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Abstract

This thesis presents a flavor-dependent study of the effects of multipar-
ton interactions (MPI) and color reconnection (CR) on the properties of
jets in high multiplicity proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV. The study is performed using Monte Carlo simulations
based on the Pythia 8 event generator, with the effects of multiple parton
interactions and color reconnection implemented using the corresponding
models in Pythia 8. Both multiple parton interactions and color recon-
nection significantly affect the properties of jets in pp collisions at high
multiplicity. It is found that multiple parton interactions lead to an in-
crease in the number of final state particles and also affect the distribution
of transverse momentum and energy of the particles inside the jet. Color
reconnection also leads to a modification of the jet shape.

The jet shape modification also depends on the flavor and transverse
momentum of the initiator parton of the jet. It is found that the effects of
multiple parton interactions (MPI) and color reconnection (CR) are more
pronounced for low transverse momenta (pr) jets compared to high pr
jets. These effects reflect in Several experimental observables such as the
suppression in nuclear modification factor R 44, modification of differential
jet shape observable p(r), etc.

In this work, The modification of p(r) in the presence of MPI and CR
is presented for inclusive jets as well as for different-different flavor initi-
ated jets in two jet transverse momentum ranges 10 < pr o < 20GeV /c,
50 < prjer < 120GeV /c. The results of this study are important for under-
standing the underlying physics of different parton-initiated jet production
and their interactions with the partonic medium in high-multiplicity pp

collisions.
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Chapter 1

1 Introduction

Experimental observations at RHIC and LHC have revealed that in
heavy ion collisions, a high-density and high-temperature state of matter is
produced, which is believed to be a deconfined state of quarks and gluons,
known as Quark-Gluon Plasma (QGP) [4] [2] [9]. QGP is a state of matter
where quarks and gluons are no longer confined within hadrons but can
move freely over a large volume of space. The formation of quark-gluon
plasma (QGP) is not expected in proton-proton (pp) and proton-nucleus
(pA) collisions due to the absence of a sufficiently large system size and
energy density. QGP is formed when a large number of nucleons (protons
and neutrons) collide with each other at high energies, creating a system
with high energy density and temperature. In pp and pA collisions, the
number of nucleons involved in the collision is much smaller than in heavy-
ion (AA) collisions, and the energy density and temperature of the system
are not sufficient to create a QGP. Additionally, the lifetime of the sys-
tem created in pp and pA collisions is too short to allow for the formation
and evolution of the QGP. Hence, QGP formation is not expected in pp
and pA collisions. It is required to compare the measurements in heavy-
ion collisions with those from proton-proton (pp) and proton-nucleus (pA)
collisions at similar energies for passing a confirmatory statement of QGP
formation in heavy-ion collisions. Several physical observables have been
studied to provide information about the formation of quark-gluon plasma
(QGP) in a system, such as jet quenching, Heavy quark suppression, Dilep-
ton production, Elliptic flow, Strangeness enhancement, etc [14] [11] [I5]

[5]. These probes are sensitive to different aspects of the QGP.

1



1.1 Jet production and jet medium interaction

In this thesis, the underlying study is about the strength of the inter-

actions between the jet and the medium.

In high-energy collisions, when the outgoing parton from the hard par-
tonic interaction possesses a large momentum transfer, typically character-
ized by a significant value of Q? (the square of the momentum transfer), it
initiates a process known as parton showering. This occurs when the Q?
is greater than the characteristic energy scale Aqcp associated with strong
interactions. Parton showering manifests as a sequential emission of addi-
tional partons (quarks or gluons) by the initial parton. These emissions
take place in a collimated manner, forming a cascade-like structure. It is
worth mentioning that Aqcp denotes the energy scale above which pertur-
bative QCD techniques can be effectively employed to study strong inter-
actions. Eventually, via soft hadronization processes, all partons convert
themselves into collimated showers of experimentally detectable hadrons,
known as jets. Jets are long-established experimental probes for studies
of quantum chromodynamics (QCD) also well described by the theory of
perturbative Quantum Chromodynamics (pQCD). Jets lose their energy as
they pass through the Quark-Gluon Plasma (QGP) medium through two

main mechanisms: gluon radiation and collisional energy loss.

Gluon radiation: It occurs when a fast-moving parton, such as a quark
or gluon, interacts with the QGP constituents, which are deconfined quarks
and gluons. This is an inelastic interaction of the parton with the medium.
The interaction can cause the parton to emit gluons, which carry away
energy from the parton and thus reduce its energy. This process is similar
to the Bremsstrahlung radiation in QED, where a charged particle emits a
photon and loses energy. Gluon radiation is more likely to occur in interac-
tions involving gluons than in interactions involving quarks due to the fact
that gluons are bicolored, in contrast to quarks which only carry a single
color charge. The probability of gluon radiation increases as the energy of

the parton increases due to the larger phase space available for radiation.



The probability of gluon radiation is suppressed for heavy particles due to

the reduced phase space available for the emission of radiation.

Collisional energy loss: It occurs when the fast-moving parton collides
with the QGP constituents, which can scatter the parton and transfer some
of its energy to the QGP constituents. This is an elastic interaction of the
parton with the medium. This process is similar to the energy loss of
a charged particle in a medium due to Coulomb interactions. The colli-
sional energy loss also depends on the momentum of the parton. Higher
momentum partons are less affected by the QGP medium as they spend
less time interacting with the medium. Since the collisions are governed
by the strong force, which is characterized by a strong coupling constant
that increases at low energies or large distances. Therefore, heavy flavor
quarks, which have a smaller velocity and larger mass compared to light
flavor quarks, experience more frequent and stronger interactions with the

QGP constituents, leading to a larger collisional energy loss.

Both gluon radiation and collisional energy loss lead to a reduction in
the energy of the jet. As a result, the jet becomes broader in transverse
momentum and more diffuse in its particle distribution. The amount of
energy loss depends on the properties of the QGP, such as its density,
temperature, and viscosity, as well as on the energy and type of the parton
that produces the jet. The measurement of jet quenching and jet shape
modification, due to the interaction with QGP, provides a powerful tool
for studying the properties of the QGP and for testing the predictions of

theoretical models.

In the regime of soft gluon emission, the ordering of parton energy loss
is predicted to follow the pattern: AE;* < AE* < AE% < AE, as
stated in the reference [I3]. This ordering also applies to jet modification
or jet quenching. According to perturbative QCD (pQCD) calculations,
heavy quarks are expected to experience less energy loss in the quark-gluon
plasma (QGP) compared to light quarks and gluons [16]. Consequently,
beauty quark-initiated jets are anticipated to be less suppressed than light



quark-initiated jets, while gluon-initiated jets are expected to undergo the

highest degree of modification.

1.2 Partonic medium in pp collision

Although the formation of a Quark-Gluon Plasma (QGP) in proton-
proton (pp) and proton-nucleus (pA) collisions is not expected due to the
low energy density reached in such collisions. However, in rare cases, high-
multiplicity events can occur in these collisions, which exhibit some features
that are similar to those observed in heavy-ion collisions where a QGP is
formed.

In high multiplicity proton-proton (pp) collisions, the effects of multi-
parton interactions (MPI) and color reconnection (CR) become significant.
MPI refers to the scattering of multiple partons in the colliding protons
which leads to the higher partonic density, while CR refers to the exchange
of color charges between partons from different proton fragments. The
presence of MPI and CR can lead to several experimental signatures in
high multiplicity pp collisions. These include:

Increased production of strange hadrons: MPI and CR can enhance
the production of strange hadrons, as the additional partonic interactions
provide more opportunities for these particles to be produced.

Broadening of transverse momentum spectra: The presence of MPI and
CR can lead to additional transverse momentum transfers between partons,
resulting in a broader transverse momentum distribution of the produced
particles. Modification of jet properties: MPI and CR can modify the
properties of jets produced in pp collisions, such as their fragmentation
patterns and angular distributions.

Overall, the observation of these signatures in high multiplicity pp col-
lisions suggests that the underlying physics is similar to that of heavy-ion
collisions, and may be indicative of the formation of a small QGP droplet.
However, further studies and measurements are needed to confirm the ex-

istence and properties of this QGP-like state in pp collisions.



Chapter 2

2 Pythia Simulation and Analysis Method-

ology

This section begins by providing an overview of the evolution of proton-
proton (pp) collisions within the framework of the PYTHIA event gen-
erator. Subsequently, the focus shifts to discussing the chosen physical
observable for the study of jet shape, namely the differential jet shape
variable p(r). Furthermore, an explanation of the jet-matching mechanism
employed in this analysis is presented, which enables the matching of a jet
with its corresponding initiating parton. In addition to the investigation
of the differential jet shape distribution, the effects of multiple parton in-
teractions (MPI) and color reconnection (CR) on jets in pp collisions are
also explored through the study of azimuthal angle correlations of the final
state charged hadrons with respect to the jet axis(leading hadron). This
study is detailed in Appendix 1.

2.1 PYTHIA

The event sample used in this study is generated using PYTHIA 8
Monash 2013 tune (default tune for pp/ppbar). In Pythia8, the proton-
proton collision is modeled as a series of sub-processes [7].

1. Hard scattering process: It is characterized by a large momentum
transfer or by the exchange of high-energy virtual particles between the
colliding partons. The outgoing parton (high pT particle) from the hard

scattering produces a collimated shower of partons through parton branch-

bt
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final state
radiation
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initial state
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Figure 1: Constituents of Proton-Proton collision

ings. Eventually, all partons convert themselves into collimated showers of
experimentally detectable hadrons, known as jets.

2. Multiple parton interactions (MPI): Pythia 8 includes the model-
ing of multiple parton interactions (MPI), where additional parton-parton
interactions occur within the same collision. Due to the MPI the no. of
partons participating in hadronization increases which leads to an increased
multiplicity of particles and a broader distribution of transverse momen-

tum.
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Figure 2: no. of partonic interactions vs average multiplicity

3. Color reconnection (CR) and Hadronization: Partons from hard scat-
tering, MPI and beam remnants are correlated due to color reconnection
mechanism. This is because the color strings of the different portions may
overlap in space which leads to a reduction in string length. The hadroniza-

tion process is governed by the lund string fragmentation model in pythia



and eventually, the effect of CR reflects in the reduction of hadronic mul-

tiplicity.

Figure 3: Color Reconnection (CR) mechanism (a) The color connection
between the hard scattered partons and the beam remnants. (b) outgoing
partons of two hard scatterings are connected to the beam remnants. (c)
overlapping of color strings leads to the color reconnection [6].

Overall, Pythia8 provides a comprehensive simulation of the proton-
proton collision, including the various subprocesses and aspects that con-
tribute to the final state particles.

The presence of MPI is expected to affect the evolution of jets from
the hard scattered initiator parton to the final state hadrons. Additionally,
the fragmentation of independent hard scatterings may become correlated
due to the color reconnection mechanism, potentially leading to further

modifications of jet properties.

2.2 Observable: differential jet shape p(r)

Here the study of the effects of MPI and CR on the jets is carried out
using the differential jet shape observable p(r). p(r) provides information
about the transverse momentum distribution of the jet inside the jet cone.
We utilized the FastJet package [8] to reconstruct jet structures in our
study, where only the final state charge hadrons with pr > 0.15 GeV /¢
from PYTHIA are considered as input. So the jet reconstruction is done
based on the final state charge hadron information using anti-kr algorithm

with jet resolution parameter R = 1/(An)2 + (A¢)? = 0.4 [12].

The differential jet shape p(r) is related to the radial distribution of jet

transverse momentum density inside the jet cone about the jet axis and is

7



defined as:

Nr 4
p(,r,)total = ﬁ'NLT'p%ljet Zizl pZT,hadron (T - AT/Q, T+ AT/Q)

total .

Here p(r) Differential jet shape variable for a single jet directly
detected in the experiments.

N,.: Total no of jets contributing in the annular region corresponding
to the distance r ( in n — ¢ space ) from the jet axis.

piT7 jet: Transverse momentum of the jet.

Jets provided by the Fastjet or detected in the experiments are con-
taminated with the underlying events. To get the pure jet information we
need to subtract the background (underlying event contribution) from the
detected jet information. To do the underlying event subtraction, rotate
the jet axis in the same pseudorapidity by +7/2 in the azimuthal plane.
take the region of the same size as the contaminated jet in n — ¢ space

and find out the transverse momentum fraction density p(r) distribution

for the underlying events.

Ny
p(T)UE = ALT'NLT'p%ljet Zi:l pT,hadron(r - A’I“/Q, r+ AT/Q)

In our analysis, pf ., is the total transverse momentum of the it jet
after underlying event correction. Since the transverse momentum of the
underlying event is quite less than the jet pr, so it does not matter much
if we use the total pr of the jet in place of corrected jet pr. Eventually, we

get the differential jet shape distribution for an event sample as

total _ UE

p(r) = p(r) p(r)

Our study of jet modification in the presence of MPI and CR is focused
on high-multiplicity events, as these are the events where the effect of MPI
and CR is most pronounced. The high multiplicity (HM) event class is
defined as the top 5 percent of events with the highest multiplicities in the
pseudorapidity range |n| < 2.4.

In this study, a sample of around 600 million minimum bias events of

pp collisions at /s = 13TeV is generated using PYTHIA 8 Monash 2013

8
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Figure 4: normalized distribution of multiplicity (no. of final state charge
hadrons)

event generator. The study considers three different configurations:
1. With both MPI and CR - multiplicity cut 112
2. Without MPI and CR - multiplicity cut 31
3. With MPI and without CR - multiplicity cut 180

The case of MPI off and CR on is not of much interest because, in the

absence of MPI, the effect of CR is negligible.

The modification of jet properties may depend on several factors like
flavor of the initiator parton, transverse momentum of the jet, pseudora-
pidity region of the jet study, etc. The study of jet shape variable p(r) is
done for all types of flavor-initiated jets for two jet transverse momentum
ranges 10 < prje < 20 GeV/c, 50 < prje < 120 GeV/c. The study of
inclusive jets is done for three pseudorapidity ranges || < 1, 1 < |n| < 2.5,
2.5 < |n| < 4.5. The pseudorapidity ranges are decided as per the accep-
tance of the hadronic calorimeter (|n| < 5) in CMS detector [10].



2.3 Jet metching Technique

Our focus is on studying the differential jet shape observable that can be
measured experimentally. Therefore, we do not delve into the algorithms
of jet reconstruction and matching to its initiator proton. Instead, for jet
matching, we utilize the partonic level pythia facility.

we start by identifying the outgoing parton from the hardest partonic
scattering, which can be either a quark or a gluon. When the outgoing
parton is a quark, it undergoes the splitting mode q — > qg. To perform
the jet-parton matching, we choose the daughter that shares the same flavor
as the initiator quark. This is because the daughter carries most of the
quark energy and the least energy is lost to the gluon. If the hard parton
is a gluon then we go with it’s highest energetic daughter. If there is only
one daughter, we choose it directly. We repeat this process multiple times
until hadronization occurs. After hadronization, we select the first hadron
that contains the same flavor quark from the splitting chain and match it
to the jet, which is obtained from the fastjet package, based on the closest
distance concept. The jet that is closest to the hadron is then considered
to be generated by the parton from the hardest scattering. Therefore, the
flavor of this jet’s initiator parton is the same as the flavor of the outgoing

parton from the hardest scattering.

10



Chapter 3

3 Results and Analysis

In this section, the analysis focuses on the differential jet shape ob-
servable p(r) for jets initiated by different types of partons. The study
investigates the dependence of p(r) for inclusive jets in three pseudorapid-
ity ranges: |miet| < 1, 1 < |miet| < 2.5, and 2.5 < |ne¢| < 4.5. Furthermore,
the modification of the jet shape is examined for jets initiated by various
partons. The impact of multiple parton interactions (MPI) and color re-
connection (CR) on the jet shape is also studied by comparing the standard

deviation of the spread of the ratio plots for different parton-initiated jets.

3.1 Flavor dependence of differential jet shape p(r)

distribution

In Figure 5 , the differential jet shape distribution is shown for two
jet transverse momentum ranges 10 < pr e < 20 GeV/c (Left) and 50 <
prjer < 120 GeV/c (Right). From the figure, it is observed that the high
transverse momentum jets are more collimated than the low transverse
momentum, the heavy-flavor jets have more spread transverse momentum
distribution than the light-flavor jets. The gluonic jets also have a broader
jet structure.

Figure 7 is providing information about the splitting angle ( angle be-
tween the outgoing daughter partons ) of the parton under consideration.
The splitting angle depends upon the transverse momentum as well as on
the flavor of the parton. A high pr parton has less splitting angle ( can
be understood physically by the kinematics of the parton decay ) than the
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low pr parton. Also, the heavy flavor quarks have a more splitting angle

compared to light flavor quarks at the same transverse momentum. The
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results depicted in Figure 7 are in agreement with the observations of the

Dead Cone effect, as illustrated in Figure 8. The Dead Cone effect involves

a restriction on the angle of gluon splitting (relative to the direction of the

emitter), which is determined by the mass and energy of the parent parton.
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Gluon radiation from an emitter of mass m and energy E is suppressed at

angular scales smaller than m/E.

So the flavor and transverse momentum-dependent properties of the jet
initiator parton reflect as the different jet shape distributions in the final

state.

3.2 Pseudorapidity dependence of differential jet shape
p(r) distribution
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Figure 9: Pseudorapidity dependency of the transverse momentum distri-
bution inside the jet cone as a function of r (distance from the jet axis) for
10 < prjet < 20 GeV/c, MPI and CR both are absent
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Figure 10: Pseudorapidity dependency of the transverse momentum distri-
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50 < prjet < 120 GeV/c, MPI and CR both are absent

From Figure 9 and Figure 10, It is clear that in both the jet transverse
momentum ranges (10 < pr e < 20 GeV/c, 50 < prje < 120 GeV/c),
p(r) distribution shifts towards the jet axis in the high pseudorapidity re-
gion than the mid pseudorapidity region. The justification for this can
be given by the kinematics of Proton-Proton (pp) collision. Since in the
pp collisions, most of the collision energy goes along the beam axis (at
high pseudorapidity range ). The high pseudorapidity range contains the
particles with high energy and momentum, so when a jet passes through
a very high-energy environment then by interacting with the highly ener-
getic partons jets become more collimated by getting some energy from the

surrounding.
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3.3 Jet shape modification in the presence of MPI

and CR mechanisms for the inclusive jets
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Figure 11: Differential jet shape distribution of the inclusive jets in the
pseudorapidity range |n;e| < 1

If the transverse momentum distribution of the jet is not influenced by
the presence of MPI and CR, the ratios plotted in Figure 11 and subse-
quent figures are expected to remain at 1. A higher deflection observed in
the ratio plots from the line at “1” indicates a greater impact of multiple
partonic interactions and color reconnection on the jet shape (i.e., trans-
verse momentum distribution inside the jet). Thus, the deviation provides
valuable information regarding the sensitivity of the jet shape to MPI and
CR.

The findings from Figure 9 demonstrate that MPI and CR have a
greater impact on the shape of low transverse momentum jets compared to
high transverse momentum jets in mid-pseudorapidity region |n;e:| < 1. It
was observed that the jet shape (transverse momentum distribution inside
the jet) is less sensitive just to MPI, but is more affected when CR is intro-
duced. A similar type of effect we also got in the forward rapidity region

also.
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The results presented in Figure 14 reveal that the effect of multiple
partonic interactions (MPI) and color reconnection (CR) on the jet shape
modification is more pronounced in the forward rapidity region as compared

to the midrapidity region, especially for low transverse momentum jets.
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3.4
CR

Gluon initiated jets in the presence of MPI and

The results presented in Figure 15 illustrate the sensitivity of gluonic

jets to multiple partonic interactions (MPI) and color reconnection (CR)

effects. It is observed that gluonic jets lose their energy dominantly through

gluon radiation as they pass through the partonic medium, which leads to

the broadening of their transverse momentum distribution. Furthermore,

the modification of gluonic jets due to MPI and CR is less significant in

the high jet transverse momentum region compared to the low transverse

momentum region.
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3.5 Beauty quark initiated jets in the presence of

MPI and CR

The findings depicted in Figure 16 demonstrate the susceptibility of
the beauty-initiated jets to the influence of multiple partonic interactions

(MPI) and color reconnection (CR) effects.
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3.6

MPI and CR

The results presented in Figure 17 illustrate the sensitivity of charm-

initiated jets to multiple partonic interactions (MPI) and color reconnection

(CR) effects.

Charm quark initiated jets in the presence of
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3.7 Strange quark initiated jets in the presence of

MPI and CR

The results presented in Figure 18 illustrate the sensitivity of strange
quark initiated jets to multiple partonic interactions (MPI) and color re-

connection (CR) effects.
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3.8
and CR

Down quark initiated jets in the presence of MPI

The results presented in Figure 19 illustrate the sensitivity of down

quark-initiated jets to multiple partonic interactions (MPI) and color re-

connection (CR) effects.
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3.9 Up quark initiated jets in the presence of MPI
and CR

The results presented in Figure 20 illustrate the sensitivity of up quark

initiated jets to multiple partonic interactions (MPI) and color reconnection

(CR) effects.
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3.10 Comparision of Jet shape modifications due to

the presence of MPI and CR

Figure 21 shows the ratio of the differential jet shape observable for jets
initiated by different partons with both MPI and CR enabled, compared to
the case when both MPI and CR are disabled. However, due to the over-
lapping data points, it is difficult to distinguish the specific modifications
for each parton-initiated jet.

To address this, in Figure 22, we calculate the standard deviation of the
ratio values on the y-axis relative to the ratio equal to 1 line. It is calculated
for the first 10 bins ( for r < 0.2 ). This standard deviation provides a
measure of the spread or variability in the modifications of different parton-
initiated jets. A higher standard deviation indicates a greater modification
in the presence of MPI and CR.

From Figure 22, we can observe that gluonic jets exhibit the highest
level of modification, with a large standard deviation. On the other hand,
beauty-initiated jets show the lowest level of modification, with a smaller
standard deviation. Other quark-initiated jets fall between these two ex-
tremes.

Additionally, we can infer from Figure 22 that the combined effect of
MPI and CR has a greater impact on jet modification compared to the
effect of MPI alone. This is evident from the larger standard deviation
observed when both MPI and CR are enabled.

Overall, these results provide insights into the modifications of differ-
ent parton-initiated jets in the presence of MPI and CR, highlighting the
varying degrees of sensitivity among different jet types and the enhanced

impact of both MPI and CR combined.
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Chapter 4

Summary

This thesis presents a comprehensive analysis of the differential jet
shape observable p(r), examining different flavor-initiated jets across two
transverse momentum ranges 10 < prj < 20 GeV/c and 50 < prje <
120 GeV/c. The study reveals that heavy-flavor jets have a broader shape
compared to light-flavor jets. Gluonic jets also exhibit a broader transverse
momentum distribution due to the cascade effect. The effects of multiple
parton interactions (MPI) and color reconnection (CR) on the jet shape
observable are studied for all types of flavor-initiated jets within the afore-
mentioned transverse momentum ranges at the |n;,| < 1 pseudorapidity
range. The results highlight the sensitivity of the jet shape observable
in the presence of only MPI or both MPI and CR. Furthermore, the re-
search investigates the modification of the jet shape for inclusive jets in
both central and forward pseudorapidity regions, revealing that forward
rapidity jets are more sensitive to MPI and CR compared to mid-rapidity
jets at the same jet transverse momentum. Eventually, the study con-
cludes that multiple partonic interactions generate a protonic environment
in high-multiplicity pp collisions, affecting various jet properties such as jet
fragmentation, jet transverse momentum distribution, etc., when jets pass

through this environment.
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4 Apendix A: Underlying events and jet shape
modification study by using azimuthal an-

gle correlation

In this section, we focus on the analysis of jets and underlying events in
relation to the leading particle. The leading particle is characterized as the
primary particle [I] having the highest transverse momentum. Therefore,
it is anticipated that the hardest scattered parton is the progenitor of the
leading particle. Consequently, the leading particle is expected to be closely

aligned with the direction of the leading jet.

4.1 Distribution of azimuthal plane with respect to

the leading particle direction

Taking into account the sensitivity of the different-different components
of a proton-proton collision in different-different regions, the azimuthal
plane is divided into the following three regions relative to the leading
particle.

Toward Region: Region with |A¢| = [pch — Preading] < 7/3
Away Region: Region with |A¢| = [¢pcn — Greading| > 27/3
Transverse Region: Region with 7/3 < |A¢| = |pen — Greading| < 27/3

Here the toward and away regions are sensitive for jet creation and the

transverse region is sensitive to the underlying event.

28



Toward
Ag| < 607

Transverse Transverse
60° < |Ag| < 120° 07 < A < 1207

Figure 23: Illustration of the Toward, Away, and Transverse regions in the
azimuthal plane with respect to the leading particle direction [3]

The detector imposes certain kinematic constraints to ensure accurate
measurements of observable quantities for primary particles. Therefore, In
light of the need for comparison, we focus our analysis on primary charged
particles within the following constraints: pseudorapidity |n| < 0.8 and
transverse momentum p7" > 0.15 GeV/c [3]. By adhering to these restric-
tions, we ensure consistency in the measurement and analysis of observable

quantities.
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4.2 Dependency of N.,/N.,(AnA¢) and XpT /N, (AnAg)
on plicqaing and comparison of the model predic-

tions with the ALICE data

Here

N, = primary charged particle multiplicity
pT = transverse momentum of the primary particle
N,y = number of events

Nen/New(ApAn) = average primary charged particle multiplicity density
per event in a specified range of Anp and A¢

YpT/Ney(ApAn) = average total transverse momentum density of primary
charged particles per event in a specified range of An and A¢

for all 3 regions An = 1.6 and A¢ = 27/3

Transverse Region
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Figure 24: N, (left) and ¥ pT (right) distributions as a function of pTjeading
along with the model simulations in the transverse region for the threshold
of pT' > 0.15 GeV/c [3]
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The transverse region is particularly sensitive to the underlying events
(UE), which include multiple parton interactions (MPI), beam-beam rem-
nants (BBR), and some contributions from initial state radiation (ISR).
Figure 24 illustrates that both the number of charged particles (N,) and
the sum of transverse momenta (3Xp7) exhibit a rapid increase at lower
values of plicading, followed by a flattening of the distributions.

Figure 25 demonstrates a similar behavior for the number of parton
interactions under MPI (left) and the total transverse momentum of out-
going partons under MPI, as a function of pTieading. It is observed that
these quantities also become nearly constant when pTic.qing approaches 5
GeV /c, indicating the saturation of MPI contributions within the UE.

While Figure 23 represents the combined effects of MPI, ISR, and BBR
in shaping the UE, the focus here is primarily on the influence of MPI. Al-
though ISR and BBR contribute to the overall UE, their impact is relatively

minor compared to MPI.
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Figure 25: Number of parton parton interactions under MPI (left) and
Total transverse momentum of the outgoing partons under MPI in a pp
collision as a function of pTieqaing (GeV/c).

Toward Region

In the toward region, both the number density of charged particles (N.)
and the total transverse momentum density (XpT") exhibit a nearly mono-

tonic increase with pTieaqing. The toward region encompasses contributions

31



2 5
4L
=
s L
Z [ I
2l —=
3 FT
[ -ﬁ++
L ‘;
=3
o«
L=
ke
L pp, Vs =13 TeV
f Inl<0.8 , pT > 0.15 GeV/c
L Toward Region , |A¢] < /3
ol Lo b e b bevn b Lo
5 10 15 20 25

30 35 40
pTIsadi"g (GeV/c)

pT /Nev(AnAtb) (GeV/c)

I NS N F SR FE T

pp, i5=13TeV
Inl<0.8 , pT > 0.15 GeV/c
Toward Region , |A¢] < /3

10 15 20 25 30 35 40
pTleadmg (GeV/c)

Figure 26: N, (left) and ¥ pT (right) distributions as a fuction of pTieading
along with the model simulations in toward region for the threshold of pT
> 0.15 GeV/c, contribution of leading particle is excluded[3].

from both the jet (representative of the hard-scattered outgoing parton)

and the underlying event, although the dominant component in this region

is the jet.

Since the contribution of the underlying event becomes saturated at a

specific value of pTieading. Consequently, in Figure 26, the slope is lower at

high pTicading values compared to the lower pTieaging values, primarily due

to the saturation of MPI contributions.
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Figure 27: Ny, (left) and X pT (right) distributions as a fuction of pTjeading
along with the model simulations in away region for the threshold of pT >

0.15 GeV/c [3]
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and ¥ pT (right) distributions are almost similar to the toward region but
the magnitude is less than toward region. The reason may be that in toward
region we can be almost sure that it contains some jet structure. Due to
that we get enhanced N, and XpT. But in away region we can’t be always
sure that it contains any jet structure. Because the hard scattered outgoing
partons are emitted back to back due to momentum conservation. But after
the parton branching they may change their directions. So it may happen

that we have a jet structure in toward region but not in away region.

4.3 Effect of MPI and Color Reconnection phenom-
enas on charged particle multiplicity (V) distri-

bution
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Figure 28: Charged particle multiplicity distribution with respect to A¢ =
Och — Pleading, leading particle is excluded

Figure 28 has a cutoff criterion wherein only events with the leading
particle transverse momentum greater than 10 GeV/c are considered for
analysis. The red plot represent the actual proton-proton collision having
contributions from MPI and color reconnection both.

The green one represents the proton-proton collision without MPI, so color
reconnection also doesn’t contribute. Since MPI is off, the particle multi-

plicity should reduce, as can be seen in 8.
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The blue plot for proton-proton collisions with MPI and without color

reconnection has the highest multiplicity.

4.4 Azimuthal angle dependency of the effect of MPI

and color reconnection

AN, (N with MPI and CR - N, without MPI)/ N., Vs Ag

distribution

Since we know that MPI is a part of the underlying event and it seems
that the azimuthal distribution of primary particles created from the un-
derlying event should be almost flat. If we do MPI off, the contribution of
the underlying event in N, should be reduced by an almost constant value
independent from the azimuthal angle.

But as shown in Figure 29 | this change is not independent of the az-

imuthal angle. In the toward region, which aligns with the jet direction,

0.18

ANch / Nev

250
Ao

Figure 29: This plot is achieved by subtracting the N, distribution (green,
Figure 28) for the event without MPT from the N, distribution for the event
with MPI and color reconnection (red, Figure 28)

and in the away region, we observe dips in the distribution. These dips
indicate a decrease in particle density near A¢ = 0 and A¢p = 7. This
observation suggests that, in the presence of multiple parton interactions

(MPT) and color reconnection (CR), the jets exhibit a broader shape as they
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lose some energy through interactions with the surrounding medium. Fig-
ure 29 illustrates the inclusive jet modification resulting from the presence

of multiple parton interactions (MPI) and color reconnection (CR).

AN, (N, with MPI and without CR - N, without MPI)/ N, Vs
A¢ distribution

In this scenario, we observe a similar behavior where the jet shape
exhibits a dip, but the depth of the dip is less pronounced compared to the
previous case. From this observation, we can conclude that multiple parton
interactions (MPI) alone can impact the jet shape to some extent, but the
combined effect of MPI and color reconnection (CR) is more significant,

resulting in a deeper dip in the jet shape distribution

ANt/ Ney

250

A9

Figure 30: This plot is achieved by subtracting the N, distribution (blue,
Figure 28) for the event without color reconnection from the N, distribu-
tion for the event without MPI (green, Figure 28)

The findings suggest that phenomena such as color reconnection (CR)
and underlying event (MPI) have a notable influence on the properties of
jets. To gain a better understanding of jet properties in proton-proton (pp)
collisions, it becomes imperative to comprehend the specific ways in which
jets are impacted by these factors, including the effects of MPI and CR. By
studying and analyzing the interplay between jets and these phenomena,
we can enhance our understanding of jet behavior and properties in pp

collisions.
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5 Apendix B: Simulation code for the flavour

dependent differential jet shape observ-

able p(r)

The Simulation code (written in C++ ) is included in the thesis in

9 parts. It contains the necessary libraries from Pythia, FastJet, CERN

Root, and the standard C++ math library (c.math).

#include
#include
#include
#include
#include
#include
#include
#include

using namespace std;
using namespace Pythia8;
using namespace fastjet;
Pythia pythia;

int main(int argc, char* argv[])

{

int Events = 1e7;
double R = 0.4;

double pTMin = 8;
double etaMax =25;

double_t bins[] = {6.6 , ©.062 , 0.04 , 6.06 , 6.68 , 8.1 , 0.12 , 6.14 , 0.16 , 0.18 , 6.2 , .24 , 0.28 , 0.32 , 0.36 , 0.4 };

Int_t Rseed = atoi(argv[1]);

TString FileName=Form( %d" ,Rseed);
pythia.readstring( )8

pythia.readString( )3

pythia.readString( 3R

pythia.readstring( R
pythia.readstring( Dl

pythia.readstring( N
pythia.readString( PE
pythia.readString(Form( %d",Rseed));

TFile* pf = new TFile( FileName+ B )8

lTProﬁLe* ph_ul 1 1 = new TProfile( B ,15, bins);
TProfile* ph_d1 1 1 = new TProfile( B ,15, bins);
TProfile* ph_s1_1_1 = new TProfile( 5 ,15, bins);
TProfile* ph_cl 1 1 = new TProfile( B ,15, bins);
TProfile* ph_bi_1_1 = new TProfile( , ,15, bins);
TProfile* ph_gl 1 1 = new TProfile( A ,15, bins);
TProfile* ph_inl_1_1 = new TProfile( B ,15, bins);

TProfile*

TProfile*

TProfile*

TProfile*

TProfile*

TProfile*

ph_ul 2 1
ph d1 2 1
ph_s1_2_1
ph_c1 2 1
ph_bi_2_1

ph_gl 21

new

new

new

new

new

new

TProfile(
TProfile(
TProfile(
TProfile(
TProfile(

TProfile(

Figure 31: part 1 of the simulation code
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52 TProfile* ph in1 1 1 = new TProfile
rofile* ph_in_2 1 = new TProfile
54TProfile* ph_ind_1 2 = new TProfile
55 TProfile* ph_in1_2 2 = new TProfile

56 TProfile* ph_in1_1.3 = new TProfile
57TProfile* ph in1 2 3 = new TProfile

"in1 11", "Il 1.1",15, bins);
"1 2.1","1n1_2.1",15, bins);
" 12","in1_1.2",15, bins);
)
)
)

"1 2.2","in1 2. 2",15, bins);
"in1_13","in1_1.3",15, bins);
"in12.3","inl 2 3",15, bins);

£g
39

) Jethefinition jet_def(antikt_algorithm, R);
o4 pythia. init();

06 for(int 1=0;i<Events;i+)

T1Af (1pythia.next()) continue;

73 int multiplicity = pythia.event.size();
75 vector<pseudoJet> particles;

77for (int 7 = 0; z < nultiplicity; +1)
18{
78{

70
9

80 if (pythia.event[z].isFinal() & pythia.event[z].isHadron() & pythia.event[z].isCharged() & pythia.event[z].pT() > 6.15)

-
0l

’:;particles.pushiback ( Pseudolet(pythiz.event[z].px() , pythia.event[z].py() , pythia.event[z].pz() , pythia.eventz].e() ) );
86}
i)

89

90

91 ClusterSequence cs(particles, jet_def);

93 yector<Pseudodet> jets = sorted by pt(cs.inclusive_jets(pThin));

96 int sunl =f;

99 for(int h =6;he miltiplicity ; he+)
108 {

101 int 1dh = pythia.event[h].1d();

12 double pTh = pythia.event[h].pT();

103 int statush = pythia.event[h].status();

Figure 32: part 2 of the simulation code
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103 int statush = pythia.event[h].status();

104 bool hadronh = pythia.event[h].isHadron();
105 int chargeh = pythia.event[h].charge();

06 double etah = pythia.event[h].eta();

108 if(chargeh 1= 0 & statush > @ &% hadronh == 1 && abs(etah) < 2.4 )
109 {
110 suml = suml +1;
;;5]

i)

for(int k=0;kenultiplicity;k++)

18{

119 int idk = pythia.event[k].1d();

20 double pTk = pythia.event[k].pT();

int statusk = pythia.event[k].status();

int d1k = pythia.event[k].daughter1();

123 int d2k = pythia.event[k].daughter2();

124 int d1idk = pythia.event[d1k].id();

int d2idk = pythia.event[d2k].id();

double diek = pythia.event[dik].e();

127 double d2ek = pythia.event[d2k].e();

128 double diphik = pythia.event[dik].phi();

129 double d2phik = pythia.event[d2k].phi();

130 double diyk = pythia.event[d1k].y();

double d2yk = pythia.event[d2k].y();

int dlodik = pythia.event[d1k].daughter1();

int d2odik = pythia.event[d1k].daughter2();

int dlediidk = pythia.event[diodik].id();

int d2odiidk = pythia.event[d2odik].id();
double diodiek = pythia.event[diodik].e();

37 double d2odiek = pythia.event[d20dik].e();
bool dihadronk = pythia.event[d1k].isHadron();
139 double dlodiphik = pythia.event[dlodik].phi();
146 double dlodiyk = pythia.event[dlodik].y();

141 bool dlodihadronk = pythia.event[dlod1k].isHadron();

144 f(statusk == 23 8& ( abs(idk) == 1 || abs(idk) = 2 || abs(idk) == 3 || abs(ick) == 4 || abs(ick) ==

15 {

142 double pT_total UE1 = 6;
149 double pT_total UE2 = 6;
150 double pT_total;

151 double y_jet;

152 double phi jet;

153 double eta_jet;

154 double pT_jet;

Figure 33: part 3 of the simulation code
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154 double pT_]Tét;
155 double R_nin =1000;
156 double n ;

158 48(idk == 71)

19

160 double dphik = diphik - d2phik;

161 1 (abs(dphik) > pi ) {cphik = 2*pt - abs(dphik); }

163 R0 = sqrt( (digk - dayk)*(dgk - dagk) + dpAEK)¥(GphEK) )3
164}

SGGAR( ( dride 1= 44k B8 (abs(idk) == 1 || abs(idk) == 2 || abs(ick) == 3 || abs(iek) == 4 || abs(ik) == 5) 8 02k 1= 8 ) || (i = 20 8 ek < d2ek 88 6 1= ) )

167{
168 dik = d2k;

176 dlodik = pythia.event[¢1k].daughterl();

171 d2od1k = pythia.event[¢1k].daughter2();

172 dlodtidk = pythia.event[dlodk].id();

173 dlodiek = pythia.event[diod1k].e();

174 d2od1ek = pythia.event[d2ed1k].e();

175 dlodiphik = pythia.event[diodik].phi();

176 dlodiyk = pythia.event[dlodik].y();

177 dihadronk = pythia.event[dik].istadron();

178 diodihadronk = pythia.event[dlodik]. isHadron();
180}

1811F(d1k =0 8 d2k =0 & idk == 21) { break; }
182 while(dthadronk ==0)

183
184 {f(d1odthadronk == 1)
185

167 4F{dhodiphik < o)

18
189 diodiphik = 2%pt - abs(d1ediphik);

197 double ahi 1 = jets[gt].phi(); double y jt = jets[q1].rapidity(); double pt j1 = jets[gi].pt(); double eta j1 = jets[gl].cta(); double dphi j1 = phi j1 - dlodiphik;
SOAF (as(dprit) > 4 )

i
200 {

phi_j1 = 2#pi - abs(dphi_j1);

205 double R_jet = sqrt( (y_j1 - diodiyk)¥(y_j1 - diodiyk) + (dphi_j1)*(dphi_i1) );

Figure 34: part 4 of the simulation code
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205 double R_jet = sqrt( (y_j1 - dlodlyk)*(y j1 - dlodiyk) + (dphi_j1)*(dphi_j1) );

207 1f(R_min » R_jet)

Romin =R jet; y jet =y j1; phi jet = phi j1; pT jet = pt i1; eta jet = eta ji;

double phit = phi_jet + pi/2;
220 double phi2 = phi_jet - pij2;
(phit > 2%1)

{
5 phit = phit - 2¢pi;
i

S 1f(phiz < 0)

{
230 phi2 = 21 - abs(phi2) ;
]

sfor (int 1 =9; Le multiplicity; 1++)
{

2 int statusl = pythia.event[1].status(); bool hadronl = pythia.event[1].isHadron(); double phil = pythia.event[1].phi(); double yl = pythia.event[1].y(); double pTl = pythia.event[1].p7(); double
¢l = pythia.event[].e(); 1int chargel = pythia.event[1].charge();

JOLEGHL < )

U
202 phil = 2%t - abs(phil);
23]

double dphit = phit - phil;
247 8{abs{dphl1) > pt)

281
249 dphit = 2tpi - abs(dphi);
0]}

uble RUL = sqrt( (y_jet - yU*(y_jet - y1) + (dphid)*(dphit) );

if(chargel 1= 0 & statusl > 6 & hadronl == 1 & pTl > 0.15 &8 RU1 < 0.4)
255 {

Figure 35: part 5 of the simulation code
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B5{
256 pT_total UE1 = pTl - pT_total UE1;
)
)

2 Efnr (int 1=9; 1< moltiplicity; +)
83 {

265 int statusl = pythia.event[1].status(); bool hadronl = pythia.event[1].isHadron(); double phil = pythia.event[1].phi(); double yl = pythia.event[1].y(); double pTl = pythia.event[1].pT(); double
el = pythia.event[1].e(); 1int chargel = pythia.event(1].charge();

7Af(phil < 0)

28 {

269 phil = 2*pi - abs(phil);
20}

) uble dphi2 = phi2 - phil;

E%itf(abs(dphiz) >pl)

gphiz = 7l - abs(dphi2);

il

double R12 = sqrt( (y_jet - yL)*(y_jet - y1) + (dphi2)¥(dphi2) );
‘;tf(chargel 1= 0 88 statusl > 0 & hadronl == 1 & pTL> 0.15 & R12<0.4)

m{

283 p7_total UE2 = pTl - pT_total UE2;

)

86}

268 p7_total = pT_jet - 0.5+pT_total UEL - 0.5%pT_total UE2 ;
200 4f(pT_total » 0.2¢p7k )

.

J%Lfnr(tnt n=0; me 15 ; m+)

;;:‘{

297 double pT_0 = 0; double pT_1 = 0; double p1_2 = 0;
299 1(ne 18)

E\‘u {

3 for (int 1 =0; 1< multiplicity; 1)

303 {

305 int statusl = pythia.event[1].status(); double phil = pythia.event[1].phi(); double yl = pythia.event[1].y(); double pTL = pythia.event[1].pT(); double el = pythia.event[L].e(); int chargel =

Figure 36: part 6 of the simulation code
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305 4t statusl = pythia.event[1].status(); double phil = pythia.event[1].phi();

pythia.event[1].charge(); bool hadronl = pythia.event[1].isHadron();

307 1F(phil < 8) { phil = 2#pi - abs(phil); }

309 double dphi = phi_jet - phil;
310 1F(abs(dphi) > pi) { dpht = 2*pt - abs(dpht); }
311 double R1 = sqrt( (y_jet - yU)*(y jet - y1) + (dphi)*(dphl) );

double dphit = phit - phil;
34 1f(abs(dphil) > pi) { dphil = 2tpt - abs(dphi1); }
315 double RUL = sqrt( (y_jet - yU)*(y_jet - yU) + (dphi1)*(dphit) );

317 doble dphi2 = phi2 - phil;
318 1f(abs(dphi2) > pi) { dphi2 = 2*pt - abs(dphi2); }
319 double R12 = sqrt( (y_jet - yU)*(y_jet - yU) + (dphi2)*(dphi2) );

35}

f(chargel != 8 8 statusl > 0 & hadronl ==
f(chargel != 8 && statusl > 0 & hadronl ==
f(chargel != 8 & statusl > 0 & hadronl ==

327 double pT_R = pT_0 - 9.5T_1 - 0.5%p1_2;

328 double pT_RF = pTR / pT_total;
329 double pT_RFD = 50%pT_RF;
330 double t = n*0.02 + 0.01;

332 4F( abs(idk) == 1 && pT_total > 16 & pT_total < 20 & sunl > 130 && abs(eta_jet) <

if( abs(idk)

if( abs
336 1F( abs
if( abs

91f( abs

if( abs
) {f( abs

344 4F( abs
345 4F( abs

(k)
(idk)

(idk)
(idk)

(idk)
(idk)

(idk)
(idk)

== 1 & pT_total > 50 & pT_total < 120 & suml > 189 8& abs(eta_jet)

== 2 & pT_total > 10 88 pT_total < 20 & sunl > 180 & abs(eta jet) <
== 2 & pT_total > 50 88 pT_total < 120 & sunl > 180 & abs(ta jet) <

== 3 84 pT_total > 10 88 pT_total < 20 & sunl > 180 & abs(eta jet) <
== 3 &4 pT_total > 50 88 pT_total < 120 & sunl > 180 & abs(eta jet) <

== 5 8 pT_total > 10 & pT_total < 20 & sunl > 180 & abs(sta jet) <
== 5 8 pT_total > 50 & pT_total < 120 & suni > 180 & abs(sta jet) <

== 4 88 pT_total > 10 8 pT_total < 20 & suni > 180 & abs(eta jet) <
== 4 88 pT _total > 50 && pT _total < 120 & suni > 180 & abs(eta_jet) <

TAF( 1dk == 21 8& pT_total > 10 & pT_total < 20 && sunl > 180 & abs(eta_jet) < 1)
( F( idk == 21 8 pT_total > 50 & pT total < 126 & sunl > 180 &4 abs(eta jet) < 1)

50 1. pT total > 10 & pT total < 20 & suni » 160 & abs(eta jet) < 1)

f(
311f(
i1

f(

(

(

pT_total > 50 & pT_total < 120 & sunl » 160 & abs(eta_jet) < 1)

pT_total > 10 & pT_total < 20 & sunl > 180 & abs(eta_jet) > 1 &4 abs(eta_jet) < 2.5)
(
(

1)
<1)

1)
1)

1)
1)

1)
1)

1)
1)

534F( pT_total > 56 & pT_total < 120 & suni > 180 & abs(eta_jet) > 1 &k abs(eta_jet) < 2.5)
1'-tf pT_total > 10 & pT_total < 20 & suni > 160 & abs(eta_jet) > 2.5 & abs(eta_jet) < 4.5)

double y1 = pythia.event[L].y(); double pTL = pythia.event[1].pT();

188 pTL> 005 66 1O > 0.02%m & RLO < 0.02¢(net) ) [ pT.0=pT0+ pTl; )
188 pTL> 005 66 UL > 0.02%m & AL < 0.024(n1)
188 pTL> 005 86 RI2 > 0.0 86 RL2 < 0.02¢(ms1) )

) {pTl=pTt+pTl;}

{pr2=pr2+pll;}

{ ph_d1_1.1 ->FL( t,pT_RFD); }
{ ph_d1.2.1 ->FUL( t,pTRFD); }

{ ph_ul 11 -5FLLL( t,pTRFD); }
{ ph_ut 2.1 ->FLLL( t,pr_RFD); }

{ ph_s1 1.1 ->FLIL( t,prRFD); }
{ ph_s12.1 ->HUL( t,pTRFD); }

{ ph.bt_ 1.1 -5FLL( t,pTRFD); }
{ phbL_2 1 -5FLL( t,pT RFD); }

{ ph_ct 11 R t,pT_RED); }
{ ph_ct 2.1 >R t,pT_RED); }

{ ph_gt 11 ->FIL( t,pT_RD); }
{ ph_gt 2.1 -5FilL( t,pT RRD); }

ph ind 11 ->FLLL( t,pT RFD); }
ph in1 2.1 ~>FiLL( t,pT_RFD); }
ph_in1_1.2 ~>FLLL( t,pT_RFD); }
ph_in1 2.2 ->FLLL( t,pT_RFD); }
ph_in1_13 ~>FLLL( t,pT_RFD); }

Figure 37: part 7 of the simulation code
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double €l = pythia.event[1].e(); tnt chargel =



3504F( pT_total > 10 && pT_total < 20 & surl > 180 8 abs(eta_jet) > 2.5 && abs(eta_jet) < 4.5) { ph_tni_1.3 ->FLL1( t,pT_RFD); }
3554F( pT_total > 50 && pT_total < 120 & surl > 180 & abs(eta_jet) > 2.5 &k abs(eta_jet) < 4.5) { ph_tn1_2.3 ->FLL1( t,pT_RFD); }

2c0
359

SO > 9 4 n < 15 )
31 {

3for (int 1 =0; L< nultiplicity; )
34 {

int statusl = pythia.event[1].status(); double phil = pythia.event[1].phi(); double yl = pythia.event[1].y(); double pTl = pythia.event[1].pT(); double el = pythia.event[1].e(); int chargel -
pythia.event[1].charge(); bool hadronl = pythia.event[1].isHadron();

555 E(OhEL < 0) { ohtL = 291 - abs(phtL); )
57 double pht = ph_fet - phl;

14f(abs(dpht) > pt) { dphi = 2#pt - abs(dpht); }
372 double R10 = sqrt( (y_jet - yU)*(y_jet - y1) + (dphi)*(dpht) );

;duuhle dphit = phit - phil;
5 {f(abs(dphi1) > pt) { dphil = 2#pi - abs(dphit); }
6 double RUL = sqrt( (y_jet - yU*(y_jet - y1) + (dphi1)*(dphit) );

& double dphi2 = phi2 - phil;
379 1f(abs(dphi2) > pl) { dpfi2 = 2#pt - abs(dphi2); }
350 double R12 = sqrt( (y_jet - yU*(y_jet - y1) + (dphi2)*(dphi2) );

;:Etf(chargel 1= 0 8 statusl > @ & hadronl == 1 8 pT1> 0,15 & R1O > (6.04'n - 0.2) &% R1O < (0.84%n - 0.16) ) { pT0=pT 0+ pIL; }
31f(chargel != 0 & statusl > 0 & hadronl == 1 8 [T1 > 6.15 && RUL > (0.04'n - 0.2) & RUL < (0.84* - 0.16) ) {pT_0=pT 1+ pIl;}
334 1f(chargel 1= 0 &8 statusl > @ & hadronl == 1 8 pT1> 0,15 & R12 > (6.04'n - 0.2) &% R12 < (0.04%n - 0.16) ) { pT2=pT2+plL; }

335 double pTR = pr_0 - B.5%pT_1 - 0.5%T 2;
339 double pT_RF = pT_R / pT_total;

390 double pT_RFD = 25%pT RF;

391 double t = m*0.04 - 0.19;

393 4F( abs(idk) == 1 && pT_total > 10 & pT_total < 26 & suni > 180 & abs(eta_jet) < 1) { phdi 11 ->FLL( t,0T RFD); }
390 4F( abs(idk) == 1 && pT_total > 50 & pT_total < 120 8& sunl > 180 & abs(eta_jet) < 1) { ph_d1.2.1 ->FLL( t,pT RFD); }
396 1F( abs(idk) == 2 && pT_total > 18 & [T_total < 20 && sunl > 180 & abs(eta_jet) < 1) { ph_ut_11 ->FLL( t,pT RFD); }

397 1F( abs(idk) == 2 && pT_total > 50 && [T_total < 120 8& sunl > 180 & abs(eta_jet) < 1) { ph_ul 2.1 ->FLL( t,pT RFD); }
399 1F( abs(idk) == 3 && pT_total > 10 & [T_total < 20 && sunl > 180 & abs(eta_jet) < 1) { ph_s1 11 ->FULL( t,pT RFD); }
296 4F( abs(1dk) == 3 & pT_total > 5 & pT_total < 126 & sumi > 189 && abs(eta_jet) < 1) { ph_s12.1 ->FLUL( t,pT RFD); }
{f( abs(idk) == 5 && pT_total > 10 & pT_total < 26 && sumi > 189 &k abs(eta_jet) < 1) { phb1__1 ->FLLL( t,pT RFD); }
493 4F( abs(1dk) == 5 & pT_total > 5 & pT_total < 126 & sumi > 189 && abs(eta_jet) < 1) { ph_b12.1 ->FLL( t,pT_RFD); }

Figure 38: part 8 of the simulation code
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4051F( abs(idk) == 4 & pT_total > 10 8 pT_total < 20 & sunl > 189 88 abs(eta_jet) < 1) { ph_ct_t1 ->FLLL( t,pT_RFD); }
406 1F( abs(ldk) == 4 & pT_total > 50 && pT_total < 126 & sunl > 189 &4 abs(eta_jet) < 1) { ph_cl 2.1 ->FLLL( t,pT_RFD); }
408 4F( 1dk == 21 88 pT_total > 10 && pT_total < 20 && sunl > 180 8 abs(eta_jet) < 1) { ph_gl 1 1 ->FLL( t,pTRFD); ]
49 tf( idk == 21 & pT_total > 50 & pT_total < 120 & sunt > 188 4& abs(eta_jet) < 1) { ph_gt 2.1 ->FLL( t,pT_RED); }

a1 tf( pT_total > 10 & pT_total < 20 & suni > 180 & abs(eta_jet) < ( ); }
4124F( pT_total > 50 & pT_total < 126 & sunl > 180 & abs(eta_jet) < { phin1 2.1 ->HUL( t,pTRFD); }
4134F( pT_total > 10 && pT_total < 20 && sunl > 189 && abs(eta_jet) » l & abs(eta_jet) < 2.5) { ph_in1.1.2 ->FUL( t,pTRFD); }
4144F( pT_total > 50 && pT_total < 120 88 sunl > 180 &4 abs(eta jet) > 1 & abs(eta jet) < 2.5) { ph_in1.2.2 ->Fill( t,pT RFD); }
415 4F( pT_total > 10 && pT_total < 20 88 sunl > 180 &4 abs(eta_jet) > 2.5 8 abs(eta jet) < 4.5) { ph_inl_1 3 ->Fill( t,pT RFD); }
4 tf( pT_total > 50 8 pT_total < 126 && sunt > 180 & abs(eta_jet) » 2.5 && abs(eta_jet) < 4.5) { ph_in1 2.3 ->Fl1( t,pT RFD); }

{ phini 11 ->FTL( t,pTRFD);

4 —tf( ( dlodihadronk == 0 8 diodtidk 1= idk & (abs(idk) == 1 || abs(idk) == 2 || abs(idk) == 3 || abs(idk) == 4 || abs(idk) == 5) & d2odik != 8 ) || (diodihadronk == 6 & diodiek < d2odiek &&
d2odik 1= 0 8 idk =21 ) )

a5q
426 dtodik = d2od1k;
a1}

429 {F(dtodhadronk == 8 48 clodtk == € 88 dlodik == 0 88 idk == 21)
419 {

431 break;

7))

434 dtk = dlodik;

435 diidk = pythia.event[d1k].id();

436 dlodtk = pythia.event[d1k]. daughter1();

417 d2odik = pythia.event[dik].daughter2();

436 diodtidk = pythia.event[clodik].id();

439 dihadronk = pythia.event[d1k].1sHadron();

446 dlodlek = pythia.event[dlodik].e();

441 d2odiek = pythia.event[diodik].e();

412 diodthadronk = pythia,event[diodik].isHadron();
443 diodiphik = pythia.event[dlod1k].phi();

444 dlodiyk = pythia.event[diod1k].y();

451 pf-lirite();
457 pf->(lose();
453 return 6;

_\'_]

Figure 39: part 9 of the simulation code
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