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Chapter 1

Introduction

What are the fundamental particles ? Perhaps answer of this question may be

different to different person. But the particle physicist may ask at what energy.

In earlier time technology was not so advanced that can create very high

energy. One needs high energy accelerator to penetrate more and more inside

atoms. Last few decades we have really advanced in accelerator science which

helps us to discover many fundamental particles in nature. Those particles

were predicted by the standard model as well. In this chapter, first we will

discuss about the standard model which is the theory of fundamental forces

(except gravitational force) and particles. Next we will introduce Quantum

Chromodynamics (QCD) which is the theory of strong interaction as my work

is related to the strong force. QGP (Quark Gluon Plasma) which is expected to

be formed in the early stages after the big-bang, can be created through heavy

ion collisions in the laboratory. So, QGP and different observables to know

about this state of the matter will be explained next. Heavy flavor (charm

and bottom) quarks are created in the early stages of the heavy ion collision,

can be the carrier of the information about the QGP medium. Finally, in this

chapter we will focus on heavy flavour mesons and its production processes as

my thesis work is based on the open heavy flavour mesons.

1.1 Standard Model

Theories and discoveries since 1930s resulted in providing prodigious insights

into the fundamental structure of matter. The strive to explain the funda-

mental properties of matter leads to the theory of standard model. It was
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presented by Glashow, Salam and Wienberg in 1970. The standard model is

very reach in explaining experimental results with very high accuracy. Ac-

cording to the standard model, elementary particles can be classified into 6

quarks, 6 leptons, 4 gauge bosons and Higgs boson, unearthed short time ago

. Each family of quarks and leptons can be subdivided into generations. Six

quarks are paired into three generations: the up (u) and down (d) quarks are

from the first generation; the charm (c) and strange (s) are from the second

generation; and the top (τ) and bottom (b) are the third generation. Similar to

quarks, the leptons are also arranged into three generations: the electron (e)

and electron neutrino (νe); the muon (µ) and muon neutrino (νµ); the tau (τ)

and tau neutrino (ντ ) [1]. Each quarks and leptons also have their correspond-

ing anti-particle. Any force working in the universe can be classified as one of

the fundamental forces. These fundamental forces are: electromagnetic force,

strong force, weak force and gravitational force. Electromagnetic force carrier

is photons(γ), strong force carrier is gluons (g), weak force carrier are W∓, Z0

and gravitational force carrier is graviton. Among four forces, gravitational is

very frail force which is not counted in particle physics. Except gravitational

force, other three forces are explained by the standard model. This Figure 1.1

shows all elementary particles and force carriers

Figure 1.1. Elemetnary particles and force carriers in standard model. This figure
has been taken form [2].
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1.2 Quantum Chromodynamics (QCD)

Atoms are made of nucleus and surrounded by electrons. Nucleus is made of

proton and neutron, they also called as nucleons. Protons and neutrons are

made of quarks and gluons. Quarks are bind by strong force which is carried

by gluons. Quantum Chromodynamics is theory of strong force. There are

two peculiar properties of this force: quark confinement, asymptotic freedom.

Quarks can not freely exist due to color confinement, they are confined inside

hadrons. Mesons are one type of hadron which are made of one quark and

One anti-quark. Baryons are those particles which are made of three quarks.

When quarks are very close to each other they behave like a free particles and

if one tries to separate quarks from each other inside nucleon they feel strong

force. This is known as quark confinement.

1.3 Evolution of the System

In a heavy ion collision experiment two heavy nuclei collide at relativistic

velocities. Due to very high velocity they are Lorentz contracted along the

direction of motion and come into view like a almond shape. After the smash-

ing of two incoming beam of particles, the system is evolved, all the different

scene are shown in Figure 1.2. The collision at the interaction point t=0, z=0.

Space time evolution of the system after the collision is shown in Figure 1.3,

Figure 1.2. Schematic picture of a heavy ion collision. Figure has been taken
from [4].

after the collision of heavy particles at very high energy. Whole energy are

deposited in a very small region. Colliding particles have quarks and gluons,
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after the collision quark and gluon medium is formed. The energy density at

the collision center is sufficiently high and it can form a strongly interacting

matter consisting of deconfined quarks and gluons, called quark gluon plasma

(QGP). This medium is locally equilibrium and after a small time medium will

expand due to pressure gradient. Temperature will go down and Hadroniza-

tion will starts. Hadronization is a process in which hadron are formed after

the collision.The corresponding temperature is called the critical temperature

(Tc). As the temperature of the system falls below a freeze out temperature

called chemical freeze out temperature (Tch), the inelastic collision among the

constituents ceases. At this moment the chemical composition of the pro-

duced particles get fixed. After the chemical freeze out the ingredient can

interact among themselves via elastic scattering which may further change the

shape of their transverse momentum spectra. When the mean free path of the

hadrons outdo the dynamical size of the system, the elastic interaction among

the hadrons conclude. This is called kinetic freeze out and the corresponding

temperature is known as kinetic freeze out temperature (Tfo). After that the

hadrons streamline freely to the detector and get detected by the detector.

Figure 1.3. Representation of space time evolution [8] .
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1.4 Quark Gluon Plasma (QGP)

The phase diagram for QCD matter is not known precisely, but an estimate

of it is shown in figure 1.4. At sufficiently high temperature and/or density

the system transformed into the deconfined state, known as a quark gluon

plasma (QGP). QGP is a state of matter which is contains quarks and gluons

in the deconfined state. This state can not be measured directly due to very

small time. Particles created after the collision can, carry information about

the medium that is created at the interaction point. There are some signa-

ture of QGP : Jet quenching, Nuclear modification factors, J/ψ Suppression,

Strangeness enhancement are some the signatures of known about the QGP.

Figure 1.4. Theoretical phase diagram of quark matter as a function of temper-
ature T and baryon chemical potential µ [3].

In this thesis nuclear modification factor and J/ψ suppression will b

discussed.

1.4.1 Nuclear modification factors

QGP can be studied by introducing the nuclear modification factor RAA(pT ),

given by

RAA(pT ) =
dN/dpT |AA

< Ncoll > dN/dpT |pp

5



Where ratio of particle production yield of nucleus-nucleus dN/dptAA to pp

collision which is scaled by the binary nucleon − nucleon collision. Any change

in particle production in nucleus nucleus collision will be expressed byRAA(pT ).

The hadron production may be reduced is due to energy loss as the hadrons

cross the QGP. If this ratio is unity may be their is no production of QGP at

given energy otherwise RAA(pT ) will , deviate from unity. The evaluation of

heavy flavor quark yield in heavy ion collisions provides important information

concerning energy loss at a partonic scale which in turn can provide information

about the produced QCD matter. Heavy quarks are primarily produced in

initial hard scattering processes, making them good probes since they undergo

the entire evolution of the created QCD matter.

1.4.2 J/ψ Suppression

J/ψ is a bound state of cc̄ quarks. The quarkoniums (or bottomoniums) are

the bound states of quark anti-quark pairs like cc̄(or bb̄). They are created

in the early stages of the collision. The production of J/ψ is suppressed in

heavy ion relative to pp collision. If QGP is formed, then J/ψ formation is

suppressed due to color screening potential. In QGP, color charge of quarks

are screened, by Debye Screening. So that cc̄ pairs is not able to formed.

1.5 Heavy flavor production processes

Their are few processes involved in the production of heavy flavor (Heavy flavor

means charm and beauty). These process are explained - Production of heavy

flavor are divided in three processes: Pair creation, Gluon splitting,Gluon

fusion. The production of heavy flavor and which process is dominating de-

pending on the energy of the colliding hadron. The explanation is given below

of all process:
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Figure 1: Examples of heavy-flavour production diagrams. (a,b) Leading order. (c)
Pair creation (with gluon emission). (d) Flavour excitation. (e) Gluon splitting. (f)
Events classified as gluon splitting but of flavour-excitation character.

multiple gluon emission [14].
As an alternative, the parton-shower (PS) approach offers a different set of approx-

imations. It is not exact even to O(α3
s ), but it catches the leading-log aspects of the

multiple-parton-emission phenomenon. Especially when one goes to higher energy this
can offer many advantages. The PS approach is based on a probabilistic picture, wherein
the overall 2 → n partonic process is subdivided into three stages: initial-state cascades,
hard scattering and final-state cascades. The hard scattering is here defined as the 2 → 2
sub-diagram that contains the largest virtuality, i.e. corresponds to the shortest-distance
process. It is important to respect this in order to avoid double-counting, as will become
apparent in the following. Heavy-flavour events can then be subdivided into three classes,
which we will call pair creation, flavour excitation and gluon splitting. The names may
be somewhat misleading, since all three classes create pairs at g → QQ vertices, but it is
in line with the colloquial nomenclature.

The three classes are characterized as follows.

3

Figure 1.5. Their are few example of heavy flavor production.(a,b) Leading order.
(c) Pair creation (with gluon emission). (d) Flavour excitation. (e) Gluon splitting.
(f) Events classified as gluon splitting but of flavour-excitation character This figure
has been taken from [9].

Pair Creation

Pair creation is the LO process (Leading order) and processes are include

qq̄ → QQ̄ and gḡ → QQ̄. Because of anti-quarks are less abundant than gluons

inside the nucleus, so the gluon fusion process is dominant. This will produce

charm pairs that are back-to- back in azimuthal angle. Gluon radiation can in

either the initial or final state, but this will shift the kinematics of the process

rather instead of change the rate.

Flavor Excitation

Flavor excitation is an NLO (Next-to-Leading-Order) effect, involving pro-

cesses Qg → Qg and Qq → Qq. This involves a heavy quark being put on

its mass shell by a parton in the other beam, which means a heavy quark

7



already has to be present before the interaction takes place. It is generally

created through a gluon splitting process, g → QQ̄, so the total interaction

is effectively gq → QQ̄q or gq → QQ̄g. Heavy flavor distributions vanish for

2< m2
Q, so the virtuality must be greater than m2

Q for this process to occur.

One heavy quark is involved in the hard scattering vertex [9].

Gluon Splitting

Gluon splitting means a gluon is split into a heavy quark and ant-quark(heavy).

Gluon splitting process is gg → gQQ̄ in either the initial or final state. There is

no heavy flavor is participated in the hard scattering. The gluon splitting occur

in the final state, since in the initial state the time-like gluon is restricted to

have smaller virtuality. Where q and Q are light and heavy quark respectively.

1.6 Motivation

Feasibility study of e − µ azimuthal correlation from open heavy flavor in

pp collisions at LHC energies is reported in this thesis. Open heavy flavor

hadron is any hadron that contains one heavy flavour (charm (c) or Beauty

(b)) and other is any light quarks or anti-quarks depending on whether it is

meson or baryon. Heavy flavors which have very high bare mass, are created

in early stages of the collisions via initial hard scattering. Gluon fusion is

the most dominant process by which the heavy flavours are produced. This

makes charm production an important probe of the initial gluon structure

function [5]. In heavy ion collisions, the study of heavy quark energy loss is

a good probe of the medium. This is because the energy loss is proportional

to the broadening in pT , which depends on the properties of the medium [6].

The previous measurements of charm semi-leptonic decays have been done

using e+ e− and µ+ µ− pairs. However, these are subject to charge correlated

backgrounds such as thermal production, Drell-Yan processes, and resonance

decay. Because these processes produce opposite sign pairs of the same lepton

species, the e−µ measurement is spared from these backgrounds, making this a

8



clean measurement of charm [7]. The major remaining source of background is

the pairing of uncorrelated electrons and muons, but these can be removed by

a like-sign subtraction. We have chosen to study the e− µ azimuthal angular

separation because charm pairs are expected to be produced back-to-back.

Therefore their decay products are expected to have an angular separation of

π on average. This will give a clearer signal than studying the invariant mass

spectrum, which has no well-defined peak for this type of decay. The study ofunlike-sign lepton pairs.

+ e-

DD

X + + X µ- + Xe+X + 

e-e+

µ

X + X + µ+ µ- + X

DD

DD

+ X

DD

Figure 1: Sketch of the possible semi-leptonic decays of a DD̄ pair.

Note that the term invariant mass is here misused i.e. one doesn’t reconstruct the “real”
invariant mass of the meson pair since only the decay leptons are taken into account. As a
consequence, the invariant mass of the dilepton pair doesn’t exhibit any peak but is spread
over several GeV/c2. The information which is carried by the dilepton pairs is however
meaningful and provides an indirect measurement of the heavy quark spectrum since the
dilepton invariant mass is related to the relative momentum of the quark pair. Using eµ
pairs1 instead of e+e− or µ+µ− pairs has the advantage that this gives a direct access to the
correlated heavy meson pair since neither a resonance nor the thermal radiation nor the Drell-
Yan mechanism can provide correlated eµ pairs. In order to be performed within ALICE, this
measurement needs the use of the information from most of the sub-detectors : an unlike-
sign eµ pair consists of an electron identified in the central part of ALICE by means of the
TRD in conjunction with the ITS and the TPC, and a muon detected in the forward muon
spectrometer. This provides the additional interesting feature that the rapidity coverage
of eµ pairs is, as shown in the following, intermediate between the rapidity region of the
central detectors and the one of the muon spectrometer. On the other hand, eµ coincidence
measurements can be performed without the need of any additional detector. It requires
only a sufficient number of full events to be taken simultaneously with all approved sub-
detectors. This type of measurement has already been performed successfully in pp reactions
at
√

s = 60 GeV [18] and in p-nucleon reactions at
√

s = 29 GeV [19]. It is planned to be
done in heavy ion collisions with the PHENIX detector at RHIC [20].

3 Simulation environment

The capabilities of ALICE to measure eµ coincidence in Pb+Pb reactions have been estimated
by means of a fast simulator whose ingredients are based on the calculations presented in [4].
The main input to these simulations is the number of cc̄ and bb̄ pairs expected to be created
in central Pb+Pb at LHC. The corresponding cross-sections have been estimated in p+p
reactions at

√
s = 5.5 TeV with PYTHIA 5.7 [22] using the MRSD-’1 parton distribution

function, and next extrapolated to central Pb+Pb collisions with the nuclear overlap function.
It results into 540 cc̄ and 7 bb̄ pairs per central Pb+Pb event at

√
s = 5.5 TeV.

The simulation consists of 6 steps described below :

• Pb + Pb → cc̄ and bb̄ events are computed with PYTHIA (triggered on charm and
bottom production) assuming that a Pb + Pb collision is a superposition of a certain

1When not explicitly specified, eµ pairs means in what follows unlike-sign electron-muon pairs i.e. e+µ−

and e−µ+.

2

Figure 1.6. Sketch of the possible semi-leptonic decays of a DD̄ pair

azimuthal correlation of e − µ from heavy flavour at RHIC energy
√
s= 200

GeV was done by the PHENIX collaboration which is shown in Fig:1.7. At

RHIC energy
√
s=200 GeV, LO processes are dominating in the production

of charm but NLO process are also contributing but less.

As we know LHC has collected a huge data set at very high energy (e.g

s̄=0.9 TeV, 2.76 TeV, 5.5 TeV, 13 TeV). So, this is a very good opportunity to

analyse the e−µ correlation at LHC with ALICE setup. As PHENIX analysis

is having very statistical error, we are expect less statistical error at LHC. Also

we observe how the higher order process are contributing at LHC energies. So

for large statistics we have done feasibility study of electro-muon correlation

from open heavy flavor at LHC energies in ALICE setup. In ALICE acceptance

we can study of e−µ correlation in different rapidity region as shown in figure

1.8. Rapidity distribution of e−µ pairs connect the mid and forward rapidity

region.
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FIG. 8. (Color online) Comparison of the measured p + p pair
yield [(red) points] with heavy-flavor production in POWHEG ([blue]
dashed curve), PYTHIA [(black) solid curve], and MC@NLO [(green)
long dashed curve]. The e-μ pair yield from the subset of PYTHIA

events, when the cc̄ is not produced at the event vertex, is plotted
as the dotted (black) curve. Each Monte Carlo curve was scaled by
a single parameter to match the observed yield. The resulting cross
sections are consistent with the previously measured charm cross
sections at RHIC (see Table II).

was performed. An overall scale factor was used to fit the
PYTHIA curve to the p + p data. In the fit, the χ2 was calculated
for different scale parameters using the statistical error on the
p + p data. We report the cross section for the scale factor
that minimizes that χ2 and report a statistical error on the
cross section as the value that changes the χ2 by one unit. To
evaluate the systematic uncertainty on the cross section, the
p + p data were increased and decreased by their combined
type B and type C systematic uncertainty and the process to
determine the scale factor by finding a minimum χ2 using
the statistical uncertainty in the data was repeated. We find
the PYTHIA correlation is consistent with the p + p data with
a cc̄ cross section of σcc̄ = 340 ± 29 (stat) ±116 (syst) μb
with a χ2/NDF of 20.5/24. This is shown as the solid curve
in Fig. 8.

The other model comparisons are from NLO generators,
POWHEG and MC@NLO. These programs calculate heavy-flavor
cross sections and the beginning of the parton showers at NLO.
They correctly model gluon fusion and flavor excitation at
NLO. The underlying event and the continuation of the shower
is then handled by the event generator to which it interfaces.
Here MC@NLO events were interfaced to HERWIG and POWHEG

events were interfaced to PYTHIA. The qualitative features
of the data are present in these correlations: the continuum
and the back-to-back peak. As described for the PYTHIA fit,
a single scale parameter was used to calculate a χ2 between
the generated e-μ correlations and the data using the data’s
statistical uncertainty. The resulting best fits for POWHEG and
MC@NLO are shown in Fig. 8 as the short dashed and the
long dashed lines, respectively. The extracted cross sections
are σcc̄ = 511 ± 44 (stat) ± 198 (syst) μb with χ2/NDF of
23.5/24 for POWHEG and σcc̄ = 764± 64 (stat) ± 284 (syst)
μb with χ2/NDF of 19.2/24 for MC@NLO.

We combine the cross sections from the three models and
report a measured cross section of σcc̄ = 538 ± 46 (stat) ± 197
(data syst) ± 174 (model syst). The central value of the cross
section is the average of the three model cross sections, while
the model systematic uncertainty is the standard deviation of
the three model cross sections. We did not evaluate additional
model uncertainties by varying the parameters for event
generation. These variations would be useful in determining
the parameters for a given model that best fit the data. Here,
we are concerned with extracting a cross section.

This value can be compared with previous charm cross-
section measurements. From the heavy-flavor electron spectra
at midrapidity, PHENIX found σcc̄ = 567 ± 57 (stat) ±
224 (syst) [26] and from the dielectron mass spectrum at
midrapidity, PHENIX extracted σcc̄ = 554 ± 39 (stat) ± 142
(data syst) ± 200 (model syst) [30]. By reconstructing D0 and
D∗ mesons, STAR found σcc̄ = 797 ± 210 (stat) ± +208

−295 (syst)
μb [31]. An additional measurement from STAR using
D0 and e± in d + Au collisions [32] found σcc̄ = 1300 ±
200 (stat) ±400 (syst) μb for the charm cross section. In that
measurement, the electron RdA = 1.3 ± 0.3 (stat) ±0.3 (syst).
While this is consistent with binary scaling within the quoted
uncertainties, it is also consistent with the PHENIX mea-
surement of enhanced production of electrons at midrapidity.
Within the data systematics the value of the total charm
cross section extracted here is consistent with previously
published RHIC results. All of these results are summarized
in Table II.

Using the PYTHIA event record, it is possible to separate the
cc̄ production into an LO component, where the gg(qq̄) → cc̄
and a component from the PYTHIA model of NLO mechanisms
of flavor excitation and gluon splitting, where the cc̄ pair is
produced in the initial- or final-state shower. The “PYTHIA (No
LO)” dashed curve in Fig. 8 shows the correlations from the
sample of produced PYTHIA events, where the cc̄ were not

TABLE II. Table of measured cc̄ cross sections and from Monte Carlo generators compared to the e-μ correlations in this analysis.

Description σcc̄ (μb)

PYTHIA e-μ 340 ± 29(stat) ± 116(syst)
POWHEG e-μ 511 ± 44(stat) ± 198(syst)
MC@NLO e-μ 764 ± 64(stat) ± 284(syst)
Combined e-μ 538 ± 46(stat) ± 197(data syst) ± 174(model syst)
PHENIX single e± [26] 567 ± 57(stat) ± 224(syst)
PHENIX dilepton (e+e−) [30] 554 ± 39(stat) ± 142(data syst) ± 200(model syst)
STAR D0 + D∗ [31] 797 ± 210(stat)+208

−295(syst)
STAR D0 + e [32] 1300 ± 200(stat) ± 400(syst)

034915-11

Figure 1.7. (Color online) Comparison of the measured p + p pair yield [(red)
points] with heavy-flavor production in POWHEG ([blue] dashed curve), PYTHIA
[(black) solid curve], and MC@NLO [(green) long dashed curve]. The pair e − µ
yield from the subset of PYTHIA events, when the cc̄ is not produced at the event
vertex, is plotted as the dotted (black) curve. Each Monte Carlo curve was scaled
by a single parameter to match the observed yield [11].
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Figure 5: Invariant mass distribution of correlated e+e− (a), µ+µ− (b) and eµ (c) pairs from
bottom decay. The ALICE acceptance cuts described in the text are applied. The dashed
(dotted) histograms correspond to lepton pairs from the B-chain (BB̄) channel. The solid
histograms include both the previous contributions.

Another interesting feature provided by the ALICE acceptance is evidenced in Fig. 6 which
shows the rapidity distribution of the 3 types of dileptons.
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Figure 6: Rapidity distributions of correlated lepton pairs from charm (left) and bottom
(right). The ALICE acceptance cuts described in the text are applied.

It can be observed that the eµ pairs rapidity distributions are located in a region between
the ones covered by e+e− and µ+µ− pairs. The eµ channel provides a nice overlap between
the central part and the forward part of the ALICE rapidity coverage. Since eµ coincidence
gives access to an independent measurement of charm and bottom production, it can also be
used for consistency cross-checks by extrapolating the results obtained in the central rapidity
region to the forward rapidity region and vice versa.

The number of correlated eµ pairs from cc̄ and bb̄ is shown is Tab. 1 at different stages of
the simulation. As it can be seen, ∼ 1% of the correlated eµ pairs are emitted in the ALICE
detector geometrical acceptance. Although in 4π the number of pairs from charm is larger

6

Figure 1.8. Rapidity distribution of lepton pairs from the charm and bottom [12]
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Chapter 2

Experimental Techniques

Large Hadron collider is the largest heavy ion collider in the world which is

established in the Geneva and it consists of a super conducting ring having

radius 27 km [13] as shown in Figure 2.1.

Figure 2.1. This figure shows that ring of LHC and from four interaction points
there is one ALICE detector [10].

When two ions collide at very high energies the whole energy is deposited in

very small region which is utilized to produce the particles. Since the available

energy is greater in the collider as compare to fixed target experiment, collider

is preferred as compare to fixed target experiment. Now question is ”what type

of particle can be accelerated?” Only charge particles can be accelerated in the

LHC. Suppose if we choose electron for collider, when electron is moving in

orbit with so much high velocity there will be large loss of energies in the form

of radiation known as synchrotron radiation, so light charge particle is not
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suitable. The acceleration of heavy ions is suitable because of low synchrotron

radiation energy loss [14].

After the collision, the produced particles should be detected which is

a big task for the physicists. They are using different detector for detecting

particles. The track which passes through magnetic field itself contains a

great deal of information as the curvature of the tracks indicates the charge,

momentum is directly proportional to the radius of curvature. However, in

order to detect these observables it is required to have some sort of detector. In

this chapter, we have discussed some of the ALICE detector which were used to

detected e and µ, also the ROOT frame-work and PYTHIA 8 event generator.

We have tried to the feasibility study using PYTHIA 8 event generator with

ROOT frame-work.

2.1 ALICE Detector

ALICE(A Large Ion Collider Experiment) is a detector specialized in measur-

ing and analyzing heavy-ion collisions. ALICE is able to detect charge particles

(e±, π±, µ±) and neutral (e.g γ) particle.

2.2 ALICE Layout

How does detector work? if someone asks you how to get information about

something. Your answer like that first of all you have to interact with that thing

about which you want the information. This is the way of getting information

about an object. The same thing applies here if we want the information about

the particles produced in the collision we have to make those particles interact

with the material in the detector. All particles deposit their information in

the detector medium and associated electronic with detector medium will give

the all deposited information in the form of signal. Here some sub-detectors

are discussed below: Inner Tracking System(ITS), Time of Flight(TOF), Time

projection chamber(TPC), Muon Chamber.
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Figure 2.2. Schematic layout of the ALICE detector [15].

2.2.1 Inner Tracking System

ITS is a sub-detector which is placed around the beam pipe. It consists of

silicon. It has six layers, each one is cylindrical in shape with radius from

4.00 cm to 43.00 cm around the beam pipe. It is used to determine the track

and collision vertex. In heavy ion collisions at high energy, there is difficulty

to resolve the tracks due to high track density near the beam pipe. That is

why the first two layers of the ITS which is called as Silicon Pixel Detectors

(SPD) has the very high resolution. Also, there are two layers of Silicon Drift

Detectors (SDD) in the middle and two outer most layers of Silicon micro-Strip

Detectors (SSD) which has relatively low resolution since the track density

decreases. The main task of SPD is to determine the primary vertex position.

Last two SDD and SSD detector are used to identify the particle identification

by their energy deposition and also for tracking purpose.

2.2.2 Time Projection Chamber

The primary task of TPC is to measure the particle momentum, particle iden-

tification. TPC covers full azimuthal range and phase space range is |η| = 1.8

and 500 cm in length.

TPC is a very good tracking detector with low material budget and it is
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also called as heart of the ALICE detector.

Figure 2.3. Schematic picture of TPC (Time projection Chamber) [16]

TPC is cylindrical in shape with inner and outer radius 0.85m and 2.85m

respectively. TPC is a gas detector with central high electric field is applied

in TPC. When particle entered in chamber they ionized the gas and they will

drift towards the opposite potential electrodes. Choice of a gas for detector is

not random, one has to take care of stability, ageing and radiation length.

2.2.3 Time of Flight

The TOF is a gas based Multigap Resistive Plate Chamber (MRPC) and kept

at 2.70 m to 3.99 m (acceptance η < 0.9) at polar angle 45◦ to 135◦. Two

different particles with same momentum can be identified by time of flight

technique within the time resolution of the TOF which is about 80 ps. A

particle with mass m amd momentum p having velocity is

β = p/
√
p2 +m2 (2.1)
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For a path length L the time of flight is inversely proportional to its velocity

β :

T =
L

c.β
(2.2)

Two particles have same momentum but different mass have different time of

flight

T1 − T2 =
L

c

(√
1 +

m2
1

p2
−

√
1 +

m2
2

p2

)
(2.3)

2.2.4 Muon Chamber

Main task of muon spectrometer is measure the open heavy flavor production

and quarkonia production by muonic channel. The muon spectrometer works

in the pseudo-rapidity −4 < η < −2.5 corresponding to angular range 171◦ −

178◦. At LHC energies muon produced from semi-leptonic charm and beauty

decay are dominated so it is identify the muon particles. Muon spectrometer

is combination of front absorber, tracking system, dipole magnet, muon filter,

beam shield and trigger chambers. Photons and hadrons that are coming

toward the muon spectrometer particles will interact with absorber and lose

their energy. Absorber is separate muons from other particles and it is remove

the low energy background [17].

2.2.5 A Brief Introduction to Pythia and Root

Frame-work

PYTHIA 8 is a C + + based event generator which is broadly used in ex-

perimental high energies physics for the simulation. Currently in PYTHIA

available program is pp, pp̄, e+e− and µ+µ− incoming beam. PYTHIA is

main class we can extract all information about the all process from this main

class [18].

Pythia pythia;

pythia.readString(”HardQCD:all = on”);

pythia.readString(”PhaseSpace:pTHatMin = 20.”);
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pythia.readString(”Beams:eCM = 7000.”);

pythia.init();

These are the pythia setting that we used. And connect with ROOT

Frame work with root library to take the root files. There are also more

setting like PDF (parton density function) etc.

Root Frame-work

Root is a frame-work to Analyze the observations. Comparison of observations

with theoretical is a standard work in HEP(high energy physics). ROOT frame

work is very easy to use. Let see how we use root as for different work and

ROOT is C++ based software [19].

1. As a function plotter.

2. one can plots measurements.

3. Histogram can also make.

For the beginners there is a directory ”root/tutorial/” can also learn root with

help of tutorial macors. But for any person that want to learn ROOT frame

work, should knows very good understanding of C++ language.
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Chapter 3

Analysis

In this chapter, we mainly discuss the e − µ azimuthal correlation from the

heavy flavor at RHIC(Relativistic Heavy Ion Collision ) and LHC (Large

Hadron Collider) energies at PHENIX (Pioneering High Energy Nuclear Inter-

action eXperiment) and ALICE(A Large Ion Collider Experiment) experiment

respectively.The reaction is

p+ p→ cc̄+X → e±µ∓ +X

Where the opposite sign electron pair is from the cc̄ pair decay. The electrons

and muons decay from open heavy flavor is depicted in Figure 3.1. First we

have tried to reproduce PHENIX work, Heavy-flavor electron-muon correla-

tions in p + p collisions at
√
s = 200 GeV with the help of PYTHIA 8 event

generator. In this analysis, at RHIC energy only leading order processes are

involved but there is very less contribution of NLO processes. We are going

to do the same simulation for LHC energies. At higher energies, maybe the

next to leading order processes are also participate in the production of heavy

flavor.

3.0.1 Analysis in PHENIX

Electron Identification

The electron is identified by the use of electromagnetic calorimeter (EMCal)

which is made of the atoms that have the high atomic number. Due to a field

of electrons and nucleus of the material, an original electron will accelerate or
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de-accelerate and produce radiation. The produced radiation convert into the

electron and positron. That pair production and photons lead to an electro-

magnetic shower that is detected by EMCal in PHENIX detector. The position

of EMCal in PHENIX detector is |η| < 0.5. Electrons are identify with trans-

verse momentum pT > 0.5 GeV /c. Because of that signal to background ratio

is very small so that they have applied the pT cut.

Muon Identification

The muon is identified by muon detector. In the PHENIX detector, muon

detector is placed at the end of all detectors, muons are produced with the

very high momentum they will interact weakly with the material. And to

remove the background some absorber are place in front of muon detector.

At the end of the detector, trigger system is placed which ensure about the

muons. The acceptance of muon detector in PHENIX detector for eta coverage

is 1.2 < |η| < 2.4. PT > 1.0 GeV/c Here pT cut applied to remove the

background.

Figure 3.1. This figure shows that decay of D0 meson.

Background Subtraction

Electrons and muons are come from light and heavy flavor decay and from

misidentified hadrons. The total number of pairs is equal to the sum of an

electron-muon pair from the heavy flavor, correlating a heavy flavor decay
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product with a light flavor decay and from the heavy flavor. The all electron-

muon yield can be written as

N eµ(∆Φ) = N eµ
H (∆Φ) +N eµ

LH(∆Φ) +N eµ
L (∆Φ) (3.1)

N eµ(∆Φ) Total number of pair of Electron-muon from all sources. N eµ
H (∆Φ)

Total number of pair from heavy flavor decay. N eµ
LH(∆Φ) yield from correlating

a heavy flavor decay product with light flavor decay. N eµ
L (∆Φ) yield from light

hadron decay. The equation can be break like and unlike-sign terms.

N eµ
like(∆Φ) = N eµ

LH,unlike(∆Φ) +N eµ
L,unlike(∆Φ) (3.2)

N eµ
unlike(∆Φ) = N eµ

H,unlike(∆Φ) +N eµ
LH,unlike(∆Φ) +N eµ

L,like(∆Φ) (3.3)

There are few assumptions −

N eµ
like(∆Φ) = N eµ

L,unlike(∆Φ) (3.4)

N eµ
LH,like(∆Φ) = N eµ

LH,unlike(∆Φ) (3.5)

The heavy flavor e−µ signal distribution is the difference between the unlike-

sign and like-sign inclusive correlation :

N eµ
H (∆Φ) = N eµ

unlike(∆Φ)−N eµ
like(∆Φ) (3.6)

Simulation

In p + p collision at PHENIX experiment at
√
s= 200 GeV, the like-sign

(e− − µ−, e+ − µ+) pairs as shown in figure 3.2 (a) from all the sources of

electrons and muons, unlike-sign (e− − µ+, e+ − µ−) pairs from all sources as

shown in figure 3.2(b). By using the subtraction method, subtract the like-

sign yield from unlike-sign yield, however, finally we get correlated unlike-sign

yield which is only from the open heavy flavor. It will give a signal at π.

At RHIC energy only leading order (LO) is dominating due to which e − µ
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Figure 3.2. These plots show that yield from heavy flavor: Figure(a) like sign
e − µ pairs and (b) unlike-sign e − µ pairs (c) after subtraction of like the sign
from unlike sign left is correlated unlike-sign pairs and (d) plot from PHENIX data
.

pairs created but NLO terms are participating with very less contribution. In

the production of charm the reaction gg → cc̄ is more participating because of

interaction cross-section is more. The interaction cross-section is given below

in the table 3.1 of different reactions. From this reaction cross-section, one can

estimate which reaction is dominating.

Table 3.1. This table shows that cross-section of different reactions. This is taken
from PYTHIA 8

Process code Reaction cross-section (σ µb)
121 gg → cc̄ 0.127
122 qq̄ → cc̄ 0.064
123 gg → bb̄ 0.109
124 qq̄ → bb̄ 0.055

Correlated e− µ unlike sign Yield Distribution

The distribution of e − µ pairs from open heavy flavor follow the Gaussian

distribution. The distribution, fitting with Gaussian function as shown in

Figure 3.4. The e−µ yield follow the Gaussian function, the function is given
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Figure 3.3. Comparison of data with simulation. (a) plots from data and plot
(b) from simulation by using PYTHIA 8.
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Figure 3.4. The distribution of e − µ pairs follow the Gaussian function. The
simulation has been done by PYTHIA8 event generator .
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as

f(x) =
a

c
√

2π
exp

[
− 1

2

(
x− b
c

)2]
(3.7)

Where a,b and c are parameters. The values of these parameters are given in

the Table 3.2.

χ2

NDF
= 1.70 where χ2= 59.7541, NDF=35 (number of degree of freedom).

There is only contribution of leading order at RHIC energy at
√
s=200 Gev.

Parameters Parameters value ± errors
a 31.697 ± 1.69
b 3.09 ± 0.01
c 0.29 ± 0.01

Table 3.2. Parameters a,b and c are given

From the data figure 3.3(d) one can not estimate about the background so we

have tried to fit simulation with data to understand the background. After

the fitting with Gaussian function, the mean value (3.09±0.01) tells that back

to back decay of D meson at ∆Φ = π. The width of (0.29±0.14) Gaussian

function tells about the production of charm.

3.0.2 Analysis in ALICE

p + p collision in PHENIX at energy
√
s=200 GeV simulation has been done

by PYTHIA 8 showing that only LO terms are dominating but there is very

less contribution of NLO. We want to see what will happen when one goes

to higher energies and What extent of NLO contribution in the production of

heavy flavor at higher energies.

Invariant Production Cross-Section of electrons from

Charm and Bottom

Now as one goes to higher energies the other terms are also contributing such

as Next to leading order terms gluon splitting and Flavor excitation is also con-

tributing in charm and bottom production. From these plots 3.5 one can say
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that production probability of charm and bottom is increased as goes to higher

energies. The comparison of production of charm and bottom at different en-

ergies given in Figure:3.5 At low pT more number of particles are produced.

As goes to higher pT , particles production are decaying exponentially. We

discussed NLO terms are also contributing to heavy flavor production in Fig-

ure:3.6 and will discuss now azimuthal correlation of e− µ at LHC energies in

ALICE experiment from the open heavy flavor. As one goes to higher ener-

gies NLO processes are also significant. From Fig:3.6 still now LO order are

dominate at energies
√
s= 2.76 and

√
s=5.5 TeV as compare to NLO.
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Figure 3.5. Invariant production cross-section of charm and bottom .

Simulation

The simulation has been done by PYTHIA 8 stand alone in ALICE acceptance.

As we seen from the PHENIX experiment at
√
s= 200 GeV only LO terms are

contributing. But at higher energies NLO terms are also contributing as shown

in figure 3.6. As shown in figure 3.7 (a) like-sign yield and (b) unlike-sign

yield from all sources. figure 3.7 (c) correlated unlike-sign yield from open

heavy flavor after removing the background by using the subtraction method

which is discussed in previous section. he D and D̄ mesons are made from c

and c̄ together with light quark and anti-quark. D and D̄ are kinematically

correlated but they decay in their individually decay mode. The unlike-sign

electrons and muons pairs from D and D̄ are correlated pairs. Only correlated

e− µ unlike sign pairs are give a peak at ∆Φ = π.
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Figure 3.6. Invariant production cross-section of charm and bottom from LO and
NLO terms .

Correlated e− µ unlike-sign Yield Distribution

As we found from the subtraction method only correlated unlike-sign pairs

give a peak at pi. Same as in ALICE experiment, correlated e−µ pairs give a

peak at π. Correlated e− µ pairs follow the Gaussian as shown in figure 3.8

Fitting function is-

f(x) =
a

c
√

2π
exp

[
− 1

2

(
x− b
c

)2]
χ2

ndf
= 1.707 For figure 3.8a

χ2

ndf
= 1.33 For figure 3.8b

where χ2

ndf
fitting parameter of function.

The parameters of this distribution is given in a Table 3.3 Width of Gaussian

function due the non back to back decay of D meson. The width of the

Gaussian function gives us a information of charm production.
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Figure 3.7. These plots are showing (a) like−sign yield (b) unlike − sign yield
(c) correlated unlike − sign pairs at LHC energies

√
s =7 TeV and

√
s = 0.9 TeV

Parameters at
√
s= 0.9 TeV at

√
s= 7 TeV

a 34.54 ± 1.77 33.53± 1.75
b 3.048 ± 0.049 3.08±0.02
c 0.466 ± 0.044 0.49± 0.01

Table 3.3. Parameters a,b and c are given

3.0.3 PID in ALICE frame work

Detection of particles is very tedious work. No one cannot detect the particle

with the direct way so we need to interact by the indirect way. Because of

no one able to see them so that to detect the particles need to first interact

with that. Then one takes the help of detector which is made of different

materials, by using it, easy to detect particles. The particles first interact with

the used material then particles deposited their energy into the material and

associated electronic give the information of particles. So here discuss only the

identification of electron and muon. Electron and muon are detected by TPC

and muon chamber respectively.
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Figure 3.8. These plots are showing Correlated unlike-sign yield at LHC energies√
s=0.9 and

√
s=7 TeV from open heavy flavor generated by PYTHIA 8 event

generator, distribution fitted with a Gaussian function.

Identification of Electron from TOF and TPC

By using Bathe-Bloch formula one can detect particle which is tell about energy

loss per unit length in the material. The formula given by -

−dE
dx

= 2πNar
2
emec

2ρ
Z

A

z2

β2

[
ln

(
2meγ

2v2Wmax

I2

)
− 2β2 − δ − 2

c

Z

]

Where re classical electron radius, me electron mass, Na Avogadro’s number,

I: mean excitation potential , Z atomic number of absorbing material, A: atom

weight of absorbing material, ρ density of absorbing material, z charge of

incident particle in units of e, β= v/c of the incident particle, γ= 1/
√

1− β2,

δ density correction, C shell correction, Wmax maximum energy transfer in a

single collision. From the TPC, deposited energies by particle will ionize the

gas and create Ion-pairs that collected by the opposite electrode. And give

the information about particle. Specific ionization energy loss of the particles

when passed through the gas in TPC. Left figure from the TPC and right figure

by using TOF. By using TOF we remove the contamination and identify the

electron. we have applied following cut to identify the electron-

• No. of TPC clusters ≥ 100
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Figure 3.9. Identification of electron from TPC and TOF

• No. of TPC dE
dX clusters (PID) ≥ 80

• TOF t - < TOF t >|el → -3 to 3 σ

• TPC dE
dX - < TPC dE

dX >|el → -1 to 3 σ

• Number of ITS hits ≥ 4

• DCA to the primary vertex in xy < 1 cm

• DCA to the primary vertex in z < 2 cm

One can use all cuts but we have used only first four cuts because of low

statistics.

Identification of Muon from muon chamber

Muons are identified by muon chamber. The first absorber absorbs all particles

except muons. Then particles pass through the tracking system in the magnetic

field and again pass through the absorber and then finally we get the muons

in the trigger system. The schematic figure of muon chamber Fig:3.10
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Figure 3.10. The schematic diagram of muon chamber
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Chapter 4

Conclusion and Future Outlook

The main aim of this thesis was to address the study of the azimuthal cor-

relations of e − µ pairs from open heavy flavor from PYTHIA 8 generated p

+ p collisions at LHC energies in ALICE experiment. Here we have used the

background subtraction method to remove the backgrounds and the electrons,

muons that are coming from the light flavor and from other sources. The

azimuthal correlation of electrons and muons from open heavy flavor is very

useful probe because there is no contribution of more background like Drell-

Yan process, Dalitz Decay, Resonance Decay and photon conversion. This

azimuthal relation between e−µ from the decay of open heavy flavor gives the

peak at ∆Φ = π. The distribution of e − µ pairs follows the Gaussian func-

tion. That distribution actually tells us about the production of charm and

bottom produced in the p + p collision. At RHIC energies at
√
s= 200 GeV

only dominating part is LO (Leading Order process). As one goes to higher

energies, the NLO(Next to Leading order) terms also starts to contribute to

the production of charm. We have identified the electron by using TOF and

TPC. We can also find out the ratio of production of charm and bottom. In

this thesis we have done simulation for LO processes by PYTHIA 8. So one

can do similar simulation by using MC@NLO to see the effect of NLO in the

production of charm and bottom.
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