses on the basic kinematics of the e — p collisions,
the difference between the deep-inelastic scattering (DIS) and pho-
toproduction, and the event generator used to simulate the collision

events.

e Chapter 4 focuses on results and analysis, in which we have basic
kinematic plots (transverse momentum and charged-particle multi-
plicity), the two-particle azimuthal correlations for different MPIs,
compared with the experimental data from ZEUS, and lastly the

An — A¢ correlation at various center of mass energies.
e Chapter 5 is the summary and outlook section of the thesis.

e Appendix contains the supplementary information for the reader’s

reference.
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Chapter 2

The EIC Experiment

The Electron-Ion Collider (EIC) will be the first collider to explore the
inner workings of both protons and nuclei at high energies. It aims to
answer fundamental questions about our visible world, such as the origin of
nucleon mass, nucleon spin, and properties of dense gluon systems. Using
deep inelastic scattering (DIS) processes, the EIC’s electron beam will
probe protons and nuclei across a wide range of center of mass energy, /s
= 20 to 140 GeV. This approach offers cleaner data compared to other
collision types, enabling precise studies of strong interaction physics. The
EIC White Paper outlines key aspects of its extensive physics program [6].
The broad physics of EIC can be accomplished by the study of three basic
types of DIS processes:

e Inclusive DIS: ¢ + p/A — ¢ + X For this process it is essential
to detect the scattered electron, €/, with high precision. All other
final state particles are ignored. The scattered electron is critical for

processes to determine the event kinematics.

e Semi-inclusive DIS: e+p/A — ¢ +h*?+ X, This process requires
measurement of at least one identified hadron with the scattered

electron.



e Exclusive DIS: ¢ + p/A — ¢ + p'/A" + ~v/h*°/V M, This pro-
cess requires the measurement of all particles in the event with high

precision.

All physics processes to be measured at EIC require the measurement of
the event (x,Q? y, W) and particle kinematics (pr, z, ¢, 1) (see, section
3.1) reconstructed with high precision. To access the full x — Q? plane
at different center of mass energies and for strongly asymmetric beam en-

ergy combinations, the detector must be able to reconstruct events over

p/A beam electron beam
-

Figure 2.1: A visual representation depicting the distribution of hadrons
and the scattered lepton across the rapidity coverage of the detector, cor-

responding to different = and ?

a wide range in 7, see figure 2.1 (taken from [7]). This imposes require-
ments on both detector acceptance and resolution. The central detector,
which approximately covers the range of |n| < 1 is also referred to as a
barrel detector, while the hadron end-cap and the electron end-cap are
often indicated as forward and backward end-cap, respectively. Figure 2.2
(taken from [8]), we have a view of the first detector of EIC, called ePIC.
It is a collection of many sub-detectors. It has a 1.7 Tesla superconduct-
ing magnet for curving the trajectories of the charged particles created in

collisions, high-precision silicon detectors for tracking particle trajectories
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CHAPTER 2. THE EIC EXPERIMENT

in the magnetic field, precise calorimeters for measuring the energy of the

particles, and excellent particle identification detectors.

Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

a Forward Calorimetry
" AC-LGAD TOF - (EM and Hadronic)
y

Backward
Calorimetry

_ Dual-radiator RICH

High-performance
DIRC B

Endcap
Electromagnetic
Calorimeter

Tracking®™

%

Barrel Hadronie
Calorimeter

Figure 2.2: View of the ePIC detector

This experimental facility is still in the development phase and the detector
is also virtual. So the task that we are doing is to study the resolution and
efficiency of the detector so that we can optimize it for better performance.
This kind of study is incredibly valuable in the development phase of any
experimental facility. This allows us to explore various design parameters,
optimize performance, and anticipate potential challenges before commit-
ting to physical construction. The process is as follows:

We’ve obtained data from e — p collisions simulated using the event gen-
erator PYTHIA. This data is then passed through our virtual detector
setup, yielding output that includes hit positions, energy, momentum, and
other relevant information. By comparing the kinematics of the particles
generated by PYTHIA with those detected or reconstructed by the virtual

detector, we can assess the performance of our detector.




Efficiency is defined as the,

Reconstructed (pr,n, ¢....)

Effici _
[ Jiciency Generated (pr,n, ¢....)

Resolution is given by,

Resolution — Reconstructed (pr,n, ¢....) — Generated (pr,n, ¢....)

Generated (pr,n, ¢....)
(2.2)

2.1 Efficiency of charged hadrons

In figure 2.3, we have the pp distribution of both generated and recon-
structed charged hadrons, alongside the efficiency depicted by the ratio of
reconstructed pr to generated pr (right subplot). Notably, the efficiency

genp., -4<n<4 recop,, -4<n<4 reco p1jgen Py -4<n<4
@ 4500F 2] o F
5 f §3500 S sk
S 4000E 3 &1
3500F 3000 +F
4 o 6F
3000% 2500 S F
E = 5F
2500° 2000 af
20005 1500 3-
1500F oF
1000F 1000 E T S S| + J[
: 00 i it T
500; ofF
o) S B AU P T Olele L T TR B I I I N PN B R P P S T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Pr Py Py

Figure 2.3: pr distribution of generated particles (left), reconstructed par-

ticles (middle) with pseudorapidity range —4 < 1 < 4 and reconstructed
pr/generated pr (right)

plot in figure 2.3 is prominently centered at 1, indicating a high level of
accuracy in the reconstruction process. However, at higher pr, noticeable
fluctuations are observed, likely due to the limited statistics.

In figure 2.4, we observe the distribution of n for both generated and
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Figure 2.4: n distribution of generated particles (left), reconstructed par-

ticles (middle) with pr range 0 < pr < 10 and reconstructed pr/generated
pr (right)

reconstructed charged hadrons, as well as the efficiency represented by the
ratio of reconstructed n to generated n (right subplot). Notably, the ef-
ficiency plot in figure 2.4 is prominently centered at 1, indicating a high

degree of accuracy in the reconstruction process.

2.2 Efficiency of charged pions

In figure 2.5, we observe the distribution of pr for both generated and
reconstructed charged pions, as well as the efficiency represented by the
ratio of reconstructed pr to generated pr (right subplot). The efficiency
plot in figure 2.5 is prominently centered at 1, showing good reconstruction

efficiency.

In figure 2.6, we have the distribution of n for both generated and recon-
structed charged pions, as well as the efficiency represented by the ratio of
reconstructed n to generated n (right subplot). The efficiency plot in figure
2.6 is prominently centered at 1, indicating a high degree of accuracy in

the reconstruction process.
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Figure 2.5: pp distribution of generated pions (left), reconstructed pi-

ons (middle) with pseudorapidity range —4 < 1 < 4 and reconstructed
pr/generated pr (right)
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Figure 2.6: 7 distribution of generated pions (left), reconstructed pi-
ons (middle) with pseudorapidity range 0 < pr < 10 and reconstructed

n/generated n (right)

2.3 Momentum resolution of charged pions

In figure 2.7, we have momentum resolution (see eq-n 2) of charged pions
vs generated pr. It is nicely centered around zero, showing good resolution.
In figure 2.8, we have the projection of 2D-histogram, see figure 2.7, onto
the Y-axis, for different pr ranges as shown in the figures 2.8 and these
distributions are fitted with the double Gaussian function ? and sigma of

each distribution for a particular pr range is calculated. Sigma (o) in each

2Double Gaussian function is the sum of two Gaussian functions
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Figure 2.7: Momentum resolution of charged pions vs generated pr

pr interval show deviations up to 1 %, see figure 2.9. The effective sigma

of the double Gaussian function is calculated using,

Alaf + Alag
= 2.3
’ AL+ Ay ( )

here o1, 09 and A, As are the standard deviations and amplitudes of each

Gaussian function, respectively.
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Figure 2.9: Sigma (¢) vs pr for charged pions

15






Chapter 3

Kinematic variables &

simulation methodology

In this chapter, the focus lies on examining the kinematic variables involved
in e—p collisions. We explore the distinctive characteristics of deep-inelastic
scattering and photoproduction, highlighting how these two regimes of e—p
scattering differ. Furthermore, the event generator used to simulate the

e — p collision events will be discussed.

3.1 Kinematics

The DIS process of an electron with a proton can be written as

e(p1) + p(p2) = € (p3) + X (pa)

where e, p refers to the incident electron and proton, €’ is the scattered
electron and X is the system of particles that are produced in this in-
teraction. pi,po,p3 and py are their corresponding four momenta. The
kinematic variables z, Q?, y and W? described below have intuitive physi-

cal interpretations.
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3.1.1 Kinematic variables in e — p scattering

Figure 3.1, shows a diagram of an electron-proton collision. In this dia-
gram, the initial four momenta of the electron and proton are labeled p;
and p, respectively and four momenta of the final particles are labeled ps
and p4. Here py is the collective four-momentum of all the particles broke

from the proton.

Figure 3.1: Inelastic electron-proton scattering

The momentum transfer that occurs between the electron and the proton
manifests as the exchange of a virtual photon with a four-momentum of
g = p1 — p3. To simplify calculations across reference frames, the Lorentz
invariant quantity ¢? is used to describe the momentum transfer. Yet, ¢?
is a negative quantity, so the convention is to use a positive value labeled

as (9, where

Q' =—q" (3.1)
(Q)?, is always positive.
The Lorentz invariant dimensionless quantity Bjorken z
Q?
2pa2-q

(3.2)

T =

will turn out to be an important kinematic variable in the discussion of

the quark model of deep inelastic scattering. In the quark-parton model,
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CHAPTER 3. KINEMATIC VARIABLES & SIMULATION METHODOLOGY

Bjorken x can be identified as the fraction of momentum of the proton
carried by the parton inside the proton.

The invariant mass of the outgoing hadronic constituents is
W?=pi = (p2+q)° (3.3)

W is also the CM energy of vp system, therefore x becomes

Q2
= 3.4
v Q%+ W2 —m? (34)
m, is the mass of the proton, W? = p3 > mg and Q2 > 0, we have
0<z<1 (3.5)

The value of z is the measure of ”elasticity” of the scattering process.

Another dimensionless Lorentz invariant quantity is, y.

b2-q
P2-P1

(3.6)

In the frame where the proton is at rest, p,» = (m,,0,0,0) and momentum

of the virtual photon, ¢ = (Fy — E3, p1 — p3) and therefore,
y=1—=" (3.7)

FE1 and FEj5 are the energies of incoming and scattered electron respectively.

It is easy to see that,

0<y<l1 (3.8)

y is the fraction of energy lost by the electron in the rest frame of the
proton.
In the lab frame, it is given by,

E 5 0

yzl—E‘jcos 2 (3.9)
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3.1.2 Rapidity and pseudo-rapidity variables

At relativistic energy, the rapidity variable is defined as,

1. [(E+p. 1. (1+4p./E
=1 = _—In| —F— 3.10
’ QH(E—p) 2n<1—pz/E (&10)
— tanh ™ (12) 3.11
= ot~ (1 (3.11)
It is a more appropriate quantity than the longitudinal velocity (5 = %).

The advantage of rapidity is that it is additive under a longitudinal boost
and the difference between the rapidities of two particles is invariant for
the boost along the z-axis.
The relationship between the rapidity y of a particle in the laboratory
frame I and the rapidity v in a boosted frame F' which moves with a
velocity (8 in the z - direction is,
, 1 1+

Yy =y- 5111 (m) (3.12)
The only problem with rapidity is that we have to measure the energy and
momentum of the particle, which is not easy. This leads to the concept of
pseudo-rapidity.
For a particle emitted at an angle # to the beam axis, the rapidity is given
by,

1. (E+p.\ 1. [(JmZ+p? 0
y:—ln< +P ) = —In P 1 peos (3.13)
2 E—p, 2 v/m?2+ p? — pcosb

at very high energy, p >> m, mass can be neglected,
1 p+pcost
y = — 11’1 -
2 p—p cosb
y=—Intan(0/2) =n (3.14)

n is called pseudo-rapidity. For this only 6§ measurement is required. It is
a convenient parameter for experiments when details of the particle, e.g.
mass, momentum, etc. are not known, but only the angle of emission is
known, see figure 3.2. For n = 0, we have 6 with respect to beam axis is
90° and for 8 = 0 or 1807, n is large.
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-0.5 0.5

Barrel

5.0 )

Figure 3.2: Schematic representation of the values of pseudo-rapidity (n)

around the detector

3.1.3 Transverse momentum

As the name suggested, transverse momentum is the transverse or perpen-
dicular component of the total momentum of a particle with respect to the

beam axis (z-axis). It is denoted by pr, and given by

pr = /i + 0D}

Transverse momentum is a key factor in understanding collisions. It pro-
vides insights into the initial conditions of the collision and the behavior
of particles during and after the collision. Before a collision, there’s no
sideways momentum. But after the collision, any sideways movement a
particle has comes from the collision itself. So, by looking at how much
sideways momentum particles have, we can learn a lot about what hap-
pened during the collision. We’ll explore this idea further in the upcoming

sections.

3.2 DIS and photoproduction

In deep inelastic scattering (DIS), where the momentum transfer carried
by the photon between the electron and proton is high, Q? >> 1 GeV?, the

photon is considered to couple directly to the parton content of the proton,
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see figure 3.3a. In DIS, the photon is treated as a point particle. The high
Q)? allows the quark parton model and perturbative QCD to describe the
interaction in terms of the structure of the proton. At low Q? another
technique is required.

For real photons, Q? ~ 0, or photons of low virtuality, Q? < 1 GeV?, these

D | S © Scattered
- electron
>
¢ - -
Incoming
electron
©
¢
¢

(a) Neutral currents deep inelastic scattering (NC
DIS)

Photoproduction Scattered
© > Y - @ electron

Incoming
electron

2y

(b) Resolved photoproduction

Figure 3.3: (a) Deep inelastic scattering and (b) resolved photoproduction

interactions with the proton are well described by treating the photon as
a particle that may have a hadronic structure.

The e — p interaction may be conceptually broken down into two parts,
ep — € +~p and vp — X. In the first, the electron is considered to be ac-
companied by a flux of virtual photons. At low virtualities, the exchanged

~v can be shown to behave like a real photon, thus the second part is true
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CHAPTER 3. KINEMATIC VARIABLES & SIMULATION METHODOLOGY

photoproduction.

The important thing to notice is that we do not have experimental control
over the values of Q?, so how do we know experimentally, that the e — p
scattering process happening is DIS or Photoproduction? For this notice,
the figure 3.3 (taken from [9]), in the case of DIS the scattered electron is
deflected through a large angle, on the other hand in photoproduction the
scattered electron is almost collinear with the incident electron. Experi-
mentally photoproduction and DIS differ by the absence or presence of a
scattered electron in the detector system. In photoproduction, the electron
typically scatters at small angles and remains very close to the beam pipe
and hence remains undetected, while in DIS, the angle of the scattered
electron increases with ()2, and above a minimum (), can be efficiently

detected. Figure 3.4 compares the pr spectra of DIS and photoproduction
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> E ., 4, nmu DIS
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Figure 3.4: Comparision of transverse momentum spectra between DIS
and photoproduction process at /s = 318 GeV

at /s = 318 GeV. In the high pr region we have more particle production

in the case of DIS compared to photoproduction and the low py region is
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dominated by photoproduction. This is very obvious due to the high Q>
in the case of DIS compared to photoproduction.

In figure 3.5, we have a comparison of charged particle multiplicity dis-
tribution between DIS and photoproduction at /s = 318 GeV. Events
with high multiplicity are more in photoproduction as compared to DIS.
This is because of the multi-partonic interaction in photoproduction, which

enhances particle production.

—_— -1 |a*e,
ﬁ 10 g_ ™ “q.‘.‘.
Z n .. .' ..i
§ _.. '. '..i.. umn DS
© 10_2 3 .- ‘.'. .
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Z B .
< | .. ....
\U-)’ 10_3 E_ ‘- ..‘c.
g E .‘- ....
S 10*f .
yo) 2 T “
T 10°F . "
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-l:- 1 1 1 | 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

10 20 30 40 50 60 70
Multiplicity (Nch)
Figure 3.5: Comparision of charged particle multiplicity distribution be-
tween DIS and photoproduction process at /s = 318 GeV

3.2.1 Photon-proton interaction

The total photoproduction cross-section typically refers to the hadronic
interaction of the photon with the proton. High-energy v — p interactions
can be classified into three primary event types. The predominant inter-
action is the interaction of the proton with the hadronic structure of the

photon, a phenomenon explained by the vector meson dominance (VMD)
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model [1]. Another set of events arises from the direct coupling of the pho-
ton to a parton within the proton. A third category of interaction emerges
when the photon resolves into a qg pair, which then interacts with a parton
within the proton. This behavior is often termed the anomalous photon
contribution. The total photoproduction cross-section is determined by

these mechanisms is given by,

atot(W Q ) - UVMD(W Q ) dzrect(W Q ) anomalous(W7 Q2) (315)

where Q? is the photon’s virtuality and W is vp center of mass energy.

3.2.2 Multiple partonic interaction

A proton is not a point particle, it has a substructure and here we are
talking about e — p photoproduction in which the exchanged photon fluc-
tuates into partons. During the collision, the interaction is not just be-
tween a photon and one parton(as in the case of DIS) but involves multi-
ple parton-parton interactions. Therefore multipartonic interaction refers
to the simultaneous interactions between numerous partons during high-
energy collisions. These are primary interactions between multiple partons

of the two colliding systems, see figure 3.6.

NESE
p % p

Figure 3.6: Multiple partonic interaction in a nucleon-nucleon collision

3.3 Monte Carlo event generators

The Monte Carlo method is a technique that is used to solve problems

using random numbers and probabilities. It’s widely used in numerical
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analysis and simulating natural processes. In particle physics, Monte Carlo
generators create theoretical simulations of real events, helping scientists
understand particle interactions in experiments. Different Monte Carlo
generators often simulate different physics models, using matrix elements,
PDFs, evolution equations, parton showers, or hadronization models. The

few major general-purpose event generators are given below

e PYTHIA
e HERWIG
e SHERPA

o [SAJET

In the current study, PYTHIA 8 is used. A detailed description can be
found in [10].
In PYTHIA 8 the collision processes (in our case e — p photoproduction)

are modeled as a series of sub-processes.

hard scattered parton

final state
radiation

beam beam remnants

Y
A

Y
A

Y
A

initial state
radiation

multiple parton interaction

hard scattered parton

Figure 3.7: Underlying events in a nucleon-nucleon collision

e Hard scattering processes: These processes are characterized by large
momentum transfer between the two colliding partons. The outgo-

ing partons from the hard scattering produce a collimated shower
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of partons and the process is called fragmentation. Finally, all par-
tons convert themselves into collimated showers of experimentally

detectable hadrons, known as jets.

e Initial and final state radiation (ISR): A collision implies accelerated
color (and often electromagnetic) charges, and therefore bremsstrahlung
can occur. Emissions that are associated with the two incoming col-
liding partons are called initial state radiation and emission of radi-
ation by outgoing partons are called final state radiation, see figure
3.7.

e Multiple parton interactions (MPI): As explained in 3.2.2, if the col-
liding particles are composite objects and have more than one parton,
then there is a possibility of having more than one parton-parton in-
teractions in a single collision event. This is called multiple-parton
interactions (MPT).

e Beam Remenants: Part of the incoming beam that does not take an
active part in the initial-state radiation or hard scattering process is
called beam remnant, these remnants are then color-connected with
the rest of the event. They carry much of the energy of the incoming
beam and only a fraction of the energy is taken by the colliding

partons.

e Hadronization: The confinement forces become significant as the par-
tons created recede from each other. All the outgoing partons end
up confined into hadrons. This process is called hadronization. First
principles cannot currently describe the structure and evolution of
these force fields, so models have to be introduced. In PYTHIA the
hadronization process is governed by the Lund string fragmentation

model.

The key parameters utilized to generate photoproduction events are listed

in Appendix A.
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Chapter 4

Results and analysis

In this chapter, the analysis focuses on Multiple Parton Interactions (MPI),
two-particle azimuthal correlation, and An — A¢ correlation. The discus-
sion begins with basic kinematic plots depicting the transverse momentum
distribution and multiplicity distribution of all final state charged parti-
cles. These plots are compared with experimental data from the ZEUS
experiment for different MPI scenarios. Subsequently, a similar compari-
son is conducted for the two-particle correlation, and the MPI prediction
that best matches the data is selected for further analysis. Following this,

the An — A¢ correlation is examined.

4.1 Transverse momentum and charged mul-

tiplicity distribution

In figure 4.1, the transverse momentum distribution of all final state charged
particles is shown for four different MPI settings of PYTHIAS8 and these
distributions are compared with the experimental data from ZEUS. The
center of mass energy of the colliding particles, e — p, is 318 GeV, with
@Q* < 1GeV?. High multiplicity events with N, > 20 (charged multiplic-
ity), particles within —1.5 < n < 2, and 0.1 < pr < 5 GeV/c range are
selected. From figure 4.1, it is observed that the PYTHIAS predictions
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with mean MPI ((MPI))=1.24 explain the experimental data. whereas
PYTHIAS prediction with MPI off is overshooting the data.

[ e-p, s =318 GeV
107 -1.5<n<?2
- 2 2
£ Q <1 GeV
é o2 N, =20
o
O]
N i
% - = (MPI) =257 _
Z I (MPI)=1.46 "’ P TN
=1. “m, T
1074 = +\I\}\l
- (MP1)=1.24
- e MPI off
e CoLo N [ [ L
10 0 1 2 3 4 5
P, (GeV/c)

Figure 4.1: Normalised charged-particle transverse momentum distribution
(dN/dpr) from PYTHIAS compared to the experimental data from the
ZEUS experiment

In figure 4.2, the multiplicity® distribution of all final state charged particles
is shown for four different MPI settings of PYTHIAS and these distribu-
tions are compared with the experimental data from ZEUS. As explained
above, the same center of mass energy, /s = 318 GeV, and the same
kinematic cuts are used. It is observed that the PYTHIAS predictions
with a mean MPI ((MPI))=1.24 explain the experimental data. whereas
PYTHIAS prediction with other MPI settings are not able to explain the

'Number of particles produced in a collision event
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experimental data.

e-p, s =318 GeV
i -1.5<n<2
107 Q° <1 GeV?
I - N,, =20
- B i,
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O 102
m | '('/,.') . f.v,.” .
% i — ZEUS data Ny
€ ygo - (MPI)=257 |
2 F e (MPI)=1.46 .
- (MPI) = 1.24
105" . MPI off
: I | | | | I | | | | I | | | | I IE .':.l I; | I
20 25 30 35 40
Charged Multiplicity(N )

ch

Figure 4.2: Normalised charged-particle multiplicity distribution
(dN/dN.,) from PYTHIAS compared to the experimental data from the
ZEUS experiment

4.2 Two-particle azimuthal correlation

In the two-particle correlation method, the correlations between pairs of
particles are used to extract information about the particle’s distribution.
The basic idea is to make pairs of all the particles within an event and
analyze the relative azimuthal angles between these pairs. The correlation

function can be expressed as

d Npairs
AAG

ox (1+ Z 2¢,c08(nAg)) (4.1)

n=1
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Figure 4.3: Two particle azimuthal correlation from PYTHIAS for different
MPIs compared with experimental data from ZEUS (a) c1{2} vs An (b)

{2} vs An

1.5

(b) c2{2} vs Ang
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cn{2} = (cos[n(¢1 — ¢2)]) (4.2)

the angled brackets in the equation 4.2 denoted the average over all the
pairs and A¢ = ¢ — ¢ is the difference in the azimuthal angles of the
selected pair, particles 1 and 2, n represents the different harmonics of the

fourier expansion. We have plotted the fourier coefficients ¢, {2} with Anp

=1 — 1y and <pT> - (pTl +pT2)/2'

Figure 4.3, shows the two-particle azimuthal correlation as a function of
rapidity separation, An, for different MPI settings of PYTHIAS and com-
pared with the experimental data from ZEUS experiment. Figure 4.3a,
shows the ¢;{2} vs An plot and 4.3b, shows the {2} vs An plot for
Vs = 318 GeV, Q% <1 GeV? —15 < np < 2and 0.1 < pr < 5
GeV/c. The experimental data from ZEUS is well explained by mean
MPI ((MPI))=1.24 as compared to other MPI settings, and the data with
MPI off completely disfavored the data, this trend will be seen in all the
plots. This strongly suggests the presence of MPI in e —p photoproduction.
Similarly, figure 4.4a and 4.4b, show the two-particle azimuthal correlation
as a function of average pr for different MPI, compared with experimental
data.
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From the discussion so far, we can conclude that MPI is present in e — p
photoproduction, as the data with MPI off consistently fails to match the
experimental data. Additionally, PYTHIAS predictions with mean MPI
values of 1.2 to 1.4 closely resemble the experimental data. But note that
in PYTHIAS the MPI is controlled by a parameter pyq, which is a lower cut-
off on partons momenta, and the energy dependence of pr( is parameterized
as pro = pTTeOf (W/7TeV)%25 here W is the center of mass energy of the
~vp system, see Appendix A. So the MPI will change with the change in

the center of mass energy. For pTTeOf = 4 GeV/c the corresponding value of

mean MPI at /s = 318 GeV is 1.24.

In the next section, we will examine how basic kinematic variables (such as
pr and multiplicity distribution) and correlations change with the center-of-
mass energy. Moving forward, we will use p;eof = 4 GeV/c, which explains
the experimental data. In the future, we will have a new experimental
facility that will collide electrons with protons, with the variable center of
mass energy ranging from 20-100 GeV, so we will see how all the above

distributions change with energy, especially at EIC energies.

4.3 Energy dependent analysis of transverse

momentum and multiplicity distribution

Figure 4.5a and 4.5b, we have transverse momentum and multiplicity dis-
tribution of all final state charged particles for variable energy. The dis-
tribution is normalized by the total number of particles or entries, which
we have within kinematic cuts. All the particles are selected within the
—1.5 < n < 2,01 < pr <5 GeV/c and high multiplicity, N, > 15.
As the center-of-mass energy increases, overall particle production rises,
as evidenced by the observed trend in transverse momentum spectra. Ad-
ditionally, the particle production per event also escalates with a higher
center of mass-energy. This is very obvious because with high energy mo-

mentum transfer will be more and also MPI will be more and therefore

35



particle production will be more, and we have seen in previous sections

that MPI enhances particle production.
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Figure 4.5: Transverse momentum and charged particle multiplicity dis-
tribution of all final state charged particles across various center of mass

energies
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4.4 Energy dependent analysis of two-particle

correlation

Figure 4.6a, 4.6b, shows the two-particle azimuthal correlation between all
the final state charged particles as a function of pseudo-rapidity separation
(An) at the different center of mass energies. Events with high multiplicity
and particles within the, —1.5 < 7 < 2 and 0.1 < pr < 5 /c, range are
selected. In figure 4.6a, we have first harmonic, ¢;{2} vs An, the correla-
tion is negative and increases towards zero or positive, as we move to small
pseudo-rapidity difference and it is seen at all the energies, another thing
is the correlation strength at small pseudo-rapidity difference increases to-
wards much negative value with the decrease in center of mass-energy. In
figure 4.6b, we have second harmonic, c2{2} vs An, it is positive through-
out the selected |An|. Here, the correlation increases with the increase in
the center of mass energy, and for each energy, the correlation strength
increases as we move to small pseudo-rapidity difference. Long-range cor-
relations (|An > 2) observed here are large and negative for ¢;{2}, while
being much smaller and positive for co{2}.

Figure 4.7a, 4.7b, shows the two-particle azimuthal correlation between
all the final state charged particles as a function of average pr ({pr)) at
the different center of mass energies. The correlation ci{2}vs(pr), figure
4.7a, is negative while correlation, co{2}vs(pr), figure 4.7b is positive. For
both ¢1{2} and c2{2}, the correlation strength grows with increasing (pr),

a feature that is universally observed in all collision systems.
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Figure 4.6: Two particle azimuthal correlation between all the final state

charged particles across various center of mass energies
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charged particles across various center of mass energies
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4.4.1 An — A¢ correlation

Analyzing two-particle correlations presents a robust method for investigat-
ing the mechanisms governing particle production in high-energy collisions
involving hadrons and nuclei.. Such studies involve the measurement of
relative angles A¢ and An, where An = n; — 1, is the difference in pseudo-
rapidity, A¢ = ¢1 — ¢o is the difference in azimuthal angle. The correlation
functions are generally sensitive to different sources, for example, jets, el-
liptic flow, resonance decays, conservation laws, etc. These correlations
create distinctive structures in An — A¢ space.

The two-particle double-differential correlation function as a function of
An and A¢ is defined as [11]:

Nmz:xedS(An A¢)
o pairs ’
C(An, A¢) = —me B(An, Ag)

pairs

(4.3)

where N29"s is the number of pairs constructing the signal S, and N**7*
is the number of pairs in the background. The signal is determined by
counting particle pairs within the same An — A¢ range in the same event.
The background is estimated by applying the event mixing technique, see
Appendix B.

Figure 4.8, shows the An — A¢ correlation at /s = 318 GeV, within
—1.5<n<2and 0.5 < pr <5 GeV/c, for high multiplicity, N, > 20 and
low Q? < 1 GeV?. In figure 4.8a and 4.8b, we have the correlation from
PYTHIAS and the ZEUS experiment respectively. A dominant near-side
peak (A¢ near 0) is seen at small Anp and A¢. A broad ridge is observed
on the other side (A¢ near 7). The structure of An— A¢ correlation given
by PYTHIAS after mixed event correction technique, figure 4.8a, is quite
similar to the one from the ZEUS experiment, figure 4.8b. The most prob-
able reason for this kind of structure is back-to-back jets. There are two
scenarios while looking at pairs of particles coming from jets. First, both
particles come from the same jet. In this case, both particles are going

in almost the same direction, therefore, there is a small difference between
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(a) An — A¢ correlation using PYTHIA8
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(b) An — A¢ correlation from ZEUS experiment

Figure 4.8: An — A¢ correlation of all charge particles at /s = 318 GeV

41



their azimuthal angle, A¢, and also a small difference in their pseudorapid-
ity, An. Pairs of particles from the same jet form a peak centered at (0,0),
called near side peak. Second, particles are from two opposite back-to-back
jets. Then, A¢ is close to 180°. However, there is no such dependence on
An. For many events and many jets, An is uniform, producing a wide

ridge at A¢ = m, called an away side ridge.

gzo E_ e AQ Projection, -1.5 < |An] < 3
O “VE
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17F
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15E-
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1 0 1 2 3 4 Ad

Figure 4.9: Projection of 2-D correlation function C(An, A¢), figure 4.8,
onto A¢ for —1.5 < |An| < 3 and —1.5 < An < 1.5 using PYTHIAS

Figure 4.9, shows the comparison between the projection of 2-D correlation
function, figure 4.8 onto A¢, for —1.5 < |An| < 3 and —1.5 < An < 1.5.
There is no indication of near side (A¢ near zero) ridge, which was observed
in high multiplicity p — p and p — Pb collisions [4].

In Figure 4.11, we're looking at the An — A¢ correlation at the different
center of mass energies (30-100 GeV) for high multiplicity events, simulated

using PYTHIAS. At lower energies, the peak near zero An (the near side) is
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much smaller compared to the away side. However, as the collision energy
increases, the correlation on the near side becomes stronger.

This change probably happens because there aren’t many events with jet-
like characteristics at lower energies, leading to the near-side peak being
less prominent. As the energy increases, more events resemble jets, which

strengthens the correlation on the near side. In figure 4.10, we have a

£ 38f
O [ s=30Gev :
36~ — {s=50GeV L il
L {5=75GeV s’ '
34, T ’:—LLL;w
- — {s=100GeV W i
- i H
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— 3
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30__ i
o8l ﬁ ep s
. -1.5<n<?2
26 I I l : 105 < pT <l 5 GeV/C I
—1 0 1 2 3 4

Ao

Figure 4.10: Projection of 2-D correlation function C'(An, A¢), figure 4.11,
onto A¢ across various center of mass energies and for high multiplicity
events, simulated using PYTHIAS

comparison between the projection of 2-D correlation function, C'(An, Ag)
onto A¢, at different COM energies. The correlation strength on the near
side increases with the increase in COM energy and on the away side it
decreases. This can be clearly seen in figure 4.12, where we have the near
side (A¢p =~ 0) and away side (A¢ ~ 7) yield as a function of center of

mass energy,
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Figure 4.11: An — A¢ correlation of all charge particles across various

center of mass energies, using PYTHIAS
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Chapter 5

Summary

This thesis investigates multiple aspects within the realm of experimental
particle physics, focusing on ep photoproduction and the efficiency and
resolution of the ePIC detector. We start by examining how well the ePIC
detector can measure particle properties like momentum and energy and
it is showing good momentum resolution and efficiency. Additionally, the
study encompasses fundamental kinematic analyses, including transverse
momentum (pr) and charged multiplicity spectra, for various multiple-
parton interactions (MPI) scenarios using PYTHIAS in ep photoproduc-
tion. These analyses are compared with experimental data obtained from
the ZEUS experiment. The PYTHIAS predictions with a mean MPI of
1.24 match the experimental data and demonstrate the presence of MPI
in e — p photoproduction. Furthermore, the two-particle correlation be-
tween charged particle pairs is studied, and their behavior across different
center-of-mass energies is examined. The An — A¢ correlation is scruti-
nized across the variable center of mass energies, particularly investigating
the presence of a ridge structure on the near side and away side in A¢p. A
ridge-like structure on the away side is present in the experimental data
and PYTHIAS also predicts the same but no near-side ridge is seen. Near
side and away side yield of the A¢ distribution across various center-of-
mass energies are studied and near side yield increases, away side yield

decreases with the increasing center of mass energy.
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Appendix A

PYTHIA 8 settings for
photoproduction

The quark and gluon content of the proton is parameterized with the
NNPDF2.3 Parton Distribution Function (PDF) at leading order [12].
Partonic fluctuations arising from the quasi-real photon are parameter-
ized with the CJKL PDF. Parton scattering between both the PDF's in
PYTHIA photoproduction is parameterized by the prg parameter. It is
possible to vary a parameter prg in PYTHIA which is a lower cut-off on
parton momenta and can vary the mean numbers of multiparton interac-
tions that PYTHIA generates in its events. The energy dependence of pp
is parameterized as prg = pTTeOf (W/7TeV)%215 [10], where W is the center-of-
mass energy of the photon-proton system, which fluctuates event-by-event.
Three different levels of MPI are chosen with p%f = 2, 3, and 4GeV.
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Appendix B

Mixed event correction

In two-particle correlation studies, the goal is often to investigate corre-
lations between pairs of particles originating from the same physical pro-
cess, such as jet fragmentation or resonance decay. However, these signal
correlations can be obscured by background correlations arising from var-
ious sources, including combinatorial effects and detector artifacts. To
estimate the background correlation level, mixed events are constructed
by pairing particles from different events that are statistically uncorre-
lated. These mixed-event pairs serve as a representative sample of the
background correlation distribution. An example of the signal S(An, A¢)
and the background (B(An, A¢)) distributions as well as the correlation
function C(An, A¢) is presented in figure B.1.
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(a) Same event correlation  (b) Mixed event correlation (c) Corrected Correlation

Figure B.1: Construction of the An — A¢ correlation function. Signal dis-
tribution (left), background distribution (middle), and correlation function
(right).
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Here is the code for mixed event correction.

void mixed_event_cor(){

TH2F *hl = new TH2F("h1","Same Deta Dphi correlation", 50, -2, 5, 50, -5, 5);
TH2F *h2 new TH2F("h2","Mix Deta Dphi correlation", 50, -2, 5, 50, -5, 5);
TH2F *h3 = new TH2F("h3","Corrected correlation", 50, -2, 5, 50, -5, 5);

//reading the root file and extracting the particle kinematics

TFile *file = new TFile("filename", "READ");

TTree *t = (TTreex)file->Get("treename");

vector<double> *Eta_la = new vector<double>();
vector<double> *Phi_1b = new vector<double>();
vector<double> *multipliciy_1d = new vector<double>();

vector<double> *pT_1f = new vector<double>();

t->SetBranchAddress("Eta_1a", &Eta_1la);
t->SetBranchAddress("Phi_1b", &Phi_1b);
t->SetBranchAddress ("multipliciy_1d", &multipliciy_1d);
t->SetBranchAddress ("pT_1f", &pT_1f);

TFile *filel = new TFile("Deta_dphi_correlation.root", "RECREATE");
int entries = t->GetEntries();
cout << entries << endl;

double eta, phi;

TRandom *rand = new TRandom(100);//random number generator

//to select a particle randomly from an event

int randEvent, mult;

const int totChgPar = 1le5; //total number of events to be mized

double etaAllCharge[totChgPar]; //array for eta and phi
double phiAllCharge[totChgPar];

int numCharge = O;

int i = 0;

while(i<entries){ //looping over all the events

t->GetEntry(i);
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for(int j = 0; j<multipliciy_1d->size(); j++){ //for multiplicity cal

mult = (+multipliciy_1d) [j];

//cout << mult << endl;

if (mult > 15){ // for selecting high multiplicity events
if (numCharge < totChgPar){
//selecting a particle randomly from given event
//and filling the eta pht info. into the arrays
randEvent = rand->Uniform(Eta_la->size());
etaAllCharge [numCharge]=(*Eta_1a) [randEvent] ;
phiAllCharge [numCharge]=(*Phi_1b) [randEvent] ;

numCharge++;

if (numCharge>=totChgPar){

break;

i=i+1;

//calculating Deta, Dphi from same events
for(int n = 0; n < entries; n++){

t->GetEntry(n);

double DphiSame = 0;
double DetaSame = O;

for(int j = 0; j<multipliciy_1d->size(); j++){
mult = (+multipliciy_1d) [j];
//cout << mult << endl;

}

if (mult > 15){

for(int 1 = 0; 1 < Eta_la->size(); 1++){

for(int m = 1+1; m < Eta_la->size(); m++){

DphiSame = (*Phi_1b)[1] - (*Phi_1b) [m];

DetaSame = (*Eta_1a)[1] - (*Eta_1a) [m];

if (DphiSame < -(TMath::Pi())/2)
DphiSame = DphiSame + 2*TMath::Pi();
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else if(DphiSame > 3*TMath::Pi()/2)
DphiSame = DphiSame- 2+TMath::Pi();

h1->Fill(DphiSame, DetaSame) ;

//calculating Deta, Dphi for miz events
double DphiMix = 0;
double DetaMix = 0;
for(int 1 = 0; 1 < totChgPar; 1++){
for(int m = 1+1; m < totChgPar; m++){

DphiMix = phiAllCharge[1] - phiAllCharge [m];
etaAllCharge[l] - etaAllCharge[m];

DetaMix

if (DphiMix < -(TMath::Pi())/2)
DphiMix = DphiMix + 2%TMath::Pi();

else if (DphiMix > 3%TMath::Pi()/2)
DphiMix = DphiMix- 2*TMath::Pi();

h2->Fill (DphiMix, DetaMix);

//normalizing the distribution
h2->Scale(hl->GetEntries());
h1->Scale(h2->GetEntries());
h3->Divide(hl, h2, 1, 1, "");

file->Close();
filel->cd();
hi->Write();
h2->Write();
h3->Write();
filel->Write();
file1->Close();
}
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