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Abstract

The LHC is the experimental setup to test the theoretical predictions made
by the standard model. The interactions of the fundamental particles which form
hadrons are explained by the strong interaction theory called quantum chromo-
dynamics (QCD). QCD provides a good explanation of hadron collider data to
conduct a more precise experiment to test the theory, a technique called pertur-
bative QCD (pQCD) is adopted. It is a subfield of particle physics by using the
fact that the strong coupling constant o, is small in high energy and short-distance
interactions, thus allowing the perturbation theory techniques to be applied.

ALICE (A Large Ton Collider Experiment) is one of the biggest experiments
performed on the LHC at CERN. It is devoted to collecting the data from high-
energy heavy ion collisions, where a new state of nuclear matter that is thought
to exist in the early universe can be created in QGP (quark-gluon plasma). From
the analysis of data we can investigate its formation and properties. The data that
ALICE collects are obtained from different detectors which can form ALICE. Other
than heavy ion collisions small collisions system based on pp and p—Pb collisions
are also under investigation at LHC. In this work TPC, ITS, and VO detectors are
used, which are also considered in this research work.

The main goal of this work is to study underlaying event (UE) in small collision
systems. The components of particle production in hadronic interactions, which are
not directly related to the hardest partonic interaction, are studied. It includes the
multi-parton interaction (MPI), initial and beam remnants. The UE and the LHC
simulations are critical to fully grasping the LHC physics program at CERN’s Large
Hadron Collider (LHC). This is due to the fact that the UE is a component of the
same proton-proton collision that any signal-partonic interaction occurs in. In order
to comprehend the backdrops to other observables in small collisions systems, it is
necessary to have a good understanding of the UE.

A hard scattering and the UE cannot be distinguished in an individual collision,
however there can be observables that can be estimated that are particularly sensi-
tive to the UE. Traditional UE analysis relies on measuring particle production in
three distinct topological regions at an azumuthal angle to the event’s leading parti-
cle: toward, away, and transverse. The Toward and Away regions are dominated by
particle production from the hard process and are hence relatively insensitive to the
UE. In contrast, transverse region has contributions from UE, ISR, and FSR but the
transverse region is more sensitive to the UE, and observables defined inside it are
the primary focus of UE measurements. A number of experiments have reported UE
by using transverse region method at different center-of-mass energies. The goal of

this work is to perform the UE analysis in pp collisions at /s = 5.02 TeV it is the
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first time that results for this energy are presented pp collisions at /s = 5.02 TeV
is analysed and also the same method is used for p—Pb collisions with same ,/syn
energy and same thresholds of transverse momentum.

We report about the properties of the underlying event measured with ALICE
at the LHC in pp and p-Pb collisions at /sy = 5.02 TeV. The event activity,
quantified by charged-particle number and summed-pr densities, is measured as a
function of the leading-particle transverse momentum (pa’fig). These quantities are
studied toward, away, and transverse regions. Results are presented for three differ-
ent pr thresholds (0.15, 0.5 and 1 GeV/c) at mid-pseudorapidity (|n| < 0.8). The
event activity in the transverse region, which is the most sensitive to the underlying
event, exhibits similar behaviour in both pp and p—Pb collisions, namely, a steep
increase with pii'¢, followed by a saturation at p® ~ 5 GeV /c. The results obtained
in this analysis from pp collisions are compared with existing measurements at other
centre-of-mass energies, e.g, 0.9, 7 and 13 TeV. The quantities in the toward and
away regions are also analyzed after the subtraction of the contribution measured in
the transverse region. The remaining jet-like particle densities are consistent in pp
and p—Pb collisions for pffrig > 10 GeV /¢, whereas for lower pflfig values the jet-like
particles production is slightly higher in p—Pb than in pp collisions. The measure-
ments are compared with predictions from the PYTHIA 8 and EPOS LHC Monte

Carlo event generators.

Keywords: ALICE experiment; pp interaction; p-Pb interaction; underlying
event production and measurement; Monte Carlo simulation; multiple partonic in-

teractions; initial state radiation and final state radiation
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1.1 The Standard Model

The theory of modern era is standard model (SM) theory that explains the basic
interactions of the nature which interact within the dynamics of subatomic nuclear
particle. These interactions are electromagnetic, weak and strong nuclear interactions.
Initially, in the middle of the 20" century till the end this model was continuously
developing but the achievement was made to get the existing form of SM in the mid
of 1970s when the presence of quarks was confirmed in an experimental observation.
It explains the basic elements of the cosmos (particles of elementary nature) and

their interactions [1].

In the SM, all elementary particles of matter are spin 1/2 particles. These particles
are classified into two categories: leptons and quarks. Leptons are further subdivided
into neutrinos that are electrically neutral, and charged leptons with charge —1. Also,
quarks are divided into two categories, type up and type down quarks, with electric
charge of +2/3 and —1/3 respectively. Every one of these quarks has a corresponding
anti —quarks, with the same properties but opposite electric charge and quantum
numbers. Each of these categories involves exactly three quarks, and so it is possible to
group them into three families, or generations [2]. To introduce interactions between
particles, it is necessary to impose that the Lagrangian of the system reverences gauge
local symmetries; this request leads to the introduction of spin 1 particles, called
gauge bosons, which mediate the interactions. The symmetry group SU(2)QU(1)
gives the electroweak interactions, while SU(3) gives the strong interaction. If all the
particles used are massless then electroweak interaction is possible, else mass terms
will not provide explanations about gauge symmetry. When these particles interact
with the Higgs scalar field and gauge symmetry spontaneously breaks, their masses

are restored. Furthermore, on the basis of the free Dirac Lagrangian for fermions:
Ezquf(i@—mf)\llf (1.1)
!

It is feasible to introduce the interactions enforcing the invariance of the Lagrangian
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regard to a local gauge symmetry group. The particles matching to the interaction

fields are termed gauge bosons.

The SU(2) invariance needs three vector bosons. A lincar combination of them gives
the W* charged bosons which are responsible for the charged currents, while the
third combines with the U(1) invariance boson to produce both electromagnetic in-
teractions (mediated by the photon ) and the weak neutral interactions (mediated
by the Zy boson).

The strong interactions described by the Quantum Chromodynamics (QCD) theory
and generated by the SU(3) symmetry group are shown in the table 1.

Interactions Boson Electric charge  Mass (GeV/c)

Electromagnetic 5 0 0
Weak W= +1 80.399 + 0.023
7Z 0 91.1876 + 0.0021
Strong g 0 0

Table 1: The interactions between particles together with the gauge bosons and their properties

[2].

Quarks

As the quark scheme is symmetric which helps to organized the baryons and mesons
into different families. In 1964, Zweig and Gell-Mann gave the detail description
about the three fundamental constitutes of quarks with the help of mathematical
symmetries. These quarks are named as, up, down and strange quarks. The endorse-
ment for the concoction of neutron and proton was first established in late 60s till
70s of 19" century, so fundamental component of neutron and proton is quarks. The
quarkonium j/v) was recognized surprisingly in SLAC (Stanford Linear Accelerator
Collider) in the year 1974, after that it was established as a quarks and anti-quarks
pairs[2]. The charm quark is the newly discovered quark on the fourth number in
the list. Maskawa, Cabbibo and Kobayashi are the three theorists who explained the
quarks as a six quarks scheme. After all these developments there came to exist six
kinds of quarks, up, down, strange, charm, top and bottom, also they have their anti-
quarks pair. A heavy meson was discovered in 1977 at the Fermilab in an experiment
after the model with six quarks was completed. Quark’s parameters specified in the
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standard model is shown in the table 2.

Intrinsic Spin % properties of Quarks
Generation Particle Charge (¢) Mass (GeV)

; Up (0) +2/3 0.005
Down (d) -1/3 0.009
Charm (c) +2/3 1.5
II
Strange (s) -1/3 0.16
I Top (t) +2/3 171.2
Bottom (b) -1/3 4.20

Table 2: Quark Parameters with charge described in Standard Model [2].

Leptons

During the first decade of 19th century electron, neutrino and muon were the familiar
particles. As these particles are less massive, that is why they show different behav-
ior than mesons and baryons. In all these particles muon is the heaviest variant of
electron. The mass of muon is 9 times smaller than the proton whereas the mass of
electron is 2000 times less than that of proton. Neutrinos are the massless particles.
The weak nuclear force is the mediator for electron and muon. As compared to proton
and neutron these particles don’t have ability to produce mesons and baryons to a
large extent during high energy collisions. In an experiment of high energy beam in

1962 it was proved that muon and electron have their own neutrinos [2].

As these are the fundamental particles so that experiment has also confirmed the
evidence for the existence of fundamental particles as a pair in different generations.
Immediately after the discovery of j/psi meson, tau a heavy lepton is reveled in
1974. There are three families of leptons with six types of leptons named as elec-
tron, electron-neutrino, muon, muon-neutrino, tau, tau-neutrino [2]. Lepton is being
considered as a fundamental and undividable component of matter that is why they
are also called as clementary particle. Electron is the first charged lepton and it was
theoretically predicted in the mid of 19th century by many theorists [3, 4] but ex-
perimentally was confirmed by J. J. Thomson in 1897 [5]. After that muon becomes
the next lepton and its discovery was made by Carl D. Anderson [6] in 1936 but
scientists of that time wrongly identified it as meson. In the given table 3 parameters
of lepton described in the SM is shown.
3
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Intrinsic Spin % properties of Leptons

Generation Particle Charge (e) Mass (GeV)
I Electron (e) -1 5.1 x 10~*
Elecrton Neutrino (v,) 0 <08x1078
i Muon (p) -1 0.105
Muon Neutrino (v,,) 0 2.7x 1074
11 Tau (7) -1 1.777
Tau Neutrino (v;) 0 < 0.035

Table 3: Lepton Parameters with charge and mass as described in Standard Model [2].
1.2 Quantum Chromodynamics

The quantum field theory of strong interactions mediated by massless gluons is known
as quantum chromodynamics (QCD). SU(3) local gauge symmetry is non-Abelian in
this case, hence it’s non-Abelian. It is concerned with color charge, i.e., red, green,
and blue, and all freely propagating particles are color singlet states; free quarks and
gluons are absent [7]. Quantum chromodynamics (QCD) provides an effective account
of data from hadron colliders, and it should be regarded an experimentally confirmed
fact. For high-mass particle physics research, proton—antiproton and proton—proton
colliders are essential tools, providing a way to attain greater center-of-mass energies
than is feasible with circular ete™ colliders. The underlying process in hadron-hadron
collisions is the interaction of two partons, which can be either quarks, antiquarks or

gluons. To get more insight we point out [8] and [9].

The Lagrangian of QCD, omitting for now gauge-fixing terms, is

1, . o
,CQCD = _Z fﬁFAB + Z Qa(lw - m)abe (12)

flavors

The second term represents a set of spin-1/2 quarks, interacting with a gauge field
hiding in the covariant derivative I) (Dirac indices have been suppressed). The
gauge interaction corresponding to QCD is SU(3), with the gauge charge conven-
tionally referred to as “color” [10]. Quarks (antiquarks) live in the fundamental
(anti-fundamental) representation of SU(3), so a quark field carries a color index:
Ga, Where a runs from 1 to 3. The gauge fields, called gluons, live in the adjoint
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(dimension 8) representation. Note SU(3) is non-Abelian, so the field strength term

—3iF. &%FZ’B contains self-interaction terms:

Fly = [0aA] — 05AL — gf*PC AL AS] (1.3)

The indices {A,B,C} run over the eight color degrees of freedom for the gluon. The

interaction terms mean that the gluons themselves carry color charge.

1.2.1 Color confinement

Due to the fact that the force between two color charges remains constant as they are
separated, the energy builds until a quark—antiquark pair is spontaneously formed,
converting the original hadron into a pair of hadrons rather than isolating a color
charge as was the case before. Color confinement is widely known through lattice
QCD calculations and decades of experimentation, despite the fact that it has not
been demonstrated analytically [11]. The twin phenomena of confinement and asymp-
totic freedom have significant ramifications for the phenomenology of quantum grav-
ity. It follows from confinement that quarks and gluons are not “particles” in the sense
of asymptotic states that propagate freely, but rather are poorly defined “particles”.
Quarks are bound together in hadrons by a very strong coupling, which prevents

individual quarks from ever being separated [10].

1.2.2 Asymptotic freedom

As the energy scale of interactions grows, the intensity of interactions between quarks

and gluons asymptotically diminishes (and the corresponding length scale decreases).

The strong interaction coupling constant « is used to describe the strength of strong

interaction. the precision of a; determinations and the multitude of results from var-

ious processes and ranges of energies provided experimental proof [12, 13] of the

concept, of asymptotic freedom. Lattice QCD predicts QGP. In real QCD, the cou-
_5_
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pling runs logarithmically [14] with the energy,

,0as  Oa,

@507 dnee

where the function driving the energy dependence, the beta function, is defined as
Blas) = —aZ(bo + biovs + bya? + .. (1.5)

A solution of equation 1 in 1-loop approximation, i.e. neglecting ; and higher order

terms, is

2\ O‘S(,“Q)
Oés(Q ) - 1+ 0{5(/,1/2)/60[”3_22 (16)

by using the A the above equation can be written as

1
a,(Q%) = (1.7)
ﬁoln%
where
2
2 2
A = s (1.8)

1.3 Hard scattering

Hard or highly penetrating probes originate from hard scattering of partons (quarks
and gluons) and are characterized typically by either large momentum transfer (i.e.,
large 4-momentum transfer squared %), large transverse momentum (pr) or a large
mass (m) scale [15]. Thus by definition, hard probes are highly penetrating observ-
ables used to explore properties of matter that cannot be viewed directly Examples of
these observables include radiation, high pr particles, jets, and particles with heavy
quarks even at low pr. The cross-section for hard scattering can be written in the

form of following way:

U(P17P2) = Ei,j /d$1d$2fi($1,M%)fj(ilﬂz;ﬂ%)&i,j (p1>p27045(:u?%)1 (M%) ) (M%)

The development is drawn in Figure 1.1. In this formula P, and P;. represents the
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incoming hadrons having 4-momenta, p; = x;P; and p; = x2P, are the 4-momenta
of the partons partaking in the hard scattering, where x; are the parton’s Bjorken-
x values. Where Q is denoted as the development distinguishing scale, i.e., pr of
the outgoing jets. The PDFs f;(z, u%) are expressed in terms of factorization notion
scale u% presented previously. The re-normalization term is represented by ug. To
provide assistance for the ultra-violet (UV) divergence of the theory in the QCD
it is initiated. The re-definition of the coupling constant ag is captivated for this

divergence. After which it is served as a "running constant”. The short distance

c/;ij (as)

. P
~

X, Py

Figure 1.1: Factorization for the hard scattering cross-section is represented Schematically. f; ;
is the PDFs of protons, the short distance cross-section is ¢;; and z;P; the 4-momenta of
partons participating in the hard scattering. Figure adapted from [16].

cross-section is quantified by ¢, ; whereas i and j is the parton’s scattering. The
parton scattering cross-section resembles with it at leading order (LO). For long
distance scattering this term is taken out as a factor at higher order. That’s why it is
considered purely for short-distance. As QCD has a property of asymptotic freedom
i.e., small coupling at high energy therefore perturbation expansion of ayg is used to

express short distance cross-section.

1.3.1 Jet production

Every event at an ete™ collider that produces strongly interacting particles, and
every event at a hadron collider, involves jets in a fundamental way. The ability to

measure and understand jets is therefore central to collider physics.

Let’s deliberate the first situation where a pair of partons with high pr are produced

-7 -
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after the hard collision takes place. This activity can be expressed by a 2 —to — 2 or
(2 — 2) scattering. The two partons produced in the final states are perceived like
two jets as these sprinkled alone showers of hadrons. In this case study we will not
consider the some of the effects such as efficiency of detector. Also, we will ignore
the resolution or details of the jet finder algorithms but undertake only the precise
affluence of the partons with jet. kr is often known as the small intrinsic transverse
momentum, inside the nucleon, of partons. We ignore kt)as it is small then the two
jets are fabricated as a back-to-back jet in azimuth so this balances the transverse
momentum pr in the laboratory frame. The boost-invariant variables for cross-section

of two jets are defined as:

3 , 2y f. )=
&o Ly fz(-flaﬂ)fy(ﬂzﬂ)_Z\M(ij%kl) i

= 1.10
dysdysdp% 16782 T (1.10)

N _ 1+ O
1,3,k,l=q,q,9

and Figure 1.2 is its diagrammatic explanation. The terms y3 and y4 are the rapidities

of partons going out in the laboratory frame.

P4 P3

P2 Py

Figure 1.2: (2 — 2) scattering is shown in this diagram. where p; » are the momenta of the
incoming partons and p; 4 are for the outgoing partons. M describes the elements of matrix
for the elementary scattering.

The squared momentum existing in the center of mass of partons is shown by the §

which is included in one of the Mandelstam variables:

s=m+p)  i=Ei-ps)  d=(p2—ps)° (1.11)

In equation (1.10) the sum ) is taken over whole arrangements of incoming partons
(i,j) and outgoing partons (k,1). The function f; , known as PDFs (parton distribution
_ 8 _
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funcctions), are calculated as a whole scale such as p = pp = pr. The total of all
the final obtained and average of all the spin and color states are represented by i
The elements of the matrix used for elementary scattering of partons is indicated by
the symbol M. Figure 1.3 shown the illustration of the elements of matrix at lowest
order. In this representation we didn’t consider their crossed partners. Investigative
equation related to this illustration can be discovered in [8]. In the initial state gluon’s
related activities have higher probability as color factor of gluons is greater than that

of quarks.

The most simple and common case to study is where we have more than two partons
in the final state. Its means developing types 2 — 3,4,5 and so on. At lowest order
the cross section of n-partons can be expressed as ¢”, for this reason we consider the
tree shaped diagram but having no internal loops. Therefore, we are compelling this
explanation for additional real quarks and gluons devoted by the stretched legs of

outgoing partons in Figure 1.3. The cross-section can be written:

Figure 1.3: Cross section of the two jet’s contribution shown in the lowest order diagrams.

o" = Z dryday fi(z1,12) f (29, p0%) 6o 7R hn (1.12)
64kt sk =0,0,9
which is a simplification of (1.9). The elements of the matrix for LO is seen in [17],
Where typical bremsstrahlung configuration is displayed, overlooked other emission
of gluons such as collinear and soft emission. ¢ is proportional to the cross-section
of each n-jet.
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1.4 Heavy ion collisions

Figure 1.4 displays a schematic depiction of transverse plane in impact of two sym-
metric heavy-ions. Normally, the beam axis is considered as z-axis. The impact pa-
rameter(b) is defined as the vertical distance between the centers of the two nuclei
in the transverse plane and it computes the overlap region of the colliding nuclei.
Central collisions are categorized by a small impact parameter, which recommends
that the collision is approximately head-on and most of the nucleons cooperate in the

interaction with each other. Thus, the central collisions would have maximum final

Figure 1.4: The transverse plane of ultra-relativistic heavy ion collisions [18].

state multiplicity. On the other hand, peripheral collision has large impact parameter
and a few nucleons participate in the collision. Figure 1.5 shows the correlation of
the final state charged particle multiplicity with impact parameter and number of

participants.

Generally, centrality classes are defined in terms of percentiles of the nucleus-nucleus
cross section. Centrality selection and finding the number of participants and spec-
tators in heavy-ion collisions are quite crucial because they are needed to normalize
the other measured observables prior to the comparison with other collision systems
(relatively smaller systems like pp and p-Pb collisions). Centrality selection can be
ended in the following ways [18]: 1. From the correlation between centrality and the
number of final state charged particles in the collision and, 2. from the measurement
of the number of outside in the collision. The first method trusts on the selection
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Figure 1.5: Cartoon showing the correlation of the final state charged particle multiplicity with
impact parameter and number of participants[19].

of a geometrical model for the hadronic procedures while the latter manipulates
the measurement of the energy of the spectator nucleons in the forward calorime-
ters/detectors. A parallel scheme based on final state multiplicity is expended for
dividing the events in small collision systems like pp and p-Pb collisions. Event plane
in heavy-ion collisions is defined by the event plane angle (V) and the impact pa-
rameter (b) vector as depicted in Figure 1.4. Thus, to determine the event plane of

a collision, the impact parameter vector is required.

1.4.1 Space-time evolution

The graphical diagram of the space-time evolution of relativistic nucleus- nucleus
collision with and without a deconfined state is shown in Figure 1.6. Let us start at
z =0 and t = 0, when a collision between two heavy-ions takes place. For a central
heavy-ion collision, a very hot and dense matter is predictable to be formed, which
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Chapter 1 High-Energy Collisions

is illustrated in the right side of Figure 1.6.

Pre-equilibrium stage: The interaction among partons (quarks and gluons) pro-
vides to a profuse production of deconfined quarks and gluons at t < 1fm/c. Particles

with very high momentum are frequently created in this step.

QGP evolution: After the fireball extends its critical energy density and temper-
ature, the deconfined equilibrium is attained. Then, the fully deconfined state of
partons form QGP. Lattice QCD calculations specify that QGP is created beyond a
critical energy density of 1 GeV/fm? or beyond the critical temperature. The elastic
and inelastic interactions between quarks and gluons in QGP lead to the thermaliza-
tion phase. Due to the inelastic interactions, the flavor configuration of the partons
of the system changes. Because of the high internal pressure and temperature, the
system begins to enlarge rapidly. When the system cools down, QGP starts trans-

forming into a hadron gas. This is known as the mixed phase.

Hadron gas phase and Freeze-out: There might be two possible procedures of
hadronization from QQGP, namely fragmentation and recombination. Hadronization
from fragmentation controls at high energy which ensues when a high-pr parton
fragments into lower pt hadrons. Recombination arises through which lower momenta
partons conglomerate to form higher pr hadrons. After hadronization, hadrons stay
to interact with each other via elastic and inelastic interactions until they get freeze-
out. When the inelastic collisions cease the system extends chemical freeze-out and
the conforming temperature is called as chemical freeze-out temperature (7). This
is the phase where the stable particle ratios get frozen. But still the elastic collision
takes place at this stage. When the mean free path gets high enough, the elastic
collisions among the hadrons cease and the kinetic/thermal freeze-out is reached and
the corresponding temperature is called as kinetic freeze-out temperature (7%,). This
is the phase where the transverse momentum spectral shape of particles gets frozen.

After the freeze-out, all the particles fly towards the detector.

However, another scenario of space-time evolution could also be possible when the
matter produced in the heavy-ion or hadronic collisions do not meet the high tem-
perature/energy density criteria. It is depicted in the left side of Figure 1.6. In this
case, the system is left with hadronic degrees of freedom only. Just after the collisions

a pre-hadronic phase is created. Then the nucleons can recombine into new hadrons
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and the produced hadrons can be detected after the hadron gas phase freeze-out.

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1p)

a) without QGF/ \ b) with QGP z

B

A

Figure 1.6: A schematic diagram of the space-time evolution of relativistic nucleus-nucleus
collision.

1.4.2 Signature of QGP and experimental probes

As QGP has very short lifetime (few fm/c) therefore we don’t have a direct observ-
able for the recognition of the QGP, unlike the ordinary electromagnetic plasma.
If medium is obtained from QGP, it initially expands, then cools down and finally
hadronizes to evolve into final state hadrons. In the experimental setup, it is impos-

sible to observe this formation step by step on each stage.

Adequately, we can quantify the time integrated final state quantities like charged
particle multiplicities, multiplicities of photons or leptons, particle transverse momen-
tum spectra, energy, anisotropic flow etc. However, different developments during the
time advancement of fireball resulting in final state observables preserve some infor-
mation in time. Diverse signatures of QGP comprising Strangeness enhancement is
one of the most elegant property of QGP.
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1.5 Small systems

Different measurements performed at the LHC have revealed an unexpected pres-
ence of the near-side ridge and other signs of collectivity in p—Pb and pp collisions,
referred to as small systems. Since in heavy-ion collisions these effects are caused
by the formation and collective expansion of a quark-gluon plasma (QGP), such ob-
servations in small systems have triggered the ongoing debate about their origin.
The study of small systems includes the analysis of two-particle angular correlations,
charge balance functions, anisotropic flow and transverse momentum (pr) spectra of

identified hadrons.

The major objectives of the thesis are to analyze the traditional Underlying Event
in pp and p—Pb collisions at TeV along with the comparative studies with different
Monte-Carlo models. To perform precise Standard Model [7] measurements and to
search for new physics phenomena at hadron colliders, it is important to have a good
understanding not only of the primary short-distance hard scattering process, but also
of the accompanying interactions of the rest of the proton-proton collision collectively
termed the underlying event (UE) [20]. Some properties have been measured for small

systems is given in brief details below.

— Proton-Proton Collisions To equate the results of heavy-ion collisions, the
results of pp collisions were largely considered as reference measurements by the
community of heavy—ion, prior to the runs at LHC with high energy. Indeed,
substantial quark—gluon plasma signals need a comparison of heavy—ion and pp

collisions, necessitating a full understanding of pp collisions.

Since hadron collisions were previously solely examined as a reference by the
heavy—ion community, the CMS collaboration’s discovery of near-side corre-
lations in pp collisions in September 2010 came as a huge surprise [21]. The
community began to wonder if this may represent a collectivity signal in tiny
systems, however it was quickly argued that the near-side ridge could be de-

scribed within the Color Glass Condensate framework [22].

Figure 1.7 shows the ridge-like structure discovered by CMS in high multiplicity
events with momenta ranging from 1-3 GeV to 7 TeV. The difference in pseu-
dorapidity between the two particles is An, whereas the difference in azimuthal
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angle is A¢. CMS investigated the long-range structure of two particle correla-
tion functions with pseudorapidity 2.0 < An < 4.8. The correlation is described
as

R(AnAg) = (V) - 1>(% 1)) (1.13)

where S represents the signal and B represents the random background distribu-
tions, the average number of tracks per event per each multiplicity bin is given
by (N), and the final R(An,A¢) is calculated by averaging per each multiplicity

bins, more details can be seen here ref [21].

(a) CMS MinBias, pT>0.1 GeV/c (b) CMS MinBias, 1.OGeV/c<pT<3.OGeV/c
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Figure 1.7: 2-D display of two-particle correlation for high multiplicity minimum bias events
analyzed by CMS for pp collisions at /s = 7 TeV [21].

— Proton-Lead Collisions: Like pp collisions, proton-lead (p—Pb) collisions were

primarily used as a control and reference measurement for heavy—ion collisions.
Moreover, several of the common heavy—ion observables show no substantial
divergence from an incoherent superposition of AA collisions. Comparing p—Pb
to pp collisions allows determination of initial state effects, e.g., gluon satura-
tion and effects of a possible color-glass condensate, and discrimination between
different nuclear parton distribution functions. Furthermore, our overall under-
standing of these high energy nuclear collisions and the initial state of nuclei
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would be strengthened, if we could understand pp, p—Pb collisions in a con-
sistent framework. Some observations, however, point to effects at low pr that

might be of collective origin, as shown in the following.

—
(&) —
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Figure 1.8: Average transverse momentum (pr) as a function of charged-particle multiplicity
N, measured in pp (upper panel), p-Pb (middle panel), and Pb-Pb (lower panel) collisions
in comparison to model calculations [23].

Multiplicity Dependence of the Transverse Momentum: Figure 1.8 illus-
trates the average transverse momentum as a function of charged particle multi-
plicity in pp, p-Pb, and Pb-Pb collisions, using data obtained at /s = 7 TeV,
Vs = 502 TeV, and /s = 2.76 TeV, respectively. A substantial rise in
pr with Ny, is evident in pp collisions (upper panel), which may be explained
as an impact of color reconnections between strings formed in multiple-parton

interactions [24].

Multiplicity Dependence of Identified-Particle Spectra: The definition
of fluid quark-gluon plasma depends upon the observations of the elliptic flow,
which indicates a correlation between space and momentum variables. In AA
collisions, different flow patterns are detected and measured using a Fourier
decomposition. Radial flow is the isotropic (zero—order) harmonic, while elliptic
flow, as previously noted, is the second order harmonic. Radial effects have
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been seen in p—Pb collisions at the LHC, in particular. In p—Pb collision at

(\I"— 104 T T T T —
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Figure 1.9: Transverse momentum distributions of pion, kaon and proton with model compar-
ison in the VOA multiplicity class ranging from 5 — 10% [25].

Vsnn = 5.02 TeV, the transverse momentum distributions of pions, kaons,
protons, and lambdas exhibit an evolution with multiplicity comparable to that
seen in AA collisions (Figure 1.9). In heavy-ion collisions, the hardness of the
spectra as a function of event multiplicity, which is greater for heavier particles,
is related to the system’s collective radial expansion. Models that integrate final
state effects, such as EPOS, provide a more accurate description of the data, as

demonstrated in the preceding measurement in Figure 1.8.

1.6 MC generators

Monte Carlo Models are based on the techniques of the concept of randomness in
the behavior of physical processes introduced by quantum mechanics. The integrity
of event generators is that this randomness can be simulated by the use of Monte
Carlo techniques. Initially an event generator is selected then it becomes a function
which each time is called give a Number R in the range between 0 and 1, such that
the inclusive distribution of numbers R is flat in the range [26].
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1.6.1 PYTHIA 8

Events are initially generated starting from a primary process that defines the type
of the event. For LHC energy scale, this process is mostly the leading order pQCD
partonic scattering. To set up the model calculations, some basic tunable parame-
ters has to be specified. One of the main tunable parameters is the cut off pr ),
which damps the QCD cross section for pp < p(r,). This parameter accounts for
color screening effects. First and final-state radiation interleaved with MPI will fol-
low in pQCD calculations, as well as the structure of beam remains. In this model,
the impact parameter of the pp collision determines the number of MPI that will
be generated. Finally, a realistic partonic structure that includes both jets and UE

activity is obtained.

The partonic configuration is hadronized using string fragmentation as described
by the Lund string model [27], followed by subsequent decays of unstable parti-
cles. Individual lengthy threads connected to the remains are substituted by shorter
supplementary strings linking partons from distinct MPIs in collisions with several
MPIs. This mechanism, called color reconnection, has been introduced to reproduce
the increase of the average transverse momentum with multiplicity observed in data
[26]. For the comparison with measured observables, MC simulated samples with
Monash-2013 [28] tune and NNPDF2.3 LO PDF set [29] are used. MPIs are usually
present in collisions. A mechanism known as color re-connection which long strings
connected to the remnants are replaced by shorter additional strings connecting par-
tons from different MPIs, is introduced. This mechanism reproduces the increase of
the average transverse momentum with multiplicity observed in data [26]. MC simu-
lated samples with Monash-2013 [28] tune and NNPDF2.3 LO PDF set [29] are used

to mimic measured observables.

1.6.2 EPOS LHC

The EPOS LHC [30] event generator can be used to simulate both small system
(pp, pA) and heavy ion (AA) interactions. The multiple scattering approach in
EPOS LHC is based on a combination of Gribov-Regge theory and pQCD [31]. Mul-
tiple elementary collisions occurring in parallel give rise to parton ladder, which also
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include initial- and final-state radiation. In parton ladder, collision energy is shared
among each, leading to the conservation of the total collision energy in the hadronic
process. After the initial scatterings, the strings hadronie based on the local den-
sity of string segments per unit volume with respect to a critical-density parameter.
Event-by-event, two distinct regions are formed: high-density regions called “core”
including collective expansion and hadronization including radial and longitudinal
flow effects, and low-density regions called corona. The EPOS LHC tune parameters
used in this paper is adapted from parameter set used to describe all LHC data at

any energy and collision system [32].
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Chapter 2 The Underlying Event

2.1 The Underlying Event

As the UE is an intrinsic part of the same proton-proton collision as any signal par-
tonic interaction, a deep understanding of the UE features and an accurate Monte
Carlo [33] description of its properties is important for the LHC [34] physics pro-
gramme. As it is significantly influenced by physics not currently calculable from
first principles, the measurement of the UE properties is crucial not only for better
understanding of the mechanisms involved but also to provide input for empirical
tuning of the free parameters of phenomenological UE models in MC event genera-

tors. More details is provided in the upcoming sections.

In order to acquire a better grasp of the UE in hadronic collisions, we first investigate
the basic case of jet generation in et /e collisions, which is the most straightforward
scenario. On the left in figure 2.1, the event display documented by the OPAL ex-
periment at LEP [35] is shown in detail. (The axis of the beam is shown to be
perpendicular to the page in the figure.) Because of their collision, the two colliding
leptons combine to form a virtual vector boson (v* or Z*) that produces a quark/anti-
quark pair, which then splinters into two back-to-back jets. The pale blue color of the
outgoing jets may be noticed in the drawing.Despite the possibility that more jets
could be boosted by QCD radiation, there is no other way to help the multi-particle

final state.

At a collision energy of 7 TeV, the ALICE detector captured an event demonstration
(in the r¢ plane) on the right side of figure 2.1. Three jets have been reassembled
in this case (we'll ignore the elements of the jet finding technique for now): the jet
regions are visible in green-colored fields, and the tracks corresponding to each jet
are visible in red. Additionally, a large number of soft particles (magenta lines) that
are not associated with the jets encroach on the event (and not present in the LEP

case).

If, for example, the jet-finding processes combine these inputs with the particles that
are actually good for jets, this can make it hard to measure the shape and energy
of the jet. We define the UE as the particle flow module in a hadronic collision that
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Figure 2.1: Left: a di-jet event in et /e~ collisions at LEP (as seen by the OPAL experiment).
No UE is present in two back-to-back airplanes. Right: hadronic collision at /s = 7 TeV seen
by the ALICE detector. Three reconstructed jets are shown in green areas and red tracks. The
UE is shown in magenta tracks.

does not originate from the toughest partonic scattering in a fully broad-spectrum
way. Nonetheless, this is an ambiguous description. It is necessary, for example, to
participate in the analysis of both the initial and final state radiations (ISR and
FSR). Particles resulting from these advancements are frequently integrated into
the explanation of the UE, rather than being considered to be a component of the
most difficult scattering. More broadly, the final hadronic state results from the
hadronisation of partons that are likely to have originated from separate processes,
making it difficult to pinpoint the precise origin of a final-state particle. Refer to
figure 2.2 to see how the situation is depicted. The process of hadronization and
consecutive hadronic decays is depicted in green. The fact that the first protons are
colorless particles adds to the confusion of this picture even more. The result will be
a color flux linking the beam remnants and the hardest scattering when the beam is
fragmented during the process.
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FINAL STATE SHOWERS
INITIAL STATE SHOWERS

HADRONIZATION

Figure 2.2: A rough drawing of a genuine pp collisions [39].

2.1.1 Multiplicity of charged particles

Multiplicity and transverse energy flow is considered to be the global features of an
event. These features are defined by the geometry and the number of nucleons which
interacts. Whereas geometry includes impact parameter and shape as well as orien-
tation of the collision volume. During heavy-ion collisions large amount of primary
charged particles are produced. The multiplicity of primary charged particles is served
as a main observable. With these observables the properties of matter is character-
ized which is produced during the collisions [36]. In pp collisions at high energy large
number of charged particles produced containing quarks and gluons explode out from
the colliding protons. The multiplicity distribution P(Ny,), due to produced charged
particles (N.,), depends upon the number of collisions between them. Generally it
depends on the mechanism adopted for production and underlying produced parti-
cles. In particular, P(Ny,) is a good method to investigate the density obtained by
gluon distribution during collision of hadrons after saturation [37]. Calculating the
digital sum of clusters in the SPD acceptance, the digital sum of energy loss signals in
the FMD acceptance, or the average of the two if the SPD and FMD [38] acceptance
overlap, yields the raw multiplicity distributions. The more charged particles that
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are made, the more likely it is that all events will happen. At low multiplicities large
trigger inadequacies exist and must be fixed for. Figure 2.3 shows charged particle

multiplicity distributions for INEL pp collision with different model comparison at

Vs = T TeV.

~ S B s e
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Figure 2.3: Left: charged-particle multiplicity distributions for INEL pp collisions at fits to
the data using double NBDs. Ratios of the data to the fits are also shown. Right: comparison
of multiplicity distributions for INEL events to PYTHIA 6 Perugia 0, PYTHIA 8 Monash,
PHOJET and EPOS LHC at 7 TeV [37].

2.1.2 Multi-Parton Interaction (MPI)

We can’t describe hadronic collider UE and minimum bias characteristics without
bringing MPT formalism to Monte Carlo event generators [26, 40-43]. A 2-to-2 (2—2)
scattering process is used in multi-parton interactions to produce an equal number

of partons in the final state, as shown in the figure 2.4.

As a result of collimated sprays of hadrons in the final state, the two final state
partons are visible as jets. Without taking into account partons’ modest inherent
transverse momentum (often referred to as kt), the two jets are created back-to-back
in azimuth and balanced in pr when the laboratory frame is used as the reference
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Figure 2.4: Schematic illustration of a 2—2 hard scattering interaction [45].

frame. The two processes also vary in how they are influenced by the minimum jet-pr
decision and by the energy at the center-of-mass of the particle [44]. Single scattering
is the primary QCD mechanism, and MPI are a power adjustment to this process in
particular. The following is a function of the p2 scale that describes the QCD hard

2-to-2 cross-section:

dO'm d%,]—ﬂcl t
dpgrt Z /dxl/dwz/dtfz xlaQ f]($2>Q2) (pT—§> (2.1)

where, s = x1x9, § is the possible momentum in the partonic center-of-mass frame,
t = (p1 —ps)? and @ = (p — p3)?. The process hardness is assumed to be supplied by
the pr scale, i.e. Q% = p2. In the limit of small transferred momenta || < § where
I %“ ~ |#| for constant ag and neglecting the x—dependence, the integrated

interaction cross-section may be written as:

VsI2 do 1
Oint \ PT,min :/ — X 2.2
t( ) PT min de p?[’,min < )

This cross-section diverges in the limit pr i, — 0. Already at values of pp i, of
a few GeV/e, the integrated interaction cross-section surpasses the total hadronic
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cross-section oror [45]. To put it simply, if an event has n interactions, it will count
n times in oy, but only once in orgr. The average number of interactions as a

function of the pr min value may therefore be expressed as follows:

Oint (pT,min)

2.3
oToT ( )

<n> (pT,min) =

Assuming free incoming and outgoing partons, perturbative QCD calculations as-
sume that the incoming hadrons are color singlets. Due to the fact that single color
charges cannot be resolved, the coupling is lowered when the gluon transferred has a
low pr, or equivalently a long transverse wavelength. A color-screening length scale,
proportional to the distance over which a color charge is compensated, may be intro-
duced. This distance must be less than the proton radius, which gives pr min =~ Aqep
as a first estimate, although it is not a known number in general. In order to recreate
the experimental findings, it is acceptable to use a cut-off value in the computations,

generally in pr space.

2.1.3 Impact parameter dependence

MPI strongly depends upon the impact parameter assuming that initial state is
same for all hadronic collisions. Generally in every collision the variation of impact
parameter "b” [43] plays an important role. Classically it is defined as the distance of
closest approach without including the Fourier transformation of momentum transfer.
A small "b” is responsible for high probability of multi-parton interaction as large
portion of colliding hadrons overlaps. On the contrary large "b” means no overlap

hence no multi-parton interaction.

To quantify the concept of hadronic matter overlap, the spherically symmetrical dis-
tribution of matter within a resting hadron, p(z)d®*z = p(r)dx, may be assumed. All
parton species and momenta are assumed to have the same geographic distribution
for simplicity’s sake. Several other matter distributions have been tested with various
results. Even if a Gaussian ansatz makes the following computations particularly ap-
parent, there is no reason why this should be the preferred form in all cases. Indeed,
it seems to result in a distribution of multiplicity that is too narrow and a pedestal
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effect that is too weak. A double Gaussian is the next most straightforward option,

however it does produce more fluctuations.

1 — 2 2
p(r) o a%ﬂexp{ - 2—%} + a%ewp{ — 2—3} (2.4)

As a result, the whole amount of hadronic matter has a radius of a;, and the dis-

tribution has an outer ring with a radius of ay, which contains a fraction of 3 of
the total amount of hadronic matter. A deeper interpretation of this ansatz might
be that it represents an intermediary step toward a hadron with three distinct core
areas ('hot spots’), each indicating the existence of three valence quarks that collec-
tively carry (8 of the proton momentum. Alternatively, a pion cloud might surround
a hard hadronic core. For example, the predictions of the ¢ distribution in elastic
scattering might be affected by such characteristics, but they are of little relevance

to the present problems at hand.

The time-integrated overlap O(b) between the matter distributions of colliding hadrons

during a collision with impact parameter "b” is given by

o) o [ di / Pp(ey,2)p(e + b,z + 1) (2.5)
=2 f )| 280-8 | ¥ g
. 2a? crp 2a? i a?d + a3 P ad + a3 +2a§exp 2a3
(2.6)

A proper scale adjustment of the z and t coordinates has eliminated the need for
boosted p(z) distributions. €(b) of eikonal models is closely connected to the over-
lap function O(b), which is discussed in detail in Ref. [45]; nonetheless, it is more

straightforward in its spirit.

The wider the overlap O(b) is, the more probable it is that partons in the colliding

hadrons interact, illustrated in the figure 2.5.
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F T T T
NS Tune A double Gaussian 1
E=R old double Gaussian ------- i
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ExpOfPow(d=1.35)
exponential ----
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Figure 2.5: Overlap profile O(b) as a function of impact parameter "b” [45].

2.1.4 Beam remnants

The remaining valence content and the amount of sea quarks necessary to maintain
the overall flavor are used to flavor the beam remnant, which is a collection of partons.
Gluons are assumed to be in the residual, but they aren’t explicitly said to be. They
are thought to be the confinement clouds around quarks and the unsolved originators

of sea~-quark pairs.

This means that a remnant may include a number of items, yet the color arrangement
might lead to simplifications. A di-quark may be connected with a color anti-triplet
qq pair in the residue, a baryon with a color singlet qqq triplet, and a meson with a
color singlet qq pair, as shown in figure 2.6. When hadrons are created, conventional
string fragmentation relative probabilities are used to choose spin and other quantum

quantities, such as 7w or p, and so on.

As aresult, a qq system with a high invariant mass defines a string that may split into
multiple mesons rather than collapsing into a single meson. This might theoretically
be described dynamically, but it would need the addition of some non-perturbative
parameters to characterize the proton’s division into arbitrary-mass subsystems. At
this time, we believe it is only necessary to investigate a few particular situations in

order to determine which partons to allow in the development of composite structures.

Thus a qq system with large invariant mass would define a string that could fragment
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into several mesons, rather than collapse to a single meson. In principle this could be
modeled dynamically, but it would require the introduction of some non-perturbative
parameters, to describe the partitioning of the proton into arbitrary-mass subsystems.
At this point, we consider it meaningful only to study a few specific scenarios for

which partons to allow in the formation of composite objects.

@ Parton in beam remnant

QO Parton going to hard interaction

O Composite object

Figure 2.6: Examples of the formation of composite object in a baryon beam remnant: (a)
di-quarks, (b) baryon and (c) meson [45].

1. It does not create composite objects from the ab initio. All partons function as
single units, either as quark endpoints or kinks (gluons) on strings that split

normally.

2. Composite structures can be created, but only if all of the partons participating

are valence quarks.

3. Color singlet subsystems (i.e. hadrons) may be formed using both valence and
sea quarks, while color singlet subsystems (i.e. hadrons) can only be formed

using valence quarks.
4. Color singlets may be made using sea quarks.

Because valence quarks tend to have similar velocities, they are more likely to form
low-mass complexes, while sea quarks may be more dispersed and so less likely to
form such systems. [45].
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2.2 The transverse regions method

UE activity may be measured using a variety of techniques, one of which is the
Transverse Regions Method. Topological cuts may be used to separate the two lead-
ing partons in the perturbative QCD interaction and measure the residual activity as
a function of the transmitted momentum scale (Q?) [46] . Experiments may be used
to find out what happens when a charged particle’s transverse momentum changes in
three different directions: toward, transverse, and away from it, azimuthally perpen-
dicular to the direction of travel in which it is moving. The leading jet and charged
particle density or energy density can then be calculated from this data. For the
first time in1988, Marchesini and Webber [47] suggested using Transverse regions
as a way to quantify the UE. These investigations show that the transverse energy
Er generated in a high-energy hadronic collision is plotted against the distance in

pseudo-rapidity from the leading-jet axis.

-
o

dE/dn in Ap=n (GeV)

An

Figure 2.7: As a function of the pseudo-rapidity distance from the leading jet, the transverse
energy distribution in jet occurrences is shown [46].

To illustrate the Er distribution, see figure 2.7, where the area labeled Ef*" gathers
fragmentation from the leading jet and w#"R represents transverse energies in the
rapidity intervals 1 <| An | < 2. As a result, the pedestal energy provides an estimate
of the UE:
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|
W = 2wk + wf) (2.7)

so Figure 2.8 shows the pedestal energy as a function of the leading jet’s transverse
ss energy for 1/s = 630 GeV (SPS collider) and 1.8 TeV (Tevatron). The most recent
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LHC results are discussed briefly in the following section.

<3
[
) pQCD prediction O(agd):
A —— Vs=1.8TeV
B —— Vs =630 GeV
¥
v 2
1
0 -
0 200 400 600

E ¢t (GeV/c)

Figure 2.8: The mean pedestal energy in pp collisions predicted by LO pQCD as a function of
the leading-jet energy [46].

2.2.1 UE measurement at Tevatron and RHIC enrgies

In addition to the original analysis based on charged-particle jets [20] , CDF published
many more studies of the UE, including one where the Transverse areas are circles in
the n¢ space centred at w/2 radians from the leading jet, a comparison between jet
and di-jet events [46], and a comparison of jet-and Drell Yan-triggered events [48].
Two distinct sections (7/6+7/6 radians) make up the Transverse region. The region
known as TransMAX is the one in which the total pr of the enclosed particles is the
highest. This area is more vulnerable to the UE’s hard component (QCD radiation).
The second section (TransMIN) solely gathers beam remnant fragmentation and
MPI. Observables such as the charged-particle density or the cumulative pr density

define each zone.
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An example of plots from a CDF analysis [48] of pp collisions at /s = 1.96 TeV

are shown below. Only charged particles with pr > 0.5 GeV/c and || < 1 are
considered in this study. The MidPoint [49] cone-based method is used to rebuild

calorimetric jets,

and the leading jet must be inside |n| < 2. The average density

of charged particles, and the distribution of the summed pr of charged particles in

the three regions is shown as a function of the leading-jet pr in figures 2.9 and 2.10,

respectively.

Average Charged Density

CDF Run 2
data corrected
PYyA generator level
Toward"
2 .
"Leading Jet"
MidPoint R=0.7 |n(jet#1)|<2
1+ "Transverse"
k3 4 i E K ;3 K b 3 K K K K ) 4 b 4 K
2 Charged Particles (|n|<1.0, PT>0.5 GeVi/c)
0 f f t f t f i
0 20 40 60 80 100 120 140 160 180 200

PT(jet#1) (GeVic)

Figure 2.9: Corrected charged-particle density (pr > 0.5 GeV/c and || < 1) as a function of
the leading-jet pr for detector effects and compared with Pythia Tune A (pyA) for pp collisions
at /s = 1.96 TeV [46].

Charged PTsum Density (GeV/c)

100.0

 CDF Run2

data corrected
| pyA generator level

10.0 +

10 Asssss o o s s—a—t—t—tt—X
1 "Leading Jet"
MidPoint R=0.7 |n(jet#1)|<2
Charged Particles (|n|<1.0, PT>0.5 GeVic)
0.1 : i : : i : :
0 20 40 60 80 100 120 140 160 180 200

PT(jet#1) (GeVic)

Figure 2.10: Corrected summed pt density of charged-particles (pr > 0.5 GeV/c and || < 1)
as a function of the leading-jet pr for detector effects and compared with Pythia Tune A (pyA)

for pp collisions at

V5 = 1.96 TV [46].
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Using the transverse region approach, the UE in pp collisions at /s = 200 GeV
was determined in the STAR experiment at RHIC [50]. Uncorrected charge particle
concentrations in TransMIN and TransMAX regions as a function of reconstructed
leading jet-pr are shown in fig 2.11. Only tracks with pr > 0.2 GeV /c are considered
[50] and are rebuilt using the seedless cone algorithm SISCone [51] with a radius of
0.7. At least one jet may be discovered in the star acceptance (|n| < 1), as shown
by the black spots, while the red points indicate the position of two back-to-back
jets. According to the results of this basic simulation, at RHIC energies, a sampling

bias is responsible for the separation of the TransMIN and TransMAX regions.

= C . s
5 [ STAR Prelimina
s e & 8 Max UE
F —t— ® Min UE
° - —_——t
0.6 —f——t—
- ki ’_é_'
- —— 1
0.5 —%—'_
r ——]
04f == leading’ jet
:_ -+ “back-to-back” jet
0.3¢ p-p 200 GeV
u Prp.>0-2GeV/c
021 R=0.7
F —_—
0.1 —_
r —p— 1
. cle o b by b b 1 BN
0 5 10 15 20 25 30 35 40
Lead Jet P; (GeVic)

Figure 2.11: STAR detector measures the density of charged particles in the TransMIN and-
TransMAX sectors. [50].

2.2.2 UE studies by ATLAS collaboration

The ATLAS collaboration has studied the UE properties in pp collisions at different
energies, i.e., v/5 = 0.9, 7 and 13 TeV [52-54] respectively as a function of pi*™e.
The number density in the Transverse zone for collision energies of 0.9 and 7 TeV
is shown in Fig. 2.12. Particles having pr > 0.5 GeV/c, and || < 2.5 are taken
into account. For /s = 0.9 and 7 TeV, the number density distribution saturates at
roughly 0.4 and 1, respectively. In Fig 2.13 (left) shows the average pr as a function
of Ng, in transverse region in pp collisions at /s = 13 TeV. The correlation with
transverse charged-particle multiplicity Ng, is a correlation between two different
“soft”properties. This distribution is modeled to within 5% for all N, by most of
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the generators and an underestimation of (pr) is visible until Ny, = 15. The best

~Y

modeling is from EPQOS, whose maximum undershoot is ~ 3% at low N, but which
follows the data closely for higher transverse multiplicities. Herwig7 shows the largest

variations, from a ~ 7% undershoot at low Nch to a 5% overshoot at Ng, =~ 30. In

Fig 2.13 (right) shows the average pr as a function of pe*®™ in transverse region in

pp collisions at /s = 13 TeV. Herwig7 performs better than all the other generators

L , . Jeadi
when considering the correlation between transverse region (pr) and ppr o +.

A 0.8 T T T T T T = T T T T T T T -
g 0.7 Transverse Region ATLAS = é’ 16 Transverse Region ATLAS =
E \s = 900 GeV 3 & 14 Vs =7Tev =

g 0.6 p >0.5 GeVand i <25 —= } 12F_ P>0.5 GeVand <25 3
E g & E =

i = = B v 1= =
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Figure 2.12: Charged-particle density in the Transverse regions at /s = 0.9 TeV (left) and
/s = T TeV (right) measured with ATLAS detector. Data is corrected for detectors effect for
pr > 0.5 GeV/c and |n| < 2.5 [52, 53].
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Figure 2.13: Mean charged-particle transverse momentum (pr) in the Transverse regions as
a function of Ny, transverse (left) and ps*@™® (right) measured with ATLAS detector in pp
collisions at /s = 13 TeV. Data is corrected for detectors effect for pr > 0.5 GeV/c and
In| < 2.5 [54].
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2.2.3 UE studies by CMS collaboration

The CMS collaboration has also carried out [55-60] the similar studies of the UE
in pp collisions as a function of the p'e*™™ at various energies, i.e., /s = 0.9, 2.76,
7 and 13 TeV. In Fig. 2.14 shows the comparison of number density and > pr
density as a function of plTeading in pp collisions at different energies for data as well
as models. As we go from low to high center of mass energy the number density and
>~ pr density increase by a factor of approximately 20-30%. In model comparison
PYTHIA 8 describes the data well where as HERWIG overestimate the data after
plﬁadmg > 5 GeV/c. Figure 2.15 is the energy dependence of pp collisions at /s = 2.76,

7 and 13 TeV measured by CMS in terms of average number density and average »

. . leading . . .
pr density as a function of p*™™® in combined transverse and toward regions.
CMS Transverse density 5 CMS Transverse density
— —— T T T — - = — T T —
I~ >
=
W F [0]
S (s=7Tev , ﬂ# = '+'+++,+ o} H» +
s Phpag AT 1 = -
2 ﬂ‘ﬁw‘* o 1 5. e
S | & | < is=7TeV , o**
z i o g vttt
\/087! s =2.76 TeV @ -
P o rur‘t P
y Leading jet: A Vs =276 TeV_ .- BATE —
0.6 /¢ hi<2,p, >1GeV — ~ : SRR
Charged particles: 4 ¢ 9% Leading jet:
¥ Ml <2, p_ >0.5 GeV K Ml <2 p.>1GeV
0.4 — L
Charged particles:
e 4 Data | 0.5 i il <2,p_>0.5 GeV 1
— — PYTHIA 6 Z2* = = e 4 Data
0.2 — \s=09TeV _ ~ ~ pytHIA 622+
rrrrrrrrrrrr PYTHIA 8 CUETPES1 | . PYTHIA 8 GUETPSST
= - HlERWIGH l{E-EE-SC | [ -, - HERWIG++ UE-EE-5C
OO 20 40 60 80 et 100 00 20 40 60 80 ot 100
P [GeV] P! [GeV]

Figure 2.14: Comparison of number density (left) and ) pr density (right) in pp collisions
at various energies, i.e., v/s = 0.9, 2.76, 7 TeV. Measured by CMS for pr > 0.5 GeV/c and
ml < 2 [59].

2.2.4 UE studies by ALICE collaboration

The ALICE collaboration have also reported [61, 62] a similar analysis of the UE
in pp collisions as a function of the p**™® at various energies, i.e., v/s = 0.9, 7 and
13 TeV. In Fig. 2.16 shows the number density and ) pr density as a function of
golTe“‘ding in pp collisions at /s = 13 TeV with ALICE. This also includes the model
comparison with PYTHIA 8 and EPOS LHC. At low plTeading, there is a steep rise
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Figure 2.15: Average number density (left) and > pr density (right) in pp collisions as a
function of center of mass energy in combined transverse and toward regions with different
model predictions [60].

in event activity followed by a change to a smaller gradient at ps*™® ~ 5 GeV/c,
the plateau region. Above this value in particular for the number density, the event
activity becomes almost independent of pllfading, while it continues to rise for Y pr.
In Fig. 2.17 shows the Rt analysis is performed using a track transverse momentum
threshold of pp cut > 0.15 GeV/c and by selecting events in the plateau region
(pk*dme ~ 5 GeV/c). The distribution has been fitted by a modified NBD. Within
the experimental uncertainties, the NBD fit gives a good description of the data up
to Rt = 3, and it slightly overestimates the data with increasing Rt, by about 14%
at Rt = 5. The distribution is also compared with the calculations from PYTHIA &

and EPOS LHC.
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Figure 2.16: Number density N, (left) and ) pr (right) distributions as a function of pr.
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Figure 2.17: Rt probability distribution in the transverse region w.r.t charged particles pr

compared to MC predictions for pr cut > 0.15 GeV/e [60].
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Chapter 3 A Large Ion Collider Experiment
(ALICE) at LHC

3.1 Large Hadron Collider (LHC)

From the ancient times, searching for the unknown has been the inborn nature of
Mankind, which is also one of the core ideologies of ultimate research in the basic
sciences. To discover the nature of the Universe, an engineering wunderkind, "Large
Hadron Collider (LHC)” was constructed at CERN, Geneva. In CERN (European
center for Nuclear Research), the Large Hadron Collider (LHC) was built in 1998 to
2008, considered to be the world’s biggest and greatest particles accelerator. Scien-
tists and engineers from different countries all around the world has participated to
construct [34]. It is installed inside the underground tunnel of about 27 kilometers in
the circumference across Switzerland and France border at a depth of about 50-150
m. The main idea behind, to construct such a high energy particle accelerators, is
to gather experimental evidence of various theories related to particle high energy
physics, particularly to endorse the presence of missing Higgs boson anticipated by
peter Higgs in his theoretical explanation of Standard Model [63]. On 8th of the
September 2008, the LHC was run first time after successful installation but im-
mediately it shut down after 9 days. Because magnetic quench was occurred which
harms the superconducting magnets and vacuum pipes was polluted by the burst
of helium gas due to electric fault [64]. In 23rd of November, 2009 it has begun it’s
operation again magnificently at energy of 450 GeV per beam [65]. Figure 3.1 shows
the CERN accelerator with four main LHC experiment (ALICE, ATLAS, CMS and
LHCDb) around the LHC ring.

In the beginning the LHC was devised to run collisions of proton-proton (pp) at the
energy /s = 14 TeV and Pb-Pb collisions at /syy = 5.5 TeV. On 30th of the march
2010, two beams collide at 3.5 TeV which set the world record for the highest energy
man made particle collisions [66]. These colliders are used as a research tools for
accelerating particles at high kinetic energy and observing their impact with other
particles. Different detectors are installed at different position of LHC to explore
different kind of operations. In the Run 2 from 2015 to 2018, LHC has specified to
run pp collisions at /s = 5.02 and 13 TeV, p-Pb collisions at /sy = 5.02 TeV
_ 37 _
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Chapter 3 A Large Ion Collider Experiment (ALICE) at LHC

and Pb-Pb collisions at \/syy = 5.02 TeV. One day run to Xe-Xe collisions was also
considered by the LHC at /sy = 5.44 TeV as a special case. Presently, LHC is
in the long shut down during the period 2019 to 2020, because it experiencing a
major upgrade to enhance the luminosity in run three, which is the ultimate goal
to discover new achievement on physics. Along the circumference of the LHC, four

major experiments are positioned at the four different interaction points.

N 4
4

BOOSTER
1972 (157 m)
>

Figure 3.1: CERN accelerator complex showing the four main LHC experiments (ALICE, AT-
LAS, CMS and LHCb) around the LHC ring at Switzerland-France border [67].

A Toroidal experiment LHC ApparatuS (ATLAS) is one of the all purpose
detector installed at LHC. Its aim is to discover extremely massive particle which
can not be identified at low energy. To discover Higgs Boson and traces of physics
beyond standard model is also one of the basic purpose to build it. When a beam
of high energy particles possibly proton beam hit at the middle along the beam axis
of the detector, a huge bulk of high energy particles are created these contain the
energies of extensive range. It detects inclusive spectrum of signals rather of aiming
material existence process that includes in particle production. It is built in June
2007, weighing 7000 Tones with length of 44 meters and almost 25 meters is in
diameter [68, 69].

Compact Muon Solenoid (CMS) is also known as one of the multipurpose de-
tector intended to analyze various aspects of interaction of protons at 14 TeV, centre
of mass energy of LHC particle [70]. Almost 3600 scientists and students are chosen
to represent 38 countries, worked jointly to built CMS and make it operational. Ev-
eryone of them belongs to 183 scientific institutions all over the world. The key ideas
to build CMS is to open up new physics at TeV scale, to come across the discovery
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of Higgs boson and to study several aspects of heavy ion collision. The study based

on CMS is useful to accumulate the evidence of physics beyond Standard Model.

Large Hadrons Collider Beauty (LHCDb) is especially designed to know experi-
ments of b-physics which measures the parameters of CP violation in the interactions
of b-hadrons (heavy particle containing bottom quark). The explanation of matter-
antimatter asymmetry of the universe is concluded on the basis of the study of LHCb.
This detector detects the observational measurement of production cross-section and
electroweak physics in the forward region. From 54 scientific institutes, representing
14 countries to collaborate to build and operate the detector [71]. The location of
this detector is at 8 point on LHC tunnel close to Fernery-Voltaire, France just over

the border of from Geneva.

3.2 A Large Ion Collider Experiment (ALICE)

ALICE is also considered as a one of the major detectors which is positioned at the
Large Hadron Collider at CERN. It is basically devoted for witnessing the heavy ion
interactions at LHC. Its working is based on the major principle of analyzing and
studying several phases of matter inside the nucleus above the critical temperature
region in that region the temperature is very large. The large temperature regions are
unfolded by QCD which is responsible for transition of quarks and gluons to move
independently in a deconfined state. The energy density of LHC at CERN is much
higher as compared to those conquered by SPS and RHIC [72]. During the formation
of quark-gluon plasma (QGP) large temperature and energy density are generated,
which is assumed to sustained up to a few millionths of a second after the Big Bang.
One of the foremost objective of ALICE is to reinvent this embryonic state of matter
in the laboratory and observe its evolution stages with time, which will be useful
to through light on issues about how matter is structured and the mechanisms that

confine quarks and gluons. Schematic layout of ALICE detector is shown in figure 3.2.

This gives a possibility to explore the matter inside the nucleus and its characteristics
at high energy scale in detail. This is also beneficial for inspecting the dynamics of
hadronic matter by causing transition from deconfined matter. It is believed to have
existence up to few millionths of a second after the Big Bang happened before quarks

-39 —



659

660

661

662

663

664

665

666

667

663

669

670

671

672

673

674

675

676

677

c RS
% \g DOCTORAL DISSERTATION . .
N\ o Chapter 3 A Large Ton Collider Experiment (ALICE) at LHC

and gluons were bounded together to materialize into protons and neutrons. ALICE
is dedicated to explore the dynamics of the infant Universe through the Quark Gluon
Plasma in heavy-ion collisions. ALICE also explores QGP-like scenario is pp colli-
sions. The most important features of the ALICE detector, which makes it different
from other experiment, are its outstanding competency of particle identification by
the help of precise energy loss, time of flight, transition and Cherenkov radiation,
electromagnetic calorimetry and muon spectrometry. ALICE has wide pseudorapid-

ity coverage, which is shown in figure 3.3 with each detector acceptance.

THE ALICE DETECTOR

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

-

1. ITS

2. FMD, TO, VO

3. TPC

4. TRD

5. TOF

6. HMPID e
7. EMCal

8. DcCal

9. PHOS, CPV

10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

Figure 3.2: Schematic layout of ALICE detector [73].

3.2.1 Detector’s Construction

The ALICE is positioned in a vast cavern 56m underneath the ground in the territory
of Sergy in France border. It is heritedly enveloped by th solenoid magnet that
worked for L3 eperiment. The system containg magnetic colling was gone through
the cross check up after the wipe out of L3 experiment. With this complete and
carefull inspection, the revamping of the external circuit was done so that to prepare
the magnet for working at 0.5 Tesla, which is the necessary and standard field for
them for operating conditions. It is obligatory for ALICE tracking technique, so that
it measure particles of wide range of transverse momentum also having broad range

of resolution, by the help of system based on cooling.

The standardization of the field is also the fundamental obligation while tracking
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the particles having high multiplicity environment. This is triumphed by reducing
the diameter of axial distance in between the magnets located at its doors. 200 tons
of iron cap are fitted to attain this condition. The subsequent standardized field
provides alterations while measuring the volume of inner tracking system, less than
2 % of the theoretical implication; it can be helpful to segregate in ALICE central
detectors having wide range of identification for witnessing the categorization of

central detectors [72].

o ALICE detector nacceptance
i s TPC (full tracking)
[ —
8- — )y P4
T - et SPD i1 2y
L i i { I 4
; L
& -
§ L
s
O
S
8|

Pseudorapidity 1

Figure 3.3: Pseudo-rapidity coverage of ALICE sub-detectors [74]

3.2.2 Central Barrel detectors

The central barrel is surrounded in a large solenoidal magnet (L3 mag- net, taken

from LEP experiment), which keeps the magnetic field at 0.5 T and it shields

pseudo-rapidity interval of —0.9 < 1 < 0.9 (polar an- gle 45° to 135°) and full

azimuth. Central barrel encompasses of Inner Tracking System (ITS) [75], Time Pro-

jection Chamber (TPC) [76], Transition Radiation Detector (TRD) [77], Time of

Flight (TOF) [78] detector, Cherenkov counter (HMPID) [79], Photon Spectrometer
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(PHOS) [80], Electro-magnetic calorimeter (EMCAL) [81] and the ALICE Cosmic
Ray Detector (ACORDE) [82]. The central detectors are mainly used for tracking,
vertex reconstruction, particle identification and measurement of track momentum.
The details of the central barrel detectors are discussed in the following sub-sections.
Special emphasis is given to I'TS, TPC and TOF detectors, as the ALICE data anal-

yses based on the use of these detectors extensively.

3.2.3 Inner Tracking System (ITS)

The Inner Tracking System comprises of the cylindrically shap developed sheets made
up of silicon. The points where the interaction occurs are encased by these sheets for
appraising the features of outgoing particles. One of the purpose of these sheets is to
precisely pin point the location of hitting point of outgoing particles with an accuracy
up to the fraction of millimeters. ITS characterizes the particles holding quarks with
heavy mass from the point where it decays. When it is devised to function alone,
ITS depends on the low momentum spectrometer because of this the efficiency of
tracking capacity of the ALICE for transverse momenta comes to below 100 MeV /c.
The geometric layout is shown in figure 3.4. The main purpose of ITS is the precise
determination of primary and secondary vertices. In sequence with different detectors
such as TPC or TOF, ITS is capable of determining the location of the points where
major and minor vertexes develop. Which is very useful to discover small residual
particles such as hyperons and D or B meson with great accuracy. I'TS has following

layers made up silicon detectors incorporating from the point where it interacts.

(SPD) Silicon Pixel Detector’s two layers
(SDD) Silicon Drift Detector’s two layers
(SSD) Silicon Strip Detector’s two layers

Silicon Pixel Detector (SPD), the innermost detector in the ITS, plays an im-
portant role in the determination of primary and secondary vertices. The foremost
idea of this detector is to notice of the leading vertex and for magnitude of the colli-
sion factors of the non-leading tracks. The area which has a very high density is also
controlled by SPD. It can function at high radiation levels, the incorporated levels of
standard running scenario, of total dose and fluence are projected to be 220 krad and
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at very high track densities about 50 tracks/cm3. SPD has the hybrid silicon pixels
in the arrangement of a two dimensional matrix of reverse-biased silicon detector
diodes. In SPD every pixel is just like a chip, where 99% of channels are working
by connecting them with sensors. The thickness of sensor and chips are 200 pm and
300 pm respectively. The signals obtained is recorded on the pixels. The diodes are
connected through a conductive solder bump to contacts on a read out chips which
correspond to the input of readout cells by printed circuit having 3 flexible layers.
The SPD contains 107 cells and 1200 readout pixel chips. Each pixel chip of SPD
also provides a Fast-OR digital pulse whenever a pixel or a group of them detects a
particle signal above the threshold, which makes SPD capable of generating a prompt
trigger. There is a readout card, inside that card ASIC chips are embedded. Slow
performance during run, smaller diodes stress to the optical links and complex out-
going data are recorded by the help of ASIC chips. These ASIC chips are also useful

to find placement points of pixel chips.

Figure 3.4: Schematic layout of Inner Tracking System (ITS) [75].

Silicon Drift Detector (SDD) are the intermediate layers (3rd and 4th) of the
ITS. The SDD is about 300 pum of thickness and is stored with individually 22
ladders and modules in calm to confirm full angular exposure, devising six sectors
each structure has formed by the set of ITS layers at its center. A high voltage
divider, for drift’s structure and field mechanism, is assimilated inside the sensor
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and CMOS. Where CMOS is used as a charge provider to perceive drift velocity.
SDD provides very high precision position information with position resolution of 35
pm. Neutron transmutation provides high resistivity with homogeneously. For this
purpose a material with high resistivity is obtained by using n-type doped silicon
material. Silicon slices on industrial scale is manufactured by the yield of around 50 %.
A conversion cable is devoted for the detector is made up of Aluminum polymide
micro cables. These cables are used to bias unconventionally the two aspects of
module. A thicker cable connected to the transition cable having high voltage divider
is associated with it. The output received from this cable is up to 6 kV. it also
provides the information of the energy loss (dF/dx), which can be used for particle

identification.

Silicon Strip Detector (SSD) is the outermost pairs of layer of ITS. Its construc-
tion is taken place in 36 phases, all the ladders have 26 double sided strips made
up of silicon slices. At corner sides of ITS cylinder in two cone shaped framework
similar to the assembly of SDD. Light weight hard carbon fibers growing in a set
of triangular string is installed as a regulator. These cone shape casing protect SDD
and SSD and provide source to protect SSD ladders and forward multiplicity detector
in silicon rings. Automated tape closeness technology is installed. This technology
is associated with flexible micro cables of aluminium polymide and that is useful to
diffuse signals at the front end from the detector. There are pre-amplified chips are
installed for controlling continuous yields and organized parameter. It is formed in
CMOS technology with radiation tolerant of 0.25 pym to get shape HAL25 twelve for
each element.It delivers a two dimensional quantity of the track position along with
the dF/dx data.

3.2.4 Time Projection Chamber (TPC)

Time Projection Chamber of ALICE is served as an essential mainline apparatus.
TPC is cylindrical in shape with an inner radius of 80 ¢cm and an outer radius of
250 cm. The schematic layout of TPC is shown in figure 3.5. It occupies an active
volume of 88 m? covering length of 500 cm along the beam axis. While functioning
without any combination of other detector, TPC contribute the precise momentum
measurement of the all-inclusive charged particle having lesser momentum than 10
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GeV /c. Specifically TPC momentum measurement is about 100 GeVe™!

, in group-
ings with additional tracking procedures. Besides details concerning charged particle
detection it is collected with the help of energy loss measurement. The major goal of
TPC is to conquer improved momentum resolution is about few percent for particles,
devising momentum range < 5 GeVe! and 10% for the range 100 GeVe! when com-
bined in arrangement with other detectors used for tracking purposes. The tracking
series is classified in the TPC controls resolution on the measurement of energy loss
and the working principle is also shown schematically in figure 3.6. The equivalence
measurements of pairs of particles consuming short comparative momentum range
needs two tracks resolution which is better than 5 MeV /¢ in four momentum space.
A new tracking algorithm is established for reestablishment and simulation to sanc-
tion these executions. By using high-quality track reinstatement which is impartial
of the particles momentum lower 100 MeV /c efficiencies above than 95 percent can
be attained [76].

OUTER FIELD J— AP
CAGE - = N FO’G

/\INNER FIELD
CAGE

Figure 3.5: Showing different sections of Time Projection Chamber (TPC) [76][83].

During the data taking from the summer 2008 (cosmics) until the end of 2010, it
contains four vessels in the shape of cylinder with a length of 5m. Out of these four
cylindrical vessels two vessels are named as field cage vessels. The mixture consist
of Ne (90)-Cos (10) gas in enclosed in these field cage vessels. These cylindrical
vessels inside TPC express vigorous drift volume with radii of length 0.9 m and 2.5
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m. High voltage inside TPC provides remoteness of the process which is provided
by supplementary vessels containing Co,. At the center of field cage vessels a high
voltage electrode is suspended. The electrode produces the field for drift up to 100

kV and direction of electrode is parallel to the axis of cylinder.

When a charged particle crosses through the gas volume, it stimulates and ionizes
gas atoms along its track. As a result, the charged particle loses an amount of energy
per unit track length (dE/dx) which is distinctive for each particle type. The free
electrons flow towards the end plates of the cylinder under the effect of the electric
field and the ions flow towards the high voltage cathode located at the centre of
the TPC. The magnetic field is positioned parallel to the electric field such that the
traveling electrons are not induced by it. At the end of drift path of the electrons, they
are amplified by an avalanche process around the anode wires. For the readout of the
signal the Multi-Wire Proportional Chambers (MWPCs) at the end plates are used.
There are two end plates and each end plate has 36 readout chambers arranged in
18 trapezoidal segments. Each sector contains an Outer Readout Chamber (OROC)
and an Inner Readout Chamber (IROC).

/,—/’1

Particle track

~—— Drift volume 25m

i:i |
Drift field
Drifting electrons

‘ NN
}‘§W\ ~— Gating plane (-100V)
z=y, t A TR " N <—Cathode plane (0V)

Anode plane (+1.5kV)

1cm

X Pad plane

ALICE TPC has

Pad signal |557568 channels

Time Projection Chamber (TPC)

Figure 3.6: The Schematic illustration of the working principle and the read-out chamber of
the TPC [84].
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The tracks are reconstructed in TPC, from 3d space points and the transverse mo-
mentum (pr) can be obtained from the curvature of the track. TPC can reconstruct
a primary track of momentum (p) from 100 MeV /c up to 100 GeV /c. The figure 3.7
shows the tracks reconstructed inside TPC in Pb-Pb collisions at \/sxy = 5.02 TeV
during 2015. Besides the reconstruction of track, TPC also plays vital role for particle
identification. The particle identification in the TPC is completed by the synchro-
nized measurement of the charge, momentum and precise energy loss of each particle

that crosses through the chamber.

Run: 244918

Time: 2015-11-25 10:36:18
— Colliding system: Pb-Pb

ALICE Collision energy: 5.02 TeV

Figure 3.7: Event display of the tracks reconstructed inside TPC in Pb-Pb collisions at /sxy =
5.02 TeV during 2015 [85].

Bethe-Bloch formula describes the energy loss in TPC which is parameterized by a
function originally proposed by ALEPH collaboration [86].

— i — BgPp 1
f(By) = 7 <P1 A In(Ps + (ﬁ,y)%)) (3.1)

Here beta is the particle velocity and gama is the Lorentz factor. The parameters
P1 to P5 are the fit parameters extracted for each data taking period [84]. In the
low-velocity region, the energy loss decreases and at a relativistic limit the ionization
value becomes minimum. At this region, the particles are called minimum ionization
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particles (MIP). Figure 3.8 shows specific energy loss (dE/dx) of the tracks as a
function of momentum using TPC in Pb-Pb collisions at |/snny = 2.76 TeV [87]. The
solid line denotes the potentials from Bethe-Bloch formula. At low momentum, the
particles can be celebrated on a track-by-track basis. On the other hand, at higher
momentum particles can be distinguished on a statistical basis via multi-Gaussian
fits to the difference between the dE/dx measured and dE/dx parameterized by
Eq 3.1. Another important approach to identify particles is via no cut, where o is
the resolution. n is defined in the following way.

. dE/dmmeasured - dE/dxewaCted

PID
OrpC

no

(3.2)

Here, dE/dxmeqsurea 18 the energy loss of the tracks measured in TPC, dE/d%cypected
is the expected energy loss of the tracks using a parameterzation of modified Bethe

Bloch function and oXE2 is the PID resolution of the TPC.

)

N
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o
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Figure 3.8: Specific energy loss (dF/dx) of the tracks as a function of momentum using TPC
in Pb-Pb collisions at /sy = 2.76 TeV [87].

Transition Radiation Detector (TRD): To differentiates and classify the elec-
trons having high momentum from pions a detector called transition radiation de-
tector is used. It work on the matching of the capability of the transition radiation
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emitted by the ultra-relativistic electron when it passes through different objects
whereas the tracking information is provided by the ITS and TPC. The TRD is
worked like an electron spectrometer that appreciate beauty meson and charm me-
son through the semi leptonic decays with the controlling operation of its ee™. Huge
momentum is devised by triggering on the electron. The electronics working for TRD

allows the hadrons dealings. This is skilled of fast tracking capacity.

cathode pads pion electron
\ 4
(] | (1 [ 1 | 4
i 22 (A amplification
N n N 7\ region
anode _//// ||\, 1\ 8\ '
wires ‘ \ )
IR
cathode f
wires ! |
{ ! drift
[ i region
i
\
| \/
primary | ‘/ Drift
clusters | 4 Chamber
entrance | j
window, | '
= !
x! ‘/"‘
s Radiator
- /
z /

/
pion TR photon electron
Figure 3.9: schematic corss-sectional view of a module and working principle of TRD[89].

Basic detection principle of TRD consist of a foil inside radiator, a fiber made up of
polypropylene which is settled among the three glass of fibers imposed by Rohacell
foil, along with time dilation compartment having readout pad made up of cathode
and packed with the mixture of heavy gas. Such a six units are stacked together to
complete one module. 108 super modules are required to entire azimuthal coverage.
The TRD is placed in the radial position 2.9 < r < 3.7 m from the interaction point.
It includes full azimuthal angle and pseudo-rapidity region, 0.84 < |n| < 0.84. It is
involved of six layers of radiators followed by a drift chamber. The TRD is devoted
for the electron detection for pr > 1 GeV/c, where the TPC cannot detect the
electrons via the dE/dx measurements. When the charged particles pass the edge
of two media of different dielectric constant, transition radiation is released, with
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photons in the KeV range. The electrons beyond threshold momentum discharge
differently as compare to pions. So the TRD can extend the pion rejection capability
of the TPC up to very high momenta. The electron identification is crucial for the
analysis of electron spectra and study of light and heavy vector meson resonances by
their leptonic decay channel. Figure 3.9 shows the schematic cross-sectional view of

a module and working principle of TRD [89].

3.2.5 Time Of Flight (TOF)

Time Of Flight detector is installed at the outer most portion of the inner barrel
in the ALICE detector, because of the slow movement of the heavy particles so it
takes plentiful time to touch the surface of the detector. The TOF detector is made
up of gaseous cylindrical detector comprises of Multi-gap Resistive Plate Chamber
(MRPC). The capacity of TOF to measure the inclusive charged hadrons with dis-
tinct classification is based on the combination with tracking information such as
charged, momentum and energy loss collected by ITS and TPC. To attain superb
time resolution and advances the functioning for categorization of pions, kaons and
protons in the intermediate range of momentum, Multi-gap Resistive Plate Chamber
(MRPC) technology is introduced. Two sheets of five peer plate compartments taking
thin gap are arranged in TOF. Strips of dissimilar lengths are build up on barrel of

3.7 m radius are assembled in the stack of compartment [78§].

It is positioned around the TRD at a radial distance of 2.70-3.99 m covering polar
angles 45° to 135° within || < 0.9. The main principle to installed TOF is to detect
particles in the intermediate momentum region, where TPC cannot differentiate the
hadrons by dF /dx measurement. When a charged particle passes across the detector,
it ionizes the gas and the high electric field amplifies the ionization across electron
avalanche, which are motionless due to the resistive plates. TOF detector is also
capable to distinguish particles with 99.9 percent efficiency and a time resolution
about 85 ps for Pb—Pb and 120 ps in pp collisions. The charged particles can be
identified by the no cut, which is defined by,
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tmeasm‘ed - tempected (3 3)

PID
OroF

no =

Here, t,,cqsureq is the flight time of the particle measured by an algorithm of TOF and
T0 detector,tespecteq is the flight time computed during the central tracking procedure
and PID is the resolution of the TOF detector.

High Momentum Particle Identification Detector (HMPID): The High Mo-
mentum Particle Identification Detector is obligated to comprehensive features of
predictable hadrons of pt > 1 GeV/c [79]. This detector was contemplated as a
single-handed procedure developing tool which has approval rate of 5% of the in-
termediate pod sector area. This detector will enhance the PID potential of the
ALICE by sanctioning the detection of the particles independent of the momentum
space adaptable through loss of energy in the I'TS, TPC and time-of-flight estima-
tion (in TOF). The HMPID was elevated to widen the valuable series of pi/K and
K/p biasing. The working of HMPID is focused on proximity-focusing Ring Imaging
Cherenkov (RICH) counters with CgFy4(perflurohexane) a radiator liquid and the
compartment of multi cable proportion consuming pad containing read out ultra vi-
olet detector. A trim layer of Csl photocathode vaporizes on the pad plane. The solid
angle concealed by HMPID —0.6 < 1 < 0.6,57.61° azimuthaly recording at a dis-
tance of bm from the point of contact [90]. When a charged particle crosess through
the detector the electromagnetic radiation is radiated in a cone and the Cherenkov
photons radiated by a fast charged particle crossing the radiator, are spotted by a

photon counter comprises of 10 m? of active CsI photocathode area.

Photon Spectrometer (PHOS): From the center to the outer side of the detectors
of the ALICE Photon Spectrometer (PHOS) is celebrated. PHOS detector encompass
solid angle of 220° — 320° azimuthaly, whereas —0.12 < 1 < 0.12 and positioned at
4.6m from point of interaction. PHOS is a high resolution electromagnetic calorime-
ter and the main physics aims are to study the chracteristics of the initial phase
of the collision, study probes for de-confinement like jet quenching and validating
the pQCD results. It has 5 modules with 3584 tungsten crystals (PbWOQ,) in each
module. The position of PHOS in ALICE is shown in figure 3.10. A large section of

PbWO4 calorimeter, consuming multi wire proportional compartment to letting the
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prevention of charged particle, is used to gauge photons having high resolution and
categorize alongside charged hadrons. For advancement of the output in the form
light from PbWO, crystals, calorimeter is developed to secure at the temperature of
—25°C'. By the feature of two photon decay channel to pinpoint neutral mesons, sec-
tion of calorimeter specifies position resolution. Extra characterization of the particle
is completed by the help of selected additional parameters like TOF, measurements
after isolation etc. These studies are performed via the measurements of direct and
thermal photons, neutral pions and eta mesons. The Charged Particle Veto (CPV),
a set of MWPCs, is placed in front of PHOS to reject charged particles.

EMC %(/ \ \\
4 \

;\\ . //i

PHOS

Figure 3.10: ALICE setup with PHOS, EMCAL and PMDI[91].

3.3 Forward Detectors

The forward detectors are surrounded by VZERO (V0) detector [92], TZERO (T0)
detector [92], Zero Degree Calorimeter (ZDC) [93], Photon Multiplicity Detector
(PMD) [94] and Forward Multiplicity Detector (FMD) [92]. A short explanation
of these detectors are reviewed below. A particular importance on VO detector is
discussed as V0 is the main detector used as trigger and multiplicity estimator in the
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ALICE data analyses.

3.3.1 VZERO (VO0) detector

ZDC (z = +112.6 m)
ZEM (z=7.35m)

pb— SPD

Hadronic

Absorber

"Joads NONW

VZERO-A : VZERO-C

Figure 3.11: Position of the two VZERO arrays within the general layout of the ALICE [95].

VO detectors are made up of plastic scintillators situated both sides of the interaction
point. It is of two kind the one in forward direction is known as VZERO-A (V0- A)
and the other one is on backward direction known as VZERO-C (V0-C). The pscudo-
rapidity coverage range for VO-A is 2.8 < |n| < 5.1 and is 3.7 < || < 1.7 for VO-C
both cover full azimuth. The detectors are articulated in 4 rings and each ring is
further divided into 8 sectors, which is articulated in 32 counters. Position of the two

VO arrays within the general layout of the ALICE is shown in figure 3.11.

VO detector is used for several different purposes. It is managed to run as a minimum
bias trigger for central barrel detectors. The particles creating from early making from
initial collisions and from secondary interactions in the vacuum chamber elements,
specify the trigger information for central barrel detectors. The reliance between the
number of recorded particles on the VO arrays and the number of primary produced
particles is monotonic. Thus, the VO works as a pointer of the centrality of the
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collision through the multiplicity recorded in the event. Cuts on the total charge
and the number of fired counters can be useful to achieve rough centrality triggers

[95]. There are three such triggers called, the multiplicity, semi-central and central

triggers.
10 =
w [ :
£ L . pp collisions
GE) 51 E \ v
=L
O [ E @
8 )] A SR R = 102
T E E
S 0 5 g ]
Bl p-gas coIIisiorins — =10
40 L 111111 __1

20 15 10 -5 O 5 10 15 20
VZERO-A Time (ns)

Figure 3.12: Timing criteria to discriminate beam-beam and beam-gas events using the average
time response correlation of VO detectors [95].

The contact point of proton and residual gas in the vacuum chamber can produce
tracks in the detectors and these incorrect events can be eradicated by using the
Minimum Bias p-Gas trigger (PG). The timing benchmarks is adopted to differentiate
beam-beam and beam-gas events using the average time response correlation of V0

detectors, which is shown in figure 3.12.

3.3.2 TZERO (TO0) detector

TO detector consists of two arrays of Cherenkov counters, named as T0-A and T0-

C. TO-A detector is positioned at the opposite side of the Muon spectrometer, at a

distance of 3.75 m from the point of interaction. It has the range of 4.61 < |n| < 5.92.
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TO0-C is situated opposite to that of T0-A at a distance of 7.27 m from the point of
interaction with pseudo-rapidity range 3.28 < |n| < 2.97. the time resolution property
of TO is high which can quantify the collision time with an accuracy of 25 ps. This
collision time is considered as a reference time for Time of Flight detector. T0 can also
deliver a pre-trigger to TRD and can also produce minimum bias and multiplicity

triggers.

Zero Degree Calorimeter (ZDC): Four tiny calorimeters installed inside the LHC
tunnel are identified as a zero degree calorimeter. Whereas the point of interaction
inside that tunnel is at a distance of 110m far from zero degree calorimeter. ZDCs
are comprising on the assembly made up of tantalum or brass in cased by the fiber of
quartz. Neutron and proton which are emitted by the first LHC dipole are detected
by tantalum zero degree calorimeter and brass zero degree calorimeter respectively.
This keeps the data after triggering and quantify the impact parameter. During
the heavy-ion collisions there are participants and spectators. Those nucleons which
participate in the collisions are considered as a participants and the nucleons which
don’t participate in the collisions and travel along the beam line are considered
as a spectators. Participants and spectators in heavy-ion collisions are displayed in
figure 3.13. The ZDCs are prepared by the matrix of quartz fibres and of heavy metal
plates.The positions of ZDCs are depicted in figure 3.14.

participants

before collision after collision

Figure 3.13: Left: Two heavy ions before collision, Right: Spectators and participants after
collision [96].
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Figure 3.14: Position of the two ZDCs (highlighted in red) within the general layout of the
ALICE [93].

3.3.3 Photon Multiplicity Detector

A framework of hexagonal shape cells, resembling like honeycomb, properly related
in size with chambers put together with non active lead converter. Then these are
combined together to built photon multiplicity detector. The multiplicity of photons
discharged in pp and Pb-Pb collisions in the forward rapidity region is measured by
PMD, which is the main purpose of this detector in search of new physics. It is also
helpful to analyze the determination of the reaction plane. The PMD is situated in
the forward region of ALICE at a distance of 3.67 m from the interaction point. It
shields pseudo-rapidity range 2.3 < |n| < 3.9 and full azimuth. The location of PMD
in ALICE shown in figure 3.15. The PMD is also known as a pre-shower detector,
because lead converter is sandwiched between two planes of gaseous proportional

counters.

3.3.4 Forward Multiplicity Detector (FMD)

Five sheets made up of pads of silicon detectors are arranged in a way to get forward

multiplicity detector. The muon spectrometer is surrounded by FMD), two of them are

on one side while three on other side. The FMD is installed at forward and backward

rapidities 3.4 < |n| < 1.7 and 1.7 < |n| < 5.0 with full azimuthal coverage. It is
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173cm

Figure 3.15: The position of PMD in ALICE [89].

also worked to regulate the multiplicity of the charged particles and determine the
reaction plane. Common phase space of FMD and PMD permits to analyze charged-
neutral particle fluctuations and correlations. It is installed in a position away from
the interaction point in front of the muon spectrometer, which is used to increase the

range of the charged particle multiplicity coverage.

3.4 Online and Trigger

ALICE has the central online systems used to controlled the data taking activi-
ties. The Detector Control System (DCS) permits to function the detector hardware
from a central interface. The Data AcQuisition (DAQ) system is accountable for
outlining the configuration of the detectors during data taking activities. It has two
types of interface known as Trigger (TRG) and High-Level Trigger (HLT) systems.
Experiment Control System (ECS) is worked to coordinate all the processes of the
central systems (DAQ, TRG and HLT)The detectors can function independently
which is identified as standalone mode. Standalone mode is used to execute com-
missioning, calibration and debugging activities. During the physics data taking, the
detectors are assembled in partitions which can control simultaneously with a given
set of trigger inputs.
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3.4.1 Central Trigger Processor (CTP)

The ALICE trigger system contains Central Trigger Processor (CTP) and a High
Level Trigger (HLT) [97, 98]. For each detector, the CTP comprises of 24 Local
Trigger Units (LTU). The first level trigger is named as a L0 and the second level
is known L1. LO is supplied after 1.2 u s and L1 is supplied after 6.5 us. The final
trigger, L2, is supplied after 100 us. After the L2 trigger the event is saved and the
output of the CTP moves towards the LTUs of each detectors. Then the output is
shifted to the front end electronics of the detector through Low Voltage Differential
Signalling (LVDS) cables and optical fibres.

3.4.2 High Level Trigger (HLT)

To select useful events, HLT authorizes a firmware and software through the filtering
mechanism. HLT accepts the raw data via Detector Data Links (DDL). Then it
obtains hits and clusters and executes the basic calibration. After that the event is
reconstructed for each individual detector and the choice of event is implemented

with the reconstructed physics observables. HLT also implements data compression.

3.4.3 Data Acquisition (DAQ)

The DAQ system manages the data flow from the electronics of the detector to
the permanent storage. The Local Data Concentrators (LDCs) read out the events
from the optical DDLs. The LDC accumulates the data into the sub-events and they
arc distributed to Global Data Collectors (GDCs). The GDCs records the cvents
to Transient Data Storage (TDS). Then it is transferred to the tape (PDS) in the

storage.

3.5 Offline Framework

ALICE offline analysis depends upon the AliRoot software background platform and
is sustained by the ROOT platform to catch up the advantages of unlike accessi-
ble portion like prearranged containers, assimilated input and output arrangements
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elaboration. Ot is a software design tool, consisting of extensive arrangement of ef-
fectiveness of the formulas based on mathematics, multi bound fit and minimization,
gadget for citations, complete background scrutiny of figures and channel station
toolkit for graphical users. AliRoot is used to perform full set of complete tasks e.g.

reconstruction and simulation of the events, data analysis .etc. [99)].

A virtual technique based on Monte-Carlo is used to develop virtual machine. By the
help of these machine a variety of particle transport codes are developed and used to
control run time between packages. GEANT3, GEANT4 and FLUKA are recently
debugged to achieve a new crossing point then this information is used to approve
new geometry of the ROOT package [100]. This new package is helpful to visualize
the geometry of the detector and serve as a tool for construction and browsing of
trail. By using the new ROOT package an interface is defined for feeding and kind
of geometry and also its uncertainties .e.g. where am I and what is the by product
after varying geometry or if any extension application is applied which changes the

geometry.

These makeover looks of user interface support in plentiful means such as demonstra-
tion of events, its simulation and reconstruction and also for visualization of an event
by consuming the same geometrical shape. The working of ALICE offline framework
is the same as it is used to work at CERN. ALICE environment is also known as
AliEn, which is the key expansion of ALICE offline framework. AliEn is dissemi-
nated frame work for computing. It is operational for global dispersed simulation

and resubmitting of jobs [72].

3.5.1 ROOT Framework

After facing difficulties in computing data analysis for various years René Brun and
Fons Rademakers had established communicating tools and simulation platform.
These tools guided affluent projects such as PAW, PIAF and GEANT as the old li-
braries developed by the FORTRAN twenty years before had reached to their limits.
Besides all these facts, these are enough prominent but it also couldn’t scale up to
antagonize offer to LHC. Whereas the data collected at LHC is barely such a high
degree of any order bigger than the data stored in any of the previously performed
experiment. The research and studies of computer science had been already partic-
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ipating the vibrant part in the elaboration, advancement and development for the
mankind specifically in the field of programming based on object oriented design.
Burn and Fons were likely to carry out benefits from it. In NA49 the experiment
at CERN, the ROOT had developed its outlook. This experiment has initiated the
extraordinary quantity of data per run .i.e. 10 Terabytes. This amount of data deliv-
ers the perfect circumstances of expanding and testing the forthcoming generation
of data analysis. One couldn’t uncover the ROOT restrictions to established the new
fact about CINT, its C++ interpreter. Masa Goto from japan has formulated CINT.
This is an autonomous software package which is exercised by the ROOT used in

the command line tool and processing of script.

This framework has a substantial and relaxed elaboration flair to ease comprehen-
sively trusts of the unlike and profound ability of the consumer society. The devel-
opment of this framework is a perpetual exchange among consumers and designers.
When it arrives to gathering and deduction of excessive extent of data, physics enrich
the technique by its Terabytes, nonetheless superfluous arenas and productiveness
practice nearby overdue as they improvement further and further data throughout
time. The interaction of ROOT with its clients is assisted within the boundary of
graphical user through command line tool. The set of modules having logically and
satisfactory incorporated is provided by the ROOT which is useful to operate inter-
nally through the bus of objects. The analyst parameters provides information for
the bus which creates the broad Run Time Type Information (RTTI). The ROOT
is formulated by this RTTI to get a perfect transportation module. The absolute
data from experiment use sequence based on that module and it is built by DAQ.
It uses the memory classes from user and public to get database, analysis and data

presentation.

3.5.2 ALICE Grid and ALIEN

To manage and analyze massive amount of data dispersed among computing re-

sources, the concept of ALICE Grid was established. In ALICE Grid, the data pro-

cessing is spread to several computing centers situated at world-wide [101]. The dis-

persed computing infrastructure, which is useful to work in the LHC experimental

program, is succeeded under Worldwide LHC Computing Grid (WLCG) project. The
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ALICE grid involves Models of networked analysis at regional centers (MONARC),
which is categorized into different stages and tiers. All real data create from CERN,
which is called Tier-0. Tier- 1, which are huge regional computing centers, share with
CERN for the taking part in a safe storage of the data. Tier-2 are the slightly small
centers which are logically clustered around Tier-1. The principal role for Tier-2 is
to complete Monte-Carlo simulations and user analysis tasks. ALICE Offline project
also acquires ALIce ENvironment (ALIEN), which permits ALICE users to have

transparent access to grid computing and storage resources.

3.5.3 Simulation in the ALIROOT Framework

The detector description and data structure is defined by the different interface classes
which is tagged in the central module known as STEER. Central module, needed for
virtual Monte Carlo, also provides the particle stack implementations and to run
steering. To develop the event generator module the interface class AliGenerator is
used. The AliDetector module specifies the environment for particular module of
detector [102]. The interface TVirtualMC be responsible for the transportation of
MC through virtual MC. These full modules set is agreed with track steering, which
is the basic ingredients of base module. These user defined modules have different
intend for different sub-detector’s corresponding. These modules of each detector are

distinguishable for every distinctive module and these are independent of each other.

For different stages during the simulation procedure, a large amount of data produced
by framework for simulation developed by AliRoot. A directory containing temporary
files is settled by ALIce-ENvironment (ALIEN) which authorizes blatant entry of
allocated sets of data. The MC based transport code provides the exact description
of the particle when a particle walk through the detector, such as energy deposition
and position are characterized by the number of so-called hits. Unprocessed data
taken earlier without adding effect of noise and minimum threshold for subtraction
is referred to as integrated digits. The detector converts these hits in the form of
signals. This technique lays stressful effects during heavy ion interaction’s simulation
so it needs a detail explanation in separate section. On concluding this discussion
more than few signal events are extracted from one original event, thus it reduces
the time for computation and also less space is required for data to store. AliRoot
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- simulation framework in the form of component view is shown in the Figure 3.16.

D [ ITS ‘ l TPC ‘ ’MUON‘ l PHOS ‘ ‘ PMD ‘ l RICH ’ EMCAL
‘ ‘ CRT HFMDHTOFHTRDHZDC‘ STARTHVZERO‘
v
User code for detector
STEER run management simulation.
interface classes
‘ detector base classes
data structure base classes External Packages
EVGEN TGeant3 Transport MC TGeantd
|
User code for HUING v v v ]
primary event ‘ Geant3 ‘ ‘ MiniCERN ‘ TFluka Geant4
generation
PYTHIA
FLUKA

Figure 3.16: A view of AliRoot simulation framework with its major components [102].
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4.1 Introduction

The global event characterization was one of the first tasks conducted by all LHC
experiments [103-108]. Measurements of pseudo-rapidity density (dN,/dn), mul-
tiplicity distributions, the transverse momentum (pr) spectrum and the correla-
tion (pr) vs. multiplicity have been reported in pp collisions at different center-
of-mass energies. The studies of Underlying Event (UE) activity are also included
(see e.g. [103, 104]), it is worth mentioning that UE pp data at /s = 5.02 TeV
is missing. The UE activity is everything which does not belong to the main par-
tonic scattering. From the phenomenological point of view, it includes contributions
from Multi-Partonic Interactions (MPI), Initial- and Final-State Radiation as well
as from beam remnants. In MPI-based models such as PYTHIA 8 and EPOS LHC,
the height of the plateau is sensitive to the impact-parameter dependence upon the

number of MPI per event [43]. Figure 4.1 shows an illustration of underlying event.

The underlying event is an important element of the hadronic environment within
which all physics at the LHC, from Higgs searches to physics beyond the standard
model, take place. Many aspects of the underlying event are constrained by LHC
data. However, the physics is so complex, spanning non-perturbative and perturba-
tive QCD, and including sensitivities to multi-scale and very low-z physics. For this
reason, and also for planning purposes, it is critical to have models containing our

best physical knowledge and intuition, tuned to all relevant available data.

hard scattered parton

aaaaaaaaaa
:::::::::

beam beam remnants

multiple parton interaction

hard scattered parton

Figure 4.1: An illustration of underlying event in pp collision.

In Underlying Event (UE) studies we measured the components of particle production

in hadronic interactions, which are not directly related to the hardest interaction.

The Transverse region method has been adopted for UE studies by ALICE [62],

CDF [48], STAR [50], ATLAS [52] and CMS [55] collaborations. The UE results
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are valuable inputs to tune Monte Carlo event generators, e.g., to describe the un-
correlated background in jet studies. These studies are also helpful to provide high
precision predictions for Standard Model (SM) and lead new ways in searches for
physics beyond the SM, where a good description of the UE is needed to understand

backgrounds.

4.2 Underlying Event observables

The Underlying Event observables can be studied with respect to the leading track
(i.e. the track with the highest transverse momentum in the event). The traditional
UE analysis is based on the measurement of particle production in three distinct topo-
logical regions on their relative azimuthal angle with respect to the leading particle i.e.
transverse, towards and away regions but transverse region is more sensitive for UE.
In this work, the UE observables in pp and p—Pb collisions for similar event classes
(same pt® and same V/5nx) are compared. The only primary charged particles in the
limited acceptance of ALICE central barrel detector system is considered. Results are
obtained for associated particles within the pseudo-rapidity range (|n| < 0.8) and
for three different thresholds of the transverse momentum, ptTrig > pr > 0.15, 0.5, and
1 GeV/c in each topological region. It is quantified with the primary charged-particle

number density:

(12 ]\f h :> t 'g ], 1 tri
[¢ rigy . Nc rlg’ 4.1
(s ) OF) = Ry gy ™ (4.1

and the summed transverse-momentum density:

d2 § :pT trig 1 1 trig
et — i E 4.2
< dnde >(pT ) AnAgp Nev(ptT“g) pr(pr™); (42)

where Nev(pflfig) is the total number of events with the leading particle in a given

P8 interval; Ney(p'n®) and 3 pr(p'®) stand for multiplicity and sum of the pr of
all reconstructed tracks within a given topological region, respectively. Finally, An is

the pseudorapidity interval used in the analysis.

The charged-particle number and the summed-pt densities in the toward and away
regions after the subtraction of the event activity in the transverse region as a function
of p''® are also analyzed here.
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The charged-particle number density in the jet-like signal is derived from the dif-
ference between the number density in the toward (or away) region and that in the

transverse region:

d? Nch jet toward(away) ” d2 Nch toward(away) d2 Nch transverse rig
(ods) ) = (G ) (s Jw). 43)
ndae nde nay

In the same way, the summed-pr density in the jet-like signal is obtained as follows:

d2 Z Pr jet toward(away) trig d2 Z DT toward(away) d2 Z DT transverse trig

< dnde > (pr”) = [< dndep > a <W> ](pT )
(4.4)

The ratio between these two quantities gives the average transverse momentum in

the jet-like signal:

>jet toward(away) _ < dz2 Z pr >jet toward(away)/< dQNch >jet toward(away) .

4.5
dndep dndyp (45)

(pr

The three topological regions [109] corresponding to the azimuthal-angle intervals

defined below and are also illustrated in Fig. 4.2.
— Toward: | Ay |< 60°,
— Transverse: 60° <| Ap |< 120°, and

— Away: | Ay [> 120°.

Where, |Agp| — |S0assoc - Sptrigl.

4.3 Data sample

In this analysis results for pp and p—Pb collisions at \/syy = 5.02 TeV are discussed.

The list of runs is chosen based on the recommendations from ALICE DPG. For pp

collisions data taking period is LHC15n which is recorded by ALICE in 2015 with

passd4, it includes new treatment for TPC and distortion maps also bugs found pass3

for PID is fixed in this period. The total number of events for all trigger is 194 M

but for minimum bias (MB) trigger, i.e., KINT7 the number of events are 133 M.
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Leading-track

Figure 4.2: Definition of the different topological regions: toward, transverse and away.

The list of runs used for the analysis of the pp data is the following:

— LHC15n (pass4): 244340, 244343, 244351, 244355, 244359, 244364, 244377,
244411, 244416, 244418, 244421, 244453, 244456, 244480, 244481, 244482, 244483,
244484, 244531, 244540, 244542, 244617, 244618, 244619, 244626, 244627, 244628.

— LHC17e2: This is the MC production anchored to data, Pythia 8 Monash.

Regarding p—Pb collisions data taking period is LHC16q, is recorded in 2016 by
ALICE with passl-CENT-wSDD. Where all the events are in CENT cluster with
SDD readout signals. Total number of events are 766 M for all trigger whereas for
MB trigger, i.e., KINT7,CENT with 330 M events. The list of runs used for the
analysis of the p—Pb data is the following:

— LHC16q (pass1-CENT-wSDD): 265332, 265334, 265335, 265336, 265338,
265339, 265342, 265343, 265344, 265377, 265378, 265381, 265383, 265384, 265385,
265387, 265388, 265419, 265420, 265421, 265422, 265424, 265425, 265426, 265427,
265435, 265499, 265500, 265501, 265521, 265525, 265309.

— LHC17f2a-cent-fix: This is the MC production anchored to data, EPOS LHC.

4.4 FEvent and Track Selection

Not all events are used for analysis. Thus, for simulated events as well as for real
data an event selection needs to be applied. In this analysis, minimum-bias (MB)
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events were selected using the high purity V0-based MB and trigger which needed a
charged-particle signal coincident in the VOA and VOC arrays. For high-luminosity
data collecting, the trigger is the same as that employed in LHC Run 1 [87]. The MB
trigger used for this analysis is KINT7. To protect full geometrical acceptance in the
ITS around the supposed interaction point, a primary vertex position along the z-
axis within £10 em (Jvz| < 10 cm) is achieved for offline analysis for additional event
selection. A multiple interaction point detection technique based on SPD information
rejects pile-up situations. The offline event selection is optimized to reject beam-
induced background by exploiting the timing signals in the two VO sub-detectors. The
event selection also requires at least one track with a minimum transverse momentum

(pr = 0.15, 0.5, and 1.0 GeV/¢) in the acceptance range |n| < 0.8.

In this analysis standard track cuts 2015 for ITS and TPC in Pb-Pb collisions (Stan-
dardITSTPCTrackCuts2015PbPb) is implemented. The ITS and TPC detectors are
the main tracking devices covering the pseudorapidity region || < 0.8 for full-length
tracks. They are located inside a solenoidal magnet providing a 0.5 T magnetic field,
allowing the tracking of particles with pr = 0.15GeV/e. Charged particles are re-
constructed with the ITS and TPC detectors, providing a measurement of the track
transverse momentum pr and azimuthal angle ¢, which are used in the analysis.
Tracks are required to have at least two hits in the ITS detector, of which at least
one in either of the two innermost layers. In addition, tracks are required to have
a number of crossed TPC pad rows larger than 0.85 x L, where L (in cm) is the
geometrical track length calculated in the TPC readout plane, excluding the infor-

mation from the pads at the sector boundaries (= 3 cm from the sector edges). The

number of TPC clusters associated to the track is required to be larger than 0.7 x L.
Some other cuts for track selection are also shown in the following list:

— The ratio of crossed TPC pad rows to the number of findable TPC clusters is
required to be larger than 0.8, and the fraction of TPC clusters shared with
another track should be less than 0.4;

— The fit quality for the I'TS and TPC track points must satisfy X%TS / Npits < 36
and Xgrpc / Netusters < 4, respectively, where Ny and Nejysters are the numbers of

hits in the I'TS and the number of clusters in the TPC, respectively;

— 67 —



1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

L e
J¢) DOCTORAL DISSERTATION
é

Chapter 4 Analysis Procedure

— To select primary particles, tracks having a large distance of closest approach
(DCA) to the reconstructed vertex in the longitudinal (d, > 2cm) and radial
(dyy > 0.018 cm +0.035 cmx (GeV /c)xpy!') directions are rejected;

— Only tracks with x%pc_ ;s < 36 are included in the analysis, where X*po_1rg
is calculated by comparing the track parameters from the combined ITS and
TPC track reconstruction to those derived only from the TPC and constrained

by the interaction point [110].

4.5 Quality Assurance checks for pp and p—Pb collisions

To estimate the quality of data at different stages of MC simulation and comparison
for MC and real data reconstruction the quality assurance (QA) checks are performed.
The concurrence between data and MC while observing the QA checks provides the

tracks to able to study different kinematics of different distribution.

4.5.1 7 — ¢ correlation

To observe the QA, we will begain with the detector acceptance. For this n — ¢
correlations in both of pp and p-Pb collisions are observed, shown in figure 4.3.
Figure 4.3a shows the ratios of data to MC after normalising the yields in the n — ¢
space for pp (left) and p—Pb (right). Whereas in the Figures 4.3b and 4.3c show the
comparison of data with MC. ¢ and n distributions which is extracted from the n— ¢
correlation for pp (left) and p—Pb (right). It can be observed, MC is consistent with

data excluding the large discrepancies of inefficient SPD regions.

4.5.2 Z-vertex and multiplicity distributions

Vertex reconstruction is essential for each event, as it effects the measurements of

other elementary measurements, therefore Z-vertex distribution is of high interest.

For example it influence multiplicity distribution if Z-vertex distribution for data and

reconstructed MC is shifted. The Z-vertex distributions shown in Fig. 4.4, it can be

observed that the reconstructed MC gives a good description of data in pp and p—Pb
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Figure 4.3: The 7 — ¢ distribution for pp and p—Pb collisions at \/syx = 5.02 TeV. (a) data to
MC ratio in the n — ¢ space; (b) upper panel: n distribution for data and MC, bottom panel:
ratio of data to MC; (c) upper panel: ¢ distribution for data and MC, bottom panel: ratio of
data to MC, for pr cut > 0.5 GeV/c and |n| < 0.8.

a - collisions. Whereas Fig. 4.5 is description of multiplicity distributions compared with

e data and MC, normalized by number of events.
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Figure 4.4: Z-vertex distributions (a) in pp collisions at /s = 5.02 TeV; (b) in p—Pb collisions
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Figure 4.5: Multiplicity distributions (a) in pp collisions at /s = 5.02 TeV; (b) and in p-Pb
collisions at \/syn = 5.02 TeV along with data to MC ratio.

leading

4.5.3 pr, pr and ) pr spectra

The UE observables, average number density and average summed pr densities, de-

pends upon highest transverse momentum of track in an event, i.e, pp - t. So, it is

a good practice to observe QA tracks showing pr, p=™ and 3 pr spectra. It is
observed that in pp collisions PYTHIA 8 MC model agrees with the data but in p—Pb
collisions EPOS LHC MC model is less efficient in agreement with data. pr cut> 0.5

GeV/c is mainly focused in this analysis while other pr cuts are also analyzed. //,

Figures 4.6 and 4.7 show the pr, plifadmg and > pr spectrum for pp collisions at
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s 4/s = 5.02 TeV and p—Pb collisions at /sy = 5.02 TeV, respectively.
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Figure 4.6: The distributions in pp collisions at /s = 5.02 TeV (a) pr; (b) p*¥™%; (¢) 3 pr
spectra for data and MC.
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Figure 4.7: The distributions in p-Pb collisions at \/syy = 5.02 TeV. (a) pr; (b) p*¥™e; (c)
> pr spectra for data and MC.

w2 4.6 Correction procedure

153 The correction procedure is briefly described below.

1254 1. The pr spectra are extracted for each topological region as a function of ptTrig.
1255 This gives the number of tracks within a given pr interval (Apr;) and for a
1256 given pflfig event class: ANtrk‘(ApT,i,pfrﬁg) = ANy .

1257 2. These pr spectra are corrected for efficiency (e, ) and contamination from sec-
1258 ondaries (Cy.). For this we follow the standard strategy from PWG-LF [111].
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3. Then the obtained results are normalized to the number of events in each pi®

bin: Ne, (pih®).

4. The average charge particle number density and average sum pr density are

both derived from these pr spectra.

5. After performing the above mentioned steps, these average charge particle num-
ber, and sum pr densities are further corrected for the leading track misidenti-

fication (Cleaq.) and selection bias (Cyq.).

The fully corrected charge particle number, and sum pr densities are derived as
indicated by expressions 4.6 and 4.7. In both cases, the rightmost factor indicates
the corrections which are applied at track level, while the leftmost factor displays

those applied at event level.

— Fully corrected average number density:

Cso.xcca. ri
oo

1
AnA¢ Z[ANtrk.,i X CSeC./Q;rk,./i]] (4.6)

— Fully corrected average ) pr density:

OSE]. X Clead. ri
[N—ev (pEr #) x

1
AnAg Z[ANtrk.,i X Ciec./ €urk.i] X pTJ] (4.7)

where, ¢ is the bin index of the uncorrected transverse momentum distribution, pr;

is the corresponding bin center, and ANy ; is the bin content.

A detailed description of each correction factor can be found in the next sub-sections.

4.6.1 Leading-track misidentification

As discussed in [61, 112], for the estimation of the leading-track misidentification
correction, we can neglect the effect related with the different orientation of the
reconstructed leading-track with respect to the real one. Therefore, the probability to
misidentify the leading track depends essentially on its pp. The bias can be evaluated
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Figure 4.8: Left) Leading-track misidentification bias for number density in transverse region,
correction factor vs. leading-track pr for Monte Carlo and data driven procedure are shown.
Right) Leading-track misidentification bias for > pr density, correction factor vs. leading-track
pr for Monte Carlo and data driven procedures are shown. Results for transverse region in pp
Vs = 5.02 TeV are displayed.

either from pure Monte Carlo or with a data driven procedure. In the first scenario
the corrections come from the ratio between events defined by true or reconstructed
leading track. In the data driven procedure we start from the measured distributions
and for each event the tracking efficiency is applied a second time on data (the
first being applied naturally by the detector performance). Namely with the help
of a random number generator and the efficiency information, one decides if the
leading-track is correctly reconstructed. In the positive case it is used to define the
topological regions (event class A). Otherwise the sub-leading track is used (event
class B). The correction factors are calculated as follows (examples reported below

are for the number density):

Cos (pleadmg) _ number density for the event class A (pleadmg) (4.8)
AT number density for the event class A+ B T

s The correction factors for pp and p—Pb collisions are shown in figures 4.8 and 4.9
L7 in transverse region, respectively. The correction factors for other regions is seen in
s appendix 6.2.
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Figure 4.9: Left) Leading-track misidentification bias for number density in transverse region,
correction factor vs. leading-track pr for Monte Carlo and data driven procedure are shown.
Right) Leading-track misidentification bias for »_ pr density, correction factor vs. leading-track

pr for Monte Carlo and data driven procedures are shown. Results for transverse region in p—Pb
/Sy = 5.02 TeV are displayed.

4.6.2 Track contamination

Track contamination correction method includes the rejection of the secondary tracks
which are wrongly recognized as primary tracks, moreover, these secondary tracks
also pass through track selection cuts. Secondary tracks are usually formed by weak
decays of strange particles, photon conversions or hadronic interactions in the detec-
tor material and other secondary sources. Relying on Monte Carlo information, the
definition of this correction factor is the ratio between the number of reconstructed

tracks matching a generated primary track and the number of reconstructed track.

Given that Pythia does not reproduce correct amount of strangeness, we use a data
driven method. To reproduce the strangeness we chosse the DC'A,,, distributions from
weak decays, interaction with the material and primary charged particles. Then we
use the DC'A,,, distribution from data and perform a template fit based on the MC
shapes. This is done for each pr interval, and for —3 < DC'A,,, < 3 cm. The fraction of
primaries in each pr interval is estimated after considering the pr dependent DC'A,,
cut. Figures 4.10 and 4.11 show the correction from secondary-track contamination
as a function of pr (Cyec.(pr)) for pp and p—Pb data, respectively.
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Figure 4.10: (Upper left panel w/o fit) data DC'A,, (black) and MC DCA,, distributions
from different sources: primaries (red), weak decays (green) and interaction with the material
(blue). Tracks with transverse momentum between 0.7 < pr < 0.8 GeV/c in pp collisions were
considered. (Upper right panel with fit) The MC distributions are compared with that from
data (black). The result from the MC Multi-template fit is shown as yellow markers. (Bottom
left panel) The data-to-fit ratio is shown as a function of DC'A,. (Bottom right panel) Fraction
of primaries as a function of pr.

4.6.3 Tracking efficiency

The pr spectra were corrected for tracking inefficiencies derived from MC, this cor-
rection is defined as the number of reconstructed primary particles over the number
of generated primary particles in the chosen kinematic range. However, it is known
that the relative single-particle abundances in Monte Carlo differ from data. This
would not affect the analysis at all if the single particle tracking efficiencies were
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Figure 4.11: (Upper left panel w/o fit) data DCA,, (black) and MC DCA,, distributions
from different sources: primaries (red), weak decays (green) and interaction with the material
(blue). Tracks with transverse momentum between 0.7 < pr < 0.8 GeV/c in p—Pb collisions
were considered. (Upper right panel with fit) The MC distributions are compared with that
from data (black). The result from the MC Multi-template fit is shown as yellow markers.
(Bottom left panel) The data-to-fit ratio is shown as a function of DCA,,. (Bottom right
panel) Fraction of primaries as a function of pr.

equal. This however is not the case, mainly due to different lifetimes of the particle
species. For that reason the tracking efficiency is reweighed with particle composition
(measured by ALICE). The correction was inherited from Ry analysis [113] which
used the same runs as analyzed in this analysis, as well as the same event and track

selection.

Figure 41.12 shows the tracking efficiency as a function of pr (€yx. (pr)). The decrease
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Figure 4.12: Tracking efficiency as a function of pr for pp (left) and p—Pb (right) collisions at
\/SNN — 5.02 TeV.

in efficiency in the range 1-3 GeV /c can be explained by the presence of straight (high
pr) tracks falling in the dead areas between TPC sectors. At high pr the efficiency
is determined by geometry only and has a constant value of about 70%. In order
to extend the efficiency correction to high pr without being governed by statistical
fluctuations, the estimated ecfficiency is fitted with a constant function at high pr

range.

4.6.4 Event selection

The selection bias is evaluated with UE observables at generator level, we consider all
inelastic events (event class A’) and those which pass the physics selection (event class

B’). The correction factors are calculated as follows (example for number density):

number density for the event class A’

Cu (PF%) = BF)  (49)

number density for the event class B’

Figure 4.13 shows the correction factor due to selection bias.
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Figure 4.13: Effect of event selection, the correction factors for pp and p-Pb are shown in the
left and right panels, respectively

4.7 Systematics Uncertainties

We have performed the variations listed below, and then we check the effects on the
final observables: i.e. the underlying event observables as a function of plfading for
each topological region (Near Side (NS), Away Side (AS) and Transverse Side (TS)),
as well as for NS-TS and AS-TS. The same was done for the average pr for the
NS-TS and AS-TS. The variations with respect to the default results were assigned

as systematic uncertainties.

— Secondary Contamination: We have varied the fit range for the MC template
fit. We used —1 < DCA,y < 1cm and —2 < DCA,, < 2cm. The maximum de-
viation with respect to the default interval (=3 < DC' A,y < 3cm) was assigned

as systematic uncertainty due to contamination.

— Correction Method: The MC non-closure was assigned as systematic uncer-
tainty due to the correction method. More details on the MC-closure test can

be found in Sec. 5.1.1

— Track Selection: The systematic uncertainties associated to the track selection
were calculated varying the track quality cuts. We have varied the track cuts up
to £ 10 % with respect to the default values. These uncertainties are estimated
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1335 by running the full analysis, varying only one track cut at a time. Specifically,
1336 the maximum DCA, is varied in between 1 cm - 5 cm and the minimum number
1337 of crossed rows in TPC are varied from 100 to 130. We varied the upper limits of
1338 the track fit quality parameters in the ITS (x?/Nyis) and the TPC (x?/Nelusters)
1330 in the ranges of 25-49 and 3-5, respectively. We also tested the impact on the
1340 analysis of at least one reconstructed point in SPD. The maximum deviation
1341 of each of the sources to the default set is assigned as systematic uncertainty
1342 for that particular source. To get the total systematic uncertainty due to track
1343 cuts is evaluated by the quadrature sum of the each individual sources. The
1344 variation of the track cuts is the same to that used in Ref. [114]. The systematic
1345 uncertainties from track cuts variations for different topological regions in pp
1346 and p-Pb collisions at \/sxy = 5.02 TeV can be seen in Fig 4.14 and 4.15,
1347 respectively. We use a zeroth order polynomial after 10 GeV/c to obtain the
1348 total systematic uncertainties due to track cuts.

1349 — Misidentification Bias: The systematic uncertainty due to leading track
1350 misidentification is derived from the difference between the data driven method
1351 to get the correction, and that which use the MC information.

1352 — Event Selection Bias: The systematic uncertainty due to event selection cut
1353 is obtained by varying the cut on the z component of the vertex position: 5cm
1354 and 15cm were used instead 10 cm. The maximum difference obtained from
1355 these variation is considered to be the uncertainty due to event selection cut.

1 L'he total systematic uncertainties for the three topological regions in pp and p—Pb
37 collisions at /sy = 5.02 TeV can be seen in Figures 4.16 and 4.17, respectively.
s We use a zeroth order polynomial after 10 GeV /¢ for obtaining the total systematic

1350 uncertainties.
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Figure 4.14: Relative systematic uncertainty due to track selection in pp collisions at
Vs = 5.02 TeV. Results for number density (left panel) and total pr (right panel) are shown
for the three topological regions: away region (top), towards region (middle) and transverse
region (bottom).
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Figure 4.15: Relative systematic uncertainty due to track selection in p—Pb collisions at
V3w = 5.02 TeV. Results for number density (left panel) and total pr (right panel) are
shown for the three topological regions: away region (top), towards region (middle) and trans-
verse region (bottom).
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Figure 4.16: Total systematic uncertainty for pp collisions at /s = 5.02 TeV. Results for
number density (left panel) and total pr (right panel) are shown for the three topological
regions: away region (top), towards region (middle) and transverse region (bottom).
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Figure 4.17: Total systematic uncertainty for p—Pb collisions at /syy = 5.02 TeV. Results
for number density (left panel) and total pr (right panel) are shown for the three topological
regions: away region (top), towards region (middle) and transverse region (bottom).
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5.1 Cross checks

5.1.1 MC closure test

Monte-Carlo closure test is considered to be a milestone to check on the analysis
strategy for correction. In this procedure, we divide the MC sample into two halves,
take the corrections from one half and apply on the other half. Figures 5.1 and 5.2
show the MC closure test for pp and p—Pb collisions, respectively. The grey band
around unity (in the ratio plots) indicates the size of the uncertainty which was

assigned.
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Figure 5.1: Monte Carlo closure test for number density (left) and sum pr (right) in pp collisions
at /s = 5.02 TeV. Results for the three topological regions: away region (top), towards region
(middle) and transverse region (bottom) are shown.
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Figure 5.2: Monte Carlo closure test for number density (left) and sum pr (right) in p-Pb
collisions at /sy = 5.02 TeV. Results for the three topological regions: away region (top),
towards region (middle) and transverse region (bottom) are shown.
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5.1.2 Comparison with published results

The method adopted in this analysis was also used to reanalyses pp data at 13
TeV [62], and the obtained results are compared with the published results. Figure 5.3
shows such a comparison for number density. The observed differences at low plTeading

are covered by systematic uncertainties.
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Figure 5.3: The comparison between published results (p(r min) > 0.5 GeV/c in pp collisions at
Vs =13TeV) and those obtained from this analysis.

5.2 Results and Discussion

5.2.1 Underlying-event observables: pp compared to p—Pb collisions

Figure 5.4 compares the charged-particle number density as a function of ptT]rig in the
transverse region for the three pr thresholds: 0.15GeV/e, 0.5 GeV /e, and 1 GeV/c.
The results from pp and p—Pb collisions exhibit similar behaviour: the number density
steeply rises for low ptTrig, and it flattens at ptTrig ~ 5GeV/c (plateau region). In the
plateau region, the event activity in p—Pb collisions is ~ 2 times larger than the one
measured in pp collisions. This increase is smaller than that observed (about a factor
of 3) for the charged-particle multiplicity densities d/V.,/dn in non-single-diffractive
p—Pb collisions compared to pp collisions at the same nucleon-nucleon centre-of-
mass energy [115]. It should also be noted that for both collision systems increasing
the pr threshold from 0.15GeV/c to 1.0 GeV/c reduces the charged-particle number
density by about a factor of 4. For pp collisions, the charged-particle number density
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Figure 5.4: Charged-particle number density as a function of pt{ig measured in the transverse
region for pp (left) and p-Pb collisions (right) at /sxy = 5.02 TeV. Measurements were
preformed considering three pr thresholds for associated charged particles: pr > 0.15 GeV/e,
pr > 0.5 GeV/c, and pr > 1 GeV/c. Data are compared with PYTHIA 8 and EPOS LHC
predictions. The colored boxes and the error bars represent the systematic and statistical
uncertainties, respectively.

shows a slightly increasing trend with increasing p,trrig in the plateau region (pt{fig >

5GeV/c). This increase is more pronounced for larger values of the pr threshold for
associated tracks, indicating an increased contribution of correlated hard processes
(initial- and final-state radiation) to the transverse region. For example, for the pr
threshold pr > 1GeV/c, the charged-particle number density increases from 0.3 to
0.45 (i.e., by about 50%) when pi*® is increased from 5 to 40 GeV /c. Whereas for the
pr threshold pr > 0.15GeV /¢, the increase is less than 10%. In contrast, for p—Pb
collisions the charged-particle number density in the plateau region is flat for all the
pr thresholds. This behaviour also suggests that the contamination from the main

partonic scattering in the transverse region is smaller in p—Pb than in pp collisions.

Figure 5.4 also shows the predictions of the event generators. EPOS LHC better

trig

describes the p;° dependence of the charged-particle multiplicity density for pp col-
lisions relative to p-Pb collisions. However, at p'® ~ 3GeV/e, the EPOS LHC
predictions for pp collisions exhibit a bump that is not seen in the data and is
not present in the PYTHIA 8/Monash results. For p-Pb collisions, EPOS LHC

significantly underestimates the charged-particle number density, and it does not

reproduce the trend with ptTrig and the value at the plateau observed in data. In con-

trast, PYTHIA 8/Angantyr qualitatively reproduces the measured trends with pL®
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Figure 5.5: Charged-particle number density as a function of pfffig measured in pp (left) and
p-Pb collisions (right) at /sy = 5.02 TeV. Measurements were performed considering associ-
ated charged particles with pr > 0.5 GeV/c. Results for the toward, transverse and away regions
are displayed. The colored boxes and the error bars represent the systematic and statistical
uncertainties, respectively.

in p—Pb collisions, providing a good quantitative description of the data for the low-
est pr threshold (pr > 0.15GeV/c), while it underestimates the measured densities
in the plateau region for higher pr thresholds. In the following, measurements with
the pr threshold requirement of 0.5 GeV /c for associated particles are reported and
discussed. Results for other pr thresholds (pr > 0.15GeV/c and > 1.0 GeV/c) are
presented in Appendix 6.2

Figure 5.5 shows the charged-particle number density as a function of pffig measured

in pp and p—PDb collisions at /syny = 5.02 TeV. Results are presented for the toward,

transverse, and away regions. The py'® dependence in all regions is similar for both

collision systems. For p?ig 2 5GeV/c the charged-particle number density becomes

almost independent of ptlfig (plateau) in the transverse region, as already pointed
out above, while in the toward and away regions it continues to rise with increasing
ptTrig. The continuous rise observed for the toward and away regions can be attributed
to the fact that produced particles in these regions do not originate only from the
UE, but have also a contribution due to fragments from hard scatterings, which are
mainly collimated in azimuth. The contribution from fragments increases with pfrrig
causing the rise of event activity. A qualitatively similar behaviour in pp and p-Pb
collisions is observed. However, the event activity in the toward and away regions in
pp collisions increases faster with pffﬁg than in p—Pb collisions, namely, the increase of
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the particle density from pfrrig =5GeV/cup to p'flfig = 40 GeV /c amounts to a factor of
~ 2 and = 1.4 in pp and p-Pb collisions, respectively. Moreover, at p‘flfig =35GeV/c
the relative level of the event activity in the transverse region with respect to that
in the toward (away) region is ~ 0.4 and ~ 0.60 (~ 0.5 and ~ 0.65) for pp and
p—Pb collisions, respectively. This indicates that the UE contribution to the toward
and away regions is larger in p—Pb than in pp collisions, which is expected because
of multiple nucleon-nucleon collisions in a single p—Pb collision that give a large

additional UE, with respect to MPI in the same pp collision.

Figure 5.6 shows comparisons between the data from pp collisions and the predictions
of event generators for both the primary charged-particle number, and the summed-
pr densities in the three considered azimuthal regions (toward, away, and transverse).
Although the modelling of the UE activity in PYTHIA 8/Monash is completely dif-
ferent with respect to that implemented in EPOS LHC, both models qualitatively
describe the measured charged-particle densities in the three azimuthal regions. In
the away region, within uncertainties, PYTHIA 8/Monash describes the data better
than EPOS LHC in the full p‘%ig range of the measurement. The maximum deviation
of EPOS LHC with respect to data is around 10% and 20% for the number density
and summed-pr density, respectively, in the ptTrig interval 5-15 GeV /c. Regarding the
toward region, PYTHIA 8/Monash predictions overestimate the event activity by
10% for p'i'® < 5GeV/c, whereas for higher p® PYTHIA 8/Monash describes the
data quite well. The situation is the opposite for EPOS LHC: at low ptT]rig EPOS LHC
describes well the event activity, but it significantly underestimates the particle den-
sities for higher p'i® (> 8 CeV/c) by ~ 30%.

Figure 5.7 shows data-to-model comparisons for the case of p—Pb collisions. For the
transverse region, as already pointed out above, PYTHIA 8/Angantyr provides a
better qualitative description of the measured trend of the charged-particle num-
ber densities as compared to EPOS LHC. However, both PYTHIA 8/Angantyr and
EPOS LHC underestimate the charged-particle summed-pr (number) density for
p® > 5GeV/c by more than 20% (10%). While for PYTHIA 8/Angantyr this dis-
crepancy stays roughly constant up to pr &~ 3 GeV /¢, for EPOS LHC the discrepancy
increases up to 50% at pr ~ 3 GeV/c. For the toward and away regions, as visible
from the ratio plots in the bottom panels of Fig. 5.7, PYTHIA 8/Angantyr does not

describe the trend with pgfig of both the event-activity variables, in particular in the
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range 1 < ptTrig < 5GeV/c, where the event activity increases more steeply in the data
than in the PYTHIA 8/Angantyr predictions. At higher p%® (5 < p'i'® < 10 GeV/c)
the ratio between the data and PYTHIA 8/Angantyr flattens, however a discrep-
ancy by about 10% (30%) between the data and the model predictions is observed
for the charged-particle number (summed-pr) densities. The description of the data
by EPOS LHC is slightly better that of PYTHIA 8/Angantyr for p'® < 8 GeV/c.
However, in that ptqfig interval EPOS LHC predicts bump structures in the toward
and away regions which are not seen in data. For higher ptT]rig EPOS LHC overesti-
mates the event activity. The inclusion of these data in future MC tunings would be

relevant to improve the modelling of the UE in p—Pb collisions.

5.2.2 Event activity in the jet-like regions

Figure 5.8 shows the jet-like contribution to the charged-particle number and summed-
pr densities in the toward and away regions as a function of p‘%ig for pp and p—Pb
collisions at /sy = 5.027TeV. As discussed earlier, the event activity for the jet-
like signals is obtained from the event activity in the toward and away regions after
subtracting the event activity in the transverse region (see Eq. 4.3 and Eq. 4.4).
In contrast to the behaviour observed for the toward and away regions, where at
ptT]Cig ~ 5GeV/c the event activity tends to flatten out, the densities in the jet-like

signals rise with increasing p1* in the entire range of the measurement.

At high p%® (pi' > 10GeV/c), the event activity in the jet-like signals exhibits
a remarkable similarity between measurements in pp and p—Pb collisions for both
charged-particle multiplicity and summed-pr densities. Within 10%, this feature is
reproduced by both PYTHIA 8/Angantyr and EPOS LHC. At low pi® (pa® <
10 GeV/c), the models overestimate the event activity in the jet-like signals measured
in p—Pb collisions. The disagreement is more remarkable for EPOS LHC than for
PYTHIA 8/Angantyr. For pp collisions, PYTHIA 8 slightly overestimates the event
activity, while EPOS LHC underestimates the particle densities. For ptTrig < 10GeV/e,
the event activity in pp collisions scaled to that in p—PDb collisions is smaller than
unity, reaching a minimum of ~ 0.8 at pfrrig ~ 3 GeV /c. This behaviour is not repro-
duced by PYTHIA 8/Angantyr, which gives a ratio above unity for pit® > 1 GeV/c.
In contrast, EPOS LHC exhibits a similar pattern, but the size of the effect is
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much larger than in data. The main difference between PYTHIA 8/Angantyr and
EPOS LHC is that EPOS LHC incorporates collective flow, which is expected to
be significant in the ptTrig interval where we observe the differences between measure-
ments in pp and p-Pb collisions. Given that (radial and elliptic) flow is larger in p-Pb
than in pp [25, 116], its contribution to the toward and away regions is expected to
be higher in p—Pb than in pp collisions. In particular, the elliptic azimuthal correla-
tions modulate the background according to: B(Ay) = By (1—{—2V2 coS (QAw)) , where
V, /2 vy 8u3%°¢ i approximately given by the product of anisotropic flow coefficients
for trigger and associated particles at their respective momenta [117]. From Pb—Pb
results we expect the effect to be the largest at intermediate transverse momenta

and decreases for high transverse momentum particles [118].

Finally, the average transverse momentum of particles in the toward and away re-
gions after subtracting the UE contribution estimated from the transverse region are
shown in Fig. 5.9 as a function of ptTrig for pp and p—Pb collisions at /syn = 5.02 TeV.
Within uncertaintics, the average pr values are consistent in pp and p—Pb collisions
in the measured pfrrig interval. The PYTHIA 8 tunes considered in this paper do not
reproduce this behaviour. They predict that in the away region the average pr for
the jet-like signal in pp collisions is about 20% (10%) larger than in p-Pb collisions
for p'® < 2GeV/c (P > 5GeV/c). For the toward region, the situation is similar
at high prtrrig; however, for ptTrig < 2GeV /e, the average pr in p—Pb collisions is about
20% larger than in pp collisions. Although the main source of this discrepancy is the
underestimation of the average pr in p—Pb collisions by PYTHIA 8/Angantyr, the
prediction for pp collisions is lower than the measured average pr in the away region.
The agreement of PYTHIA 8/Monash with pp data is better for the toward region.
On the other hand, EPOS LHC reproduces the average pr for the two collision sys-
tems better than PYTHIA 8/Angantyr. Although, for p'i® < 10 GeV/c, EPOS LHC
predicts the average pr in the toward region to be larger in pp as compared to p—Pb
collisions, leading to a bump-like structure in the ratio of pp over p-Pb results, which

is not observed in the data.
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5.2.3 Energy dependence of the underlying event in pp collisions

This subsection discusses the collision-energy dependence of the charged-particle
number density in the transverse region. Given that data from experiments at RHIC,
the Tevatron and the LHC, are available for the pr threshold, pr > 0.5 GeV /¢, our re-
sults for that pt threshold are compared with existing measurements at other centre-
of-mass energies. Figure 5.10 (left) compares the UE activity obtained in pp collisions
at /s = 5.02 TeV to those obtained at other LHC energies, namely /s = 0.9, 7, and
13 TeV [61, 62]. Between the two higher energies, /s = 7 and 13 TeV, the number
density in the plateau increases by about 30%. A similar increase was reported con-
sidering associated particles with pr > 0.15 GeV /¢ [62]. More information about the
\/s-dependence in the transverse region can be obtained by comparing the shapes of
the number density as a function of pffrig. One attempt using the data provided by
the ATLAS collaboration has been reported in Ref. [119]; a similar comparison was
performed by the ALICE collaboration [62].

Following the approach presented in Ref. [62], the height of the plateau for dif-
ferent collision energies is quantified by fitting a constant function in the range
5 < pi® < 10GeV/c (the fit functions are also shown in the left panel of Fig. 5.10).
The fitting range was restricted to that common range in order to be consistent with
the procedure used for the measurements at other centre-of-mass energies. Larger
fitting ranges were also considered, and consistent results were obtained. The shapes
of the particle densities as a function of ptTrig are then compared after dividing the
densities by the level of the plateau, as estimated from the fit to a constant value.
The results are shown in Fig. 5.10 (right). The coverage extends beyond the fitting
range for the two higher energies, i.e. to ptTrig > 10GeV/c. In this range, the den-

sities agree within the statistical and systematic uncertainties. In the rise region (

ptTrig < 5GeV/c), one observes a clear ordering among the four collision energies, the

lowest energy having the highest density relative to the plateau. Moreover, at lower
/s, the plateau values seem to be reached at a slightly lower pffrig. This feature is

also observed in pp collisions simulated with PYTHIA 8 event generator [119].

Figure 5.11 shows the /s dependence of the charged-particle number density mea-
sured in the transverse azimuthal interval and in the high p&fig interval of the plateau
region. Results from various experiments at RHIC [50], the Tevatron [20, 54, 121],
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and the LHC [53, 56, 60, 62, 103] are displayed. The ATLAS, CDF, CMS, and STAR
data points are taken from the compilation reported by the STAR collaboration [50].
The event activity shows a modest increase from /s = 0.2 up to 0.9 TeV, for higher
energies it exhibits a steeper rise. This behaviour is described by a function of the
form oc s%27 + 0.14log(s), in which the power-law term describes the UE contribu-
tion, whereas the logarithmic term describes the contribution from ISR and FSR.
The parametrisation was taken from Ref. [120]. A comparison to the charged par-
ticle multiplicity at mid-pseudorapidity in minimum-bias pp data, where dN,/dn
can be parameterised as dNg,/dn oc s1* [121], suggests that the UE contribution
increases faster with centre-of-mass energy than the charged particle multiplicity in

minimum-bias pp collisions.
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Figure 5.6: The charged-particle number (left) and summed pr (right) densities as a function
of pfrrig in pp collisions at /s = 5.02 TeV are displayed. Results for the transverse (top), away
(middle) and toward (bottom) regions were obtained for the pr cut-off value 0.5 GeV/c. The
boxes and the error bars represent the systematic and statistical uncertainties, respectively.
Data are compared with PYTHIA 8/Monash (solid line) and EPOS LHC (dashed line) predic-
tions. The data-to-model ratios are displayed in the bottom panel of each plot.
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Figure 5.7: The charged-particle number (left) and summed pr (right) densities as a function
of pi¥'® in p-Pb collisions at VSN = 5.02 TeV are displayed. Results for the transverse (top),
away (middle) and toward (bottom) regions were obtained for the pr cut-off value 0.5 GeV/ec.
The boxes and the error bars represent the systematic and statistical uncertainties, respec-
tively. Data are compared with PYTHIA 8/Angantyr (solid line) and EPOS LHC (dashed

line) predictions. The data-to-model ratios are displayed in the bottom panel of each plot.
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Figure 5.8: Upper panels: charged-particle number (top) and summed-p (bottom) densities
as a function of pFTrig in pp (blue) and p—Pb (red) collisions at /sy = 5.02 TeV. Results for
the toward (left) and away (right) regions, after the subtraction of the number density in the
transverse region, are shown. Lower panels: charged-particle densities measured in pp collisions
normalized to those in p—Pb collisions. Data are compared with PYTHIA 8 (solid line) and
EPOS LHC (dashed line) predictions. The data-to-model ratios are displayed in the bottom
panel of each plot.
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(left) and away (right) regions measured in pp and p-Pb collisions at /sxy = 5.02 TeV.
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momentum measured in pp collisions normalized to that measured in p—Pb collisions. Data are
compared with PYTHIA 8 (solid line) and EPOS LHC (dashed line) predictions. The data-to-
model ratios are displayed in the bottom panel of each plot.
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Figure 5.10: Left: charged particle number density in the transverse region as a function of ptTrig

for pp collisions at /s = 0.9, 5.02, 7, and 13 TeV. A constant function (solid lines) is used to
fit the data in the range 5 < p't'® < 10 GeV/c. Right: number densities scaled by the pedestal
values obtained from the fit in order to compare the shapes. The colored boxes represent the

systematic uncertainties and vertical error bars indicate statistical uncertainties.
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Figure 5.11: Center-of-mass energy dependence of the number density in the plateau region,
results from various experiments at RHIC [50], Tevatron [20, 54, 121} and LHC [53, 56, 60,
62, 103] are displayed. Except for the ALICE data point for pp collisions at /s = 5.02 TeV,
all the values were taken from the compilation reported by the STAR collaboration [50]. Error
bars represent statistical and systematic uncertainties summed in quadrature. The data for the
transverse region are compared with a parametrization of the form s® + Slog(s), where the
first term describes the MPI-sensitive region and the second one describes that more sensitive
to ISR and FSR [120].

— 99 —



1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

N\ Mk
J:) DOCTORAL DISSERTATION
> Chapter 6 Conclusions and prospects

Chapter 6 Conclusions and prospects

6.1 Conclusions

In this present work, the measurements of underlying-event observables performed
in pp and p—Pb collisions at a centre-of-mass energy per nucleon-nucleon collisions
of 5.02 TeV were reported. The analysis was carried out following the strategy intro-
duced by the CDF collaboration consisting of the definition of three azimuthal re-
gions relative to the highest transverse momentum particle in the collision (p®). The
charged-particle production is measured within the pseudorapidity interval |n| < 0.8;
and it is quantified with the number and summed-pr densities considering parti-
cles above a given pr threshold. Three pr thresholds are considered: 0.15, 0.5, and
1GeV/c. These quantities are reported as a function of pflfig, and for the toward,
away, and transverse azimuthal regions. The transverse region is the most sensitive
to the underlying event; while the toward and away regions include both the UE
and jet fragments from the main partonic scattering. For the isolation of the jet-like
signal, the event activity in the transverse region is subtracted from those measured
in the toward and away regions. Results for pp collisions are compared with data at
other centre-of-mass energies and with MC predictions. In addition, the event activ-
ities measured in pp and p—Pb collisions are compared with each other at the same

ptTrig value. The main conclusions of the present work are listed below.

— The underlying-event observables in pp collisions follow the same behaviour as
observed at lower centre-of-mass energies. In the transverse region the charged-
particle densities measured in the three azimuthal regions exhibit a fast rise
for pffrig < 5GeV/c followed by a flattening at higher ptTrig (plateau). Data for
the three azimuthal regions relative to the leading particle are reproduced by
the PYTHIA 8 event generator with the Monash tune. EPOS LHC predicts a
slightly different behaviour in particular at pir® around 3 GeV /¢ where a bump
structure is observed in the three azimuthal regions which is not observed in the

data.

— The underlying-event observables in p—Pb collisions qualitatively behave like in
pp interactions. The particle densities in the transverse region exhibit a satura-
tion at pfrrig ~ 5GeV/c. PYTHIA 8/Angantyr qualitatively reproduces this sat-
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1501 uration but underestimates the particle densities. The EPOS LHC model does
1502 not describe the saturation and underestimates the event activity within the
1503 measured p&fig interval. For the toward and away regions, above the onset of the
1504 plateau, data exhibit a slower increase of the particle densities with increasing
1505 ptTrig than that observed in pp collisions. EPOS LHC and PYTHIA 8/Angantyr
1596 underestimate the particle densities at high p%® (> 8GeV/c). At lower pi,
1507 EPOS LHC predicts a bump structure at pfrrig ~ 4 GeV /c which is not seen in
1508 data. For ptTrig < 3GeV/c, EPOS LHC describes the particle densities, whereas
1599 PYTHIA 8/Angantyr overestimates those in data by up to 30%.

1600 — The particle densities in the toward and away region after subtraction of the
1601 UE contribution as a function of p‘%ig in pp collisions are consistent with those
1602 measured in p—Pb collisions for ptTrig > 10GeV /e, i.e., no modification of the
1603 jet-like yield in p—Pb collisions relative to pp collisions is found. At lower ptTrig,
1604 the charged-particle densities are larger in p—Pb collisions relative to pp colli-
1605 sions. This behaviour is expected given the larger collective flow effects in p—Pb
1606 collisions relative to pp collisions. This feature is qualitatively captured by the
1607 EPOS LHC generator, which incorporates collective flow effects in the mod-
1608 elling of the system created in the collision. However, the size of the effect is
1600 significantly larger in EPOS LHC than in data. An opposite trend is instead
1610 predicted by simulations with PYTHIA 8/Angantyr, which do not include col-
1611 lective effects. The average pr as a function of ptlfig was also measured. The
1612 average pr values measured in pp and p—Pb collision are found to be consistent
1613 between each other in the entire pin® interval of the measurement. Simulations
1614 with EPOS LHC predict instead a slightly lower average pt for jet-like sig-
1615 nal in p—Pb collisions as compared to pp collisions for ptTrig < 10GeV /e, while
1616 PYTHIA 8 with the Monash and Angantyr tunes do not provide a good de-
1617 scription for this observable.

s The measurements reported in this article represent important input for the tuning
0 Of some of the parameters of the event generators in order to improve the modelling
10 Of soft particle production in pp and p—Pb collisions. Moreover, they can contribute

11 to the understanding of the origin of collectivity in pp and p—Pb collisions.
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6.2 Prospects

The data presented in this thesis can be useful to constrain the Monte Carlo model

parameters in order to improve the modeling of the soft particle production in pp

and p—-Pb collisions. A cross check was performed for different multiplicity classes

obtained using EPOS LHC as a generator of p-Pb collision at /sy = 5.02 TeV. The

results show multiplicity dependent of EPOS LHC at different multiplicity classes

with different multiplicity estimator i.e. VOA. Figure 6.1 shows the number density
leading

study as a function of pq in three different topological regions for p( min) >
0.5 GeV/ec.
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Figure 6.1: The different multiplicity classes by using VOA multiplicity estimator for three
different topological regions with p(r min) > 0.5 GeV/c in p-Pb collision at /sy = 5.02 TeV
and jet like region (NS-TS and AS-TS) for the same multiplicity classes.
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1960 Appendix A
w  Leading Track Misidentification
For pp collisions at /s = 5.02 TeV.
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Figure .2: Leading-track misidentification bias for number density (left) and )  pr density
(right) in toward (upper panel) and away (bottom panel) regions, correction factor vs. leading-
track pp for Monte Carlo and data driven procedure for pp collisions at /s = 5.02 TeV are
shown.
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For p—Pb collisions at /sxy = 5.02 TeV.
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Figure .3: Leading-track misidentification bias for number density (left) and )  pr density
(right) in toward (upper panel) and away (bottom panel) regions, correction factor vs. leading-
track pr for Monte Carlo and data driven procedure for p—Pb collisions at /sy = 5.02 TeV
are shown.
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Appendix B

Track Contamination

For pp collisions at /s = 5.02 TeV.
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Figure .4: Leading-track misidentification bias for number density (left) and )  pr density
(right) in toward (upper panel) and away (bottom panel) regions, correction factor vs. leading-
track pt for Monte Carlo and data driven procedure for pp collisions at /s = 5.02 TeV are
shown.
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For p—Pb collisions at /sxy = 5.02 TeV.
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Figure .5: Leading-track misidentification bias for number density (left) and )  pr density
(right) in toward (upper panel) and away (bottom panel) regions, correction factor vs. leading-
track pp for Monte Carlo and data driven procedure for pp collisions at /s = 5.02 TeV are
shown.
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Charged particle densities as a function of ptTrig for others pr

cut-off

The charged-particle number and summed-pr densities as a function of pfrrig measured
in pp collisions at /s = 5.02 TeV, in the transverse, away, and toward regions for the

pr cut-off 0.15GeV/c and 1 GeV /¢ are shown in figures .6 and .7, respectively.
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Figure .6: The charged-particle number (left) and summed pr (right) densities as a function of
P in pp collision at /s = 5.02 TeV are displayed. Results for the transverse (top), away (mid-
dle) and toward (bottom) regions were obtained for the p cut-off value 0.15 GeV/c. The boxes
and the error bars represent the systematic and statistical uncertainties, respectively. Data are
compared with PYTHIA 8/Monash (solid line) and EPOS LHC (dashed line) predictions. The
data-to-model ratios are displayed in the bottom panel of each plot.
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Figure .7: The charged-particle number (left) and summed pt (right) densities as a function

i
of pqp'®

in pp collision at /s = 5.02TeV are displayed. Results for the transverse (top), away

(middle) and toward (bottom) regions were obtained for the pr cut-off value 1 GeV /c. The boxes
and the error bars represent the systematic and statistical uncertainties, respectively. Data are
compared with PYTHIA 8/Monash (solid line) and EPOS LHC (dashed line) predictions. The
data-to-model ratios are displayed in the bottom panel of each plot.
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wea The charged-particle number and summed-pr densities as a function of pflfig measured
s in p—Pb collisions at /sy = 5.02TeV, in the transverse, away, and toward regions

s for the pr cut-off 0.15 GeV /c and 1 GeV /¢ are shown in figures .8 and .9, respectively.
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Figure .8: The charged-particle number (left) and summed pt (right) densities as a function

i
of pqp'®

in p—Pb collision at /sxy = 5.02TeV are displayed. Results for the transverse (top),

away (middle) and toward (bottom) regions were obtained for the pr cut-off value 0.15 GeV/c.
The boxes and the error bars represent the systematic and statistical uncertainties, respec-
tively. Data are compared with PYTHIA 8/Angantyr (solid line) and EPOS LHC (dashed
line) predictions. The data-to-model ratios are displayed in the bottom panel of each plot.
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Figure .9: The charged-particle number (left) and summed pr (right) densities as a function of
p&fig in p-Pb collision at /sxy = 5.02 TeV are displayed. Results for the transverse (top), away
(middle) and toward (bottom) regions were obtained for the pr cut-off value 1 GeV /c. The boxes
and the error bars represent the systematic and statistical uncertainties, respectively. Data are
compared with PYTHIA 8/Angantyr (solid line) and EPOS LHC (dashed line) predictions.

The data-to-model ratios are displayed in the bottom panel of each plot.
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