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Synopsis

Quark-Gluon Plasma (QGP) [1, 2, 3], the thermalized partonic phase of strongly interacting matter,
is predicted by the Quantum Chromodynamics (QQCD), the theory of strong interactions. Relativistic
heavy-ion (AA) collisions are proven means for creating the QGP in the laboratories. While CERN
experiment at the Super Proton Synchrotron (SPS) indicated [4, 5] formation of QGP-like medium,
experiments at Brookhaven at the Relativistic Heavy-Ion Collider (RHIC) with AuAu collisions at
center of mass energy (y/sxn) = 130 and 200 GeV provided first convincing evidence [6, 7, 8, 9] on
formation of QGP in the laboratory. In absence of any unique and “smoking-gun” type of signal of
QGP, the discovery of QGP at the RHIC involved confirmation of several predicted signals. The two
most prominent signals were i) the azimuthal anisotropic flow of the produced particles exhibiting
the collective property of the source of the particles, as was expected from a thermalized medium,
and ii) the suppression of high pr-particles, indicating formation of a dense partonic medium. The
suppression of high-pt particles in AuAu collisions was extracted by normalizing the data with the
same energy data of proton-proton (pp) collisions, where one doesn’t expect formation of QGP. The
Large Hadron Collider (LHC) at CERN has extended the scope of the QGP study with the collisions
of heavier nuclei (PbPb) at higher /sy = 2.76, 5.02 TeV and thus creating hotter partonic matter
with increased energy density, volume and the lifetime [10]. The LHC also facilitates the study on
properties of the QGP medium with copiously produced unique hard probes, the heavy-flavor (HF')
particles. The heavy quarks (¢, b) are considered to be an useful tool to study the properties of
the partonic medium as these particles, having large masses (m. ~ 1.3 GeV/c?, my, =~ 4.2 GeV/c?),
are produced at the early stages of the collisions and expected to experience the full evolution of
the medium [11]. Heavy quarks are produced via parton-parton hard scattering, the production
cross-sections are calculable using perturbative QCD (pQCD).

The LHC provides pp collisions at widely varied center-of-mass collision energy (1/s), from 900 GeV
up to 13 TeV (planned to reach 14 TeV) and pPb collisions at y/syy = 5.02 TeV. While the minimum-
bias data of these small collision systems form the baselines for extraction of QGP signals of the AA

collisions, the study of these data at varied energy upto the new-heights in the energy-scale at the
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LHC is important by itself in understanding the particle production mechanisms, particularly those
originated from heavy quarks. The main content of this thesis, as implied in it’s title, “Measure-
ment of azimuthal correlations between D-mesons and charged particles in pp collisions at /s = 13
TeV” pertains to the heavy-flavor particles at the LHC energy. The azimuthal correlations between
D-mesons and charged particles, when studied in the short range of rapidity, reveals properties of
the jets, originated from charm quarks. The jet formed by a high-pt particle, a proven tool to study
in-medium energy loss, is used in characterizing the medium formed in relativistic AA collisions.
So, the jet properties, studied in minimum-bias pp events at 13 TeV, can be used as a baseline in
characterizing the medium formed in high-multiplicity pp events in the same energy of collision. It
is worth mentioning that, though the multi-particle productions in high-multiplicity events of pp
and pPb collisions at the LHC energies have been shown to have exhibited collective properties of
hydrodynamic origin [12, 13, 14, 15] in contrast to the understanding on particle production in pp
collisions at pre-LHC era, the characterization of the collective medium in these small systems still
remains unsolved due to non-observance of suppression of high-pr particles or any such compelling
signal to identify the medium as like the one formed in AA collisions. Also, the non-observance of
suppression of high-p particles may be attributed to the limitations in measurement of path-length
dependent energy-loss in small system, formed in high-multiplicity pp events. In this context, the
comparison of the properties of jets formed in high and minimum-bias pp events may throw some
light in characterizing the medium formed in high- multiplicity pp events. Due to the lack of sufficient
statistics on D-mesons in high-multiplicity events at ALICE, during the work, the study of simulated
high-multiplicity events in terms of several observables related to D-mesons as well as to charged
particles, in general, has been carried out to understand possible origin of the collective behaviour
of high-multiplicity events in small systems.

Following a brief review of related literature, the contents of this thesis has been presented in two
parts, 1) Analysis of pp data in /s = 13 TeV with ALICE at the LHC and 2) Analysis of simulated
events in small systems (pp and pPb) at LHC energies. In the first part, the study of two-particle
azimuthal correlations with D mesons and charged particles in minimum-bias pp collisions at /s =
13 TeV measured by ALICE detector at the LHC has been presented. The study has been carried out
with |An| < 1, to extract the short-range correlations, aiming for the characterization of charm-jet
properties in pp collisions for the highest available energy in LHC. In the second part, a multiplicity
dependent study in pp and pPb collisions at LHC energies on the anomalous features of particle
production mechanisms have been compared with the simulated events from a hydro-based Monte

Carlo event generator.
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First part:

We have organized this part of the thesis with the followings: physics motivation to study heavy
quarks, the ALICE experimental setup and reconstruction of D mesons, description of analysis tool
i.e., the measurement of two particle azimuthal correlations, several corrections followed by the final
results.

The measurement of azimuthal correlations are done by considering D mesons as “trigger” particles
and primary charged particles as “associated particles”. The ALICE sub-detectors used in this anal-
ysis are Inner Tracking System (ITS), Time Projection Chamber (TPC), Time Of Flight (TOF) and
VO scintillator detectors [16]. The reconstruction of charged particle tracks are done using I'TS and
TPC. The Particle Identification (PID) is based on the specific energy loss (d£/dx) in TPC and the
information on time of flight from the interaction vertex to the TOF detector. The VO scintillator
detectors are used for triggering and multiplicity estimation.

The D-meson (DY, D* and D*') invariant mass is reconstructed with the hadronic decay products
applying optimized topological cuts which help in reducing combinatorial background during sig-
nal extraction [17]. The main topological cuts applied for the reconstruction are the threshold of
transverse momentum of the decay daughters, the distance of closest approach (DCA) of the decay
tracks from the primary vertex, the minimum distance between the two daughter track helices, the
angle between the reconstructed D-meson momentum and the flight line defined by the primary
and secondary vertices etc. The reconstructed D-meson candidates are considered as “trigger” and
are correlated with primary charged particles in a given kinematic range. The analysis has been
performed with three different pr-intervals of D-mesons (3 < pr < 5,5 < pr < 8,8 < pr < 16
GeV/c) and associated particles, in the pr-intervals, pr > 0.3,1,0.3 < pyr < 1 GeV/¢, as a function
of (An,Ay). A relatively wide pr intervals are chosen for D mesons in order to reduce statistical
fluctuations in the correlation distributions.

The correlation distributions are affected by limited detector acceptance and detector inhomogeini-
ties. The detector effect is nutralized by constructing similar correlation functions with mixed events
and proper normalization condition (An, Ap) =( 0,0). A “side-band” correction is applied on the
correlation distributions to get rid of the background coming under the signal mass peak of the
invariant mass spectra.

Genuine D-meson candidates as well as the primary charged tracks may get lost during reconstruc-
tion of tracks, primary and secondary vertices and due to the topological cuts. We correct these lost
fractions by implementing appropriate weighted efficiency for both D mesons and associated tracks

using several Monte-Carlo event generators. After that, we take the one-dimensional projections of
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the correlation distributions over Ay and apply second round of corrections with Monte Carlo event
generators, for removal of the biased B to D decay topologies, subtraction of feed-down D mesons,
removal of secondary track contamination from the associated charged particle sample. After im-
plementing all these corrections, we calculate the systematic uncertainties originating from several
sources like fitting of the D-meson invariant mass spectra, determination of sideband ranges, cut
selections for D mesons and associated charged tracks etc.

In order to characterize the jet properties, we fit the fully corrected correlation distributions with a
function consisting two Gaussian and a constant term. The integral and the o of the Gaussian fits
give the per-trigger associated-particle yields for the near-side (NS) peak and the away-side (AS)
peak with their widths ( ong,04s) while the constant term describes “baseline”.

The study in small An < 1 reveals short-range correlations among D-mesons and charged particles.
The results have been compared with the pp collisions at /s = 7 TeV and pPb collisions at |/Sxy =
5.02 TeV [18]. The correlation distributions as well as the peak properties for the considered colliding
systems match, within the uncertainties, indicating similar charm-jet properties.

Second part:

The remaining part of the thesis presents the motivation for studying high-multiplicity events in
small systems followed by a brief description of EPOS3 event generator and the results of analysis
of generated pPb and pp events. The aim of this study with EPOS event generator is to access how
good this hydro-based event generator reproduces the data. Depending on the goodness of quantita-
tive data matching only, one can conclude if the physics origin of the collective properties of particle
production, seen in the data for these small systems, may be explained by the physics of the model,
implemented in the Monte-Carlo event generator EPOS3 [19] or not.

The EPOS model works on the parton-based Gribov-Regge theory and a 341D viscus hydrodynam-
ical evolution is implemented in the code. We have generated around 10 millions events of pPb
collisions at /sxy = 5.02 TeV and 40 million events of pp collisions at /s = 7 and 13 TeV, each.
Suitable subsamples of different multiplicity and centrality classes and different kinematic cuts, to
match those for available data, are selected from the simulated minimum-bias event samples for
analysis in terms of observables for which data is available.

We analyse the selected simulated pPb events to study the general observables (for which data exist),
like pr spectra for identified particles, mean pr as a function of event multiplicity for both inclusive
and identified particle spectra, the inverse slope parameter of transverse mass (mr) distribution are
performed and compared with data with same kinematic variables. It has been observed that the

EPOS3 generator, with hydrodynamic evolution, can describe the data well both qualitatively and
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quantitatively. The good matching between the data and the simulated events, thus motivate us to
extend this study with the long-range centrality dependent charged particle correlations analysis as
well as the D mesons and charged particle correlation analysis (our results could not be matched
with data because of non-availability of centrality dependent experimental study). For both the cor-
relation analysis, a “ridge”-like structure is seen in small |Ay| and over a wide |An| for most central
collisions.

The multiplicity dependent analysis of the charged particles of the simulated pp events have been car-
ried out in terms of experimental observables that exhibit the flow-like behaviour in high-multiplicity
events, namely, long-range two-particle azimuthal correlations among charged particles, blast-wave
description of identified charged particle yield, mean transverse momentum ((pr)) as a function of
average charged particle multiplicity and inverse slope parameter of transverse mass (my) distribu-
tion. The long-range (|An| >> 1) two-particle angular correlations of the charged particles have been
constructed in simulated events, keeping the kinematic cuts and multiplicity classes same as chosen
for data analysis [20] of pp /s = 7 and 13 TeV. The multiplicity dependent analysis of the simulated
events, in terms of all these observables, clearly reveal mismatch between particle production in the
experiments and that implemented in this model.

This analysis concludes that, though EPOS3 model describes the pPb data both qualitatively and
quantitatively, satisfactorily, it has limitations in explaining the features of particle production mech-
anisms in the pp data. The particle production mechanism in the Monte Carlo code thus need to be
modified / further tuned to properly explain the particle production mechanisms in high-multiplicity

pp events at the LHC energy range.

xxiii



Bibliography

1]
2]

[10]

E. V. Shuryak, Theory of Hadronic Plasma, Sov. Phys. JETP 47 (1978) 212.

E. V. Shuryak, Quark-Gluon Plasma and Hadronic Production of Leptons, Photons and
Psions, Phys. Lett. 7T8B (1978) 150.

E. V. Shuryak, Quantum Chromodynamics and the Theory of Superdense Matter, Phys. Rept.
61 (1980) 71.

U. W. Heinz and M. Jacob, Evidence for a new state of matter: An Assessment of the results

from the CERN lead beam program, nucl-th/0002042.

T. Csorg6, New form of matter at cern sps: Quark matter but not quark gluon plasma, Nuclear

Physics B - Proceedings Supplements 92 (2001) 62 .

BRAHMS collaboration, Quark gluon plasma and color glass condensate at RHIC? The
Perspective from the BRAHMS experiment, Nucl. Phys. A757 (2005) 1 [nucl-ex/0410020].

PHENIX collaboration, Formation of dense partonic matter in relativistic nucleus-nucleus
collisions at RHIC: Experimental evaluation by the PHENIX collaboration, Nucl. Phys. AT57
(2005) 184 [nucl-ex/0410003].

B. B. Back et al., The PHOBOS perspective on discoveries at RHIC, Nucl. Phys. AT57 (2005)
28 [nucl-ex/0410022].

STAR collaboration, Ezperimental and theoretical challenges in the search for the quark gluon
plasma: The STAR Collaboration’s critical assessment of the evidence from RHIC collisions,

Nucl. Phys. AT57 (2005) 102 [nucl-ex/0501009].

B. Miiller, J. Schukraft and B. Wystouch, First results from pb+pb collisions at the lhc, Annual
Review of Nuclear and Particle Science 62 (2012) 361
[https://doi.org/10.1146/annurev-nucl-102711-094910].

XXiv


https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://arxiv.org/abs/nucl-th/0002042
https://doi.org/https://doi.org/10.1016/S0920-5632(00)01020-3
https://doi.org/https://doi.org/10.1016/S0920-5632(00)01020-3
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://arxiv.org/abs/nucl-ex/0410020
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://arxiv.org/abs/nucl-ex/0410003
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://arxiv.org/abs/nucl-ex/0410022
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://arxiv.org/abs/nucl-ex/0501009
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://arxiv.org/abs/https://doi.org/10.1146/annurev-nucl-102711-094910

Bibliography

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

P. Braun-Munzinger, Quarkonium production in ultra-relativistic nuclear collisions:

Suppression versus enhancement, J. Phys. G34 (2007) S471 [nucl-th/0701093|.

CMS collaboration, Observation of Long-Range Near-Side Angular Correlations in
Proton-Proton Collisions at the LHC, JHEP 09 (2010) 091 [1009.4122].

CMS collaboration, Evidence for collectivity in pp collisions at the LHC, Phys. Lett. B765
(2017) 193 [1606.06198].

ALICE collaboration, Long-range angular correlations on the near and away side in p-Pb

collisions at \/sSyn = 5.02 TeV, Phys. Lett. B719 (2013) 29 [1212.2001].

CMS collaboration, Observation of long-range near-side angular correlations in proton-lead

collisions at the LHC, Phys. Lett. B718 (2013) 795 [1210.5482].

C. Fabjan and J. Schukraft, The Story of ALICE: Building the dedicated heavy ion detector at
LHC. in 'The Large Hadron Collider: A marvel technology’, EPFL-Press Lausanne,
Switzerland, 2009 (Editor: L. Evans), chapter 5.4, 2011, 1101.1257.

ALICE collaboration, Measurement of charm production at central rapidity in proton-proton

collisions at \/s =7 TeV, JHEP 01 (2012) 128 [1111.1553].

ALICE collaboration, Measurement of azimuthal correlations of D mesons and charged
particles in pp collisions at \/s =T TeV and p-Pb collisions at \/snx = 5.02 TeV, Eur. Phys.
J. C77 (2017) 245 [1605.06963].

K. Werner, The hadronic interaction model epos, Nuclear Physics B - Proceedings Supplements

175-176 (2008) 81 .

CMS collaboration, Measurement of long-range near-side two-particle angular correlations in

pp collisions at \/s =13 TeV, Phys. Rev. Lett. 116 (2016) 172302 [1510.03068].

XXV


https://doi.org/10.1088/0954-3899/34/8/S36
https://arxiv.org/abs/nucl-th/0701093
https://doi.org/10.1007/JHEP09(2010)091
https://arxiv.org/abs/1009.4122
https://doi.org/10.1016/j.physletb.2016.12.009
https://doi.org/10.1016/j.physletb.2016.12.009
https://arxiv.org/abs/1606.06198
https://doi.org/10.1016/j.physletb.2013.01.012
https://arxiv.org/abs/1212.2001
https://doi.org/10.1016/j.physletb.2012.11.025
https://arxiv.org/abs/1210.5482
https://arxiv.org/abs/1101.1257
https://doi.org/10.1007/JHEP01(2012)128
https://arxiv.org/abs/1111.1553
https://doi.org/10.1140/epjc/s10052-017-4779-8
https://doi.org/10.1140/epjc/s10052-017-4779-8
https://arxiv.org/abs/1605.06963
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2007.10.012
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2007.10.012
https://doi.org/10.1103/PhysRevLett.116.172302
https://arxiv.org/abs/1510.03068

Bibliography

XXV1



List of Figures

1.1
1.2
1.3
1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

2.1

2.2

2.3

Elementary particles in Standard model. . . . . . . . .. .. ... ... ...
The quark structure of mesons and baryons. . . . . . ... ... ... ... ......
Inseparability of a quark and anti-quark inspite of adding sufficint energy. . . . . . . .
Change on field lines on increasing the separation between a pair of electric charges

and a quark-antiquark pair. . . . . .. ...
Measurements of a; as a function of the energy scale Q with different degrees of QCD

perturbation theory used in the extractionof oy . . . . . . . . . . ...
Potential due to strong interaction. . . . . . . . . ...
The QCD phase diagram. . . . . . . . . . ... L
Different stages of a typical relativistic heavy-ion collisions. . . . . . . .. . ... ...
The schematic diagram showing the evolution of the fireball produced in relativistic

heavy ion collisions in the light cone picture. . . . . . . .. . ... ... ... .....
Energy loss of the away side jet in the QGP medium. . . . . . . ... ... ... ...
A typical non-central heavy-ion collision. . . . . . .. .. .. ... 0L
The nuclear modification factors of charged particles as a function of transverse mo-

mentum in pPb and PbPb collisions measured by ALICE . . . . .. ... . ... ...
Inelastic processes in pp collisions: (a) Non-Diffractive, (b) Single-Diffractive and (c)

Double-Diffractive. . . . . . . . ..

[lustration of the way used in QCD Monte-Carlo models to simulate a pp collision.

Leading Order (LO) Feynman diagrams for the heavy quark production: (a) gluon
fusion and (b) pair annihilation. . . . . . .. ...
Few of the Feynman diagrams for the Next to Leading Order (NLO) processes of
the heavy quark production: (a) gluon fusion with one final state gluon (b) flavour
excitation and (c) gluon splitting. . . . . . . . .. ...

Collisional and radiative energy loss of a quark with energy E. . . . . . .. .. .. ..

xxvii

17
19

22

30
31



List of Figures

2.4 Collisional energy loss of charm quark in RHIC and LHC energies. . . . . . .. .. ..
2.5 Comparison of collisional and radiative energy loss for charm and bottom quark. . . .
2.6 Schematic diagram of dead cone effect in heavy quarks. . . . . .. ... ... ... ..

2.7 Heavy-flavour decay electron nuclear modification factor R44 and elliptic flow v, as a

function of pr in AuAu collisions at /sxy = 200 GeV measured by PHENIX. . . . . .
2.8 Elliptic flow (v5) of D® meson compared to light-flavour mesons in AuAu collisions at
VSxx = 200 GeV measured by STAR experiment. . . . . . .. .. ... .. ... ...

2.9 Ryu for prompt DY, D* and D*T in 0 — 20% and 40 — 80% centrality bins measured
by ALICE. .« oo

2.10 Elliptic flow v, of prompt D mesons as a function of pp in PbPb collisions at \/syx
= 5.02 TeV in 30-50% centrality class compared to the same and v, of 7% in PbPb
collisions at \/syy = 2.76 TeV. . . ... ...

2.11 Near-side (0 < Ap < 1.25 rad) I44 for 2.0 < p} < 3.0 GeV/c and 3.0 < p} < 4.0

GeV/c as a function of the associated hadron pr for eHF and hadron triggers.
2.12 Angular correlations of ¢¢ pairs in central AuAu collisions. . . . . . . . .. ... ...

2.13 The nuclear modification factor R,p, of D mesons and heavy-flavour decay electrons

in pPb collisions at /syy = 5.02 TeV as compared to different theoretical models.

2.14 Electron-hadron correlations in pPb collisions at |/syy = 5.02 TeV with three different
multiplicity classes compared to minimum bias pp collisions at /s =7 TeV. . . . . .

2.15 Azimuthal correlations between D mesons and charged particles in pPb collisions at
VSxw = 5.02 TeV with three different multiplicity classes compared to minimum bias
pp collisions at /s =7 TeV. . . . . . . ..

2.16 pr-differential cross-section of D** (left) and D° (right) with /s = 5 and 13 TeV
respectively measured by ALICE. . . . . . . .. ... .. 0

2.17 pp-differential cross section of charm jets tagged with D mesons in pp collisions at

Vs =7 TeV measured by ALICE. . . . . . ... ... ... ... ... ... ....

3.1 Large Hadron Collider accelerator ring complex. . . . . . . . .. ... ... ... ...
3.2 The schematic view of ALICE detector. . . . . . . . .. ... ... ... .. ... ..
3.3 The schematic view of Inner Tracking System. . . . . . . ... .. ... .. ... ...
3.4  The schematic view of Time Projection Chamber. . . . . . . . . . .. ... ... ...

3.5 Specific energy loss (dE/dx) of particles as a function of particle momentum in pp

collisions at /s=7 TeV. . . . . . . . .

xxviii

34

38

41

49



List of Figures

3.6

3.7

3.8

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

4.13

4.14

4.15

4.16

4.17

4.18

Particle velocity (3) as a function of particle momentum in pp collisions at /s=5.02

eV 51

Position of the two VZERO arrays within the general layout of the ALICE experiment.
Schematic diagram of VZERO-A and VZERO-C arrays showing their segmentation. . 52

The ALIROOT framework. . . . . . . . . . .. . 55
Schematic diagram for D and D** decaying into a pion and kaon pair. . . . . .. .. 62
Schematic diagram for DY decaying in D° rest frame. . . . . . ... ... ... .... 64
cosf* distribution for signal and background D° candidates.. . . . . . . .. ... ... 64
Sign of product of impact parameters of two daughter tracks coming from D? decay. . 65
Product of impact parameters for D meson candidates. . . . . . ... ... ... ... 66
Invariant mass distribution of D? in different py region. . . . . . . . ... ... . ... 67
Invariant mass distribution of D in different pr region. . . . . . . .. ... ... 68
Invariant mass distribution of D** in different pr region. . . . . . .. ... ... .. 69
Tracking efficiency for different period as a function of pp. . . . . . . . .. ... ... 71
Efficiency maps for prompt D, D and D**. . . . . . . ... ... L. 73
Efficiency maps for feed-down D°, DY and D**. . . . . ... .. ... ... ... ... 74
Schematic diagram for Event mixing in D-hadron azimuthal correlations. . . . . . . . 75

Example of mixed event correlation distribution for D meson with pr(trigg) 5-8 GeV/c

and pr(assoc) > 0.3 GeV/e. .. ..o 76
Example of signal and sideband regions in a DY meson invariant mass spectra. . . . . 77
Correlation distributions between D? mesons and charged particles for signal+background
region and sideband region and the correlation distribution after sideband correction. 78
Example of azimuthal correlation distributions between D mesons and charged par-

ticles: signal+background region, sideband, and signal minus sideband correlation
distributions. . . . . ... oL 78
Azimuthal correlations between D° mesons and charged particles obtained from Monte
Carlo, at kinematics and reconstructed step with 3 < pp(D) <5 GeV/e, 5 < pr(D) <8
GeV/e, 8 <pr(D) <16 GeV/c and pr(assoc) > 0.3 GeV/e. . .. ... ... ... .. 80
Azimuthal correlations between DY mesons and charged particles obtained from Monte
Carlo, at kinematics and reconstructed step with 3 < pp(D) <5 GeV/e, 5 < pr(D) <8
GeV/e, 8 < pr(D) <16 GeV/c and 0.3 < pr(assoc) < 1.0 GeV/e. . ... ... .. .. 81

XXix



4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

5.1

List of Figures

Azimuthal correlations between D° mesons and charged particles obtained from Monte
Carlo, at kinematics and reconstructed step with 3 < pp(D) <5 GeV/¢, 5 < pp(D) <8
GeV/e, 8 <pr(D) <16 GeV/c and pr(assoc) > 1.0 GeV/e. . . . ... ... ... ... 82
Ratios of fully corrected azimuthal correlation plots at reconstructed level over az-
imuthal correlation plots at kinematic level, in the three D® pr bins, for the different as-
sociated pr ranges with 3 < pp(D) <5 GeV/c, 5 < pr(D) <8 GeV/c, 8 < pr(D) <16
GeV/c and pr(assoc) > 0.3 GeV/e. . . . . .. 83
Ratios of fully corrected azimuthal correlation plots at reconstructed level over az-
imuthal correlation plots at kinematic level, in the three D® pr bins, for the different as-
sociated pr ranges with 3 < pr(D) <5 GeV/e¢, 5 < pr(D) <8 GeV/c, 8 < pr(D) <16
GeV/cand 0.3 < pr(assoc) < 1.0 GeV/e. . . . . o oo oo 83
Ratios of fully corrected azimuthal correlation plots at reconstructed level over az-
imuthal correlation plots at kinematic level, in the three D° pr bins, for the different as-
sociated pr ranges with 3 < pr(D) <5 GeV/¢, 5 < pr(D) <8 GeV/c, 8 < pr(D) <16
GeV/c and pr(assoc) > 1.0 GeV/e. . . . . . ..o 84
The residual contamination from secondary tracks in the correlation distribution as a
function of A for the D-meson pr ranges: 3-5, 5-8, 8-16 GeV/c respectively in the
associated pr > 0.3 GeV/e. . . .o 85
The primary tracks over all tracks (Blue points), primary tracks over all tracks with
moving average of three points (Red points), primary tracks over all tracks fitted with
a 9th order polynomial (Red line), in the correlation distribution as a function of Ay
for the D-meson pr ranges: 3-5, 5-8, 8-16 GeV/c respectively in the associated pr
>03GeV/c. 86
Azimuthal correlation distribution between D mesons from B hadrons decay and
charged particles obtained from Monte Carlo simulations based on different PYTHIA
tune for associated track pr(assoc) > 0.3 GeV/c and D meson pp 5-8 GeV/e. . . . . . 87
Jorompt as a function of pp for D (top), D™ (middle) and D** (bottom) estimated on
the basis of FONLL predictions. . . . . . . . . . . . .. ... ... ... ....... 88

Two-particle azimuthal correlation distributions between D® mesons and charged par-
ticles obtained by changing signal and background extraction procedure and the ratio
of the correlation distributions with modified signal and background extraction pro-
cedure over the standard yield extraction procedure for pr(trigger) 3-5 GeV/c and

pr(assoc) > 0.3 GeV/e. . . .o 92

XXX



List of Figures

5.2 Two-particle azimuthal correlation distributions between DT mesons and charged par-
ticles obtained by changing signal and background extraction procedure and the ratio
of the correlation distributions with modified signal and background extraction pro-
cedure over the standard yield extraction procedure for pr(trigger) 3-5 GeV/c and
pr(assoc) > 0.3 GeV/e. . . oo 93

5.3 Two-particle azimuthal correlation distributions between D** mesons and charged
particles obtained by changing signal and background extraction procedure and the
ratio of the correlation distributions with modified signal and background extraction
procedure over the standard yield extraction procedure for pr(trigger) 3-5 GeV/c and
pr(assoc) > 0.3 GeV/e. . . . .o 94

5.4 Ratios of correlation distributions between DY mesons and cherged particles obtained
by changing the sideband ranges over those obtained with standard sideband ranges

with pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . ... ... .. 95

5.5 Ratios of correlation distributions between D*-mesons and cherged particles obtained
by changing the sideband ranges over those obtained with standard sideband ranges

with pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . . ... .. .. 96

5.6 Ratios of correlation distributions between D*T-mesons and cherged particles obtained
by changing the sideband ranges over those obtained with standard sideband ranges

with pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . ... ... .. 96

5.7 Associated track efficiency maps as a function of pr for different cut variation (left).

Ratio of efficiency maps with different cut variations w.r.t. the standard one (right). . 97

5.8 Ratios of correlation plots between DY mesons and charged particles obtained with
alternate associated track cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . . . ... ... ... 98

5.9 Ratios of correlation plots between DT mesons and charged particles obtained with
alternate associated track cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . . . ... ... ... 99

5.10 Ratios of correlation plots between D** mesons and charged particles obtained with
alternate associated track cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . ... ... ... 99

5.11 Prompt D? efficiencies for alternate cut variations and ratio of prompt D efficiencies

for different alternate cutset w.r.t. the standard one. . . . . . . . . . . . .. .. ... 100

poedl



5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

0.21

5.22

5.23

List of Figures

Prompt Dt efficiencies for alternate cut variations and ratio of prompt D efficiencies

for different alternate cutset w.r.t. the standard one. . . . . . . . . . . . .. .. ... 100

Ratios of azimuthal correlations between DY mesons and charged particles obtained
with alternate D-meson cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . ... ... ... ... 100

Ratios of azimuthal correlations between D' mesons and charged particles obtained
with alternate D-meson cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . ... ... ... .. 101

Ratios of azimuthal correlations between D*T mesons and charged particles obtained
with alternate D-meson cut sets over those obtained with standard selection with

pr(trigger) 3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . . . .. . ... ... .. 101

Ratios of azimuthal correlations between DY mesons and charged particles obtained
with alternate DCA cut over those obtained with standard DCA cut with pr(trigger)
3-5, 5-8, 8-16 GeV/c and pr(assoc) > 0.3 GeV/e. . .. ... oL 102

Comparison of azimuthal correlation distributions between D mesons (DY, D' and
D**) and charged particles with D-meson pr 3-5 GeV/¢, 5-8 GeV/c and 8-16 GeV /¢
and associated pr >0.3 GeV/e. . . .. 104

Average of D°. Dt and D** azimuthal correlations, from analysis on the data sample,

for the different D pt bins 3-5, 5-8, 8-16 GeV /¢ and associated pr > 0.3 GeV/e. . . . 106
Example of fit to azimuthal correlation distributions and baseline estimation. . . . . . 108

Near-side yield pr(D) trend for the D-meson average, extracted from fit to the az-

imuthal correlation distributions, for all the analyzed kinematic ranges of associated

Near-side sigma pr(D) trend for the D-meson average, extracted from fit to the az-

imuthal correlation distributions, for all the analyzed kinematic ranges of associated

Away-side yield pr(D) trend for the D-meson average, extracted from fit to the az-

imuthal correlation distributions, for all the analyzed kinematic ranges of associated

Away-side sigma pr(D) trend for the D-meson average, extracted from fit to the az-

imuthal correlation distributions, for all the analyzed kinematic ranges of associated



List of Figures

5.24 Baseline height for the D-meson average, extracted from fit to the azimuthal correlation

distributions, for all the analyzed kinematic ranges of associated track pp.. . . . . .. 111

5.25 Two-particle azimuthal correlations between D mesons and charged particles: com-

parison among pp 7 TeV, 13 TeV and pPb 5.02 TeV data. . . . . ... .. ... ... 112

5.26 Near-side physical observables: comparison among pp 7 TeV, 13 TeV and pPb 5.02
TeV data. . . . . . . e 113

5.27 Two particle azimuthal correlations between D mesons and charged particles : com-

parison of pp 13 TeV data with different Monte-Carlo models. . . . . . ... ... .. 114

5.28 Near-side physical observables : comparison of pp 13 TeV data with different Monte-
Carlo models. . . . . . . . . 115

5.29 Away-side physical observables : comparison of pp 13 TeV data with different Monte-
Carlo models. . . . . . . . . e 116

6.1 Two-particle azimuthal correlations as a function of (An, Ay) in pp collisions at

6.2 Near-side long-range associated yield as a function of (a) transverse momentum, (b)

multiplicity for pp 1/s=7 TeV and 13 TeV measured by CMS experiment. . . . . . . 120

6.3 The elliptic low measurement of inclusive charged particles, K? and A/A as a function

of transverse momentum for pp /s = 13 TeV measured by CMS experiment. . . . . . 121

6.4 The v3**{2} and v§“*{2} of charged particles as a function of charged particle multi-
plicity N%f e in pp collisions at /s = 5, 7 and13 TeV, pPb collisions at /s NN =
5 TeV, and PbPb collisions /sy, = 2.76 TeV, after correcting for back-to-back jet

correlations estimated from low-multiplicity data. . . . . . ... ... .. ... .... 121

6.5 The /s and centrality (dn.,/dn) dependence of mean transverse radial velocity ((3))
and kinetic-freezeout temperature (7T};,), as obtained by simultaneous fits in the
BGBW framework to the published spectra of 7%, K* and p(p) in pp collisions at

LHC is compared with results from similar analysis for AuAu collisions at RHIC. . . 123

6.6 The inverse slope parameter T¢ffecive as a function of mass of identified particles
(Mgt = 0.14, mgz = 0.495, m, = 0.938 GeV/c?) as obtained from the measured
transverse momentum spectra from non-single diffractive events of pp collisions as
measured by the CMS experiment at /s = 7 TeV. (Ny,) is the mean multiplicity of

the charged particles. . . . . . . . . . . . 124

xxx1ii



List of Figures

6.7 Near-side long-range associated yield as a function of multiplicity for pp /s=7 TeV
and 13 TeV, pPb /sxx=5.02 TeV and PbPb /s\y = 2.76 TeV data measured by CMS

experiment. . . . . ... L L e

6.8 Two-particle azimuthal correlations of h — 7 (left) and h-p (right) of pPb collisions at
VSan=0.02 TeV measured by ALICE. . . . . . . . ... ... ... ... .. ......

6.9 Elliptic flow vy as a function of transverse momentum for pPb /syx=5.02 TeV mea-
sured by ALICE. . . . . . . .

6.10 Identified charged particle ratios K/7, p/7 and A/K? for pPb and PbPb collisions
with /syx = 5.02 TeV and 2.76 TeV respectively for most central and peripheral

event classes. . . ..,

6.11 Inclusive charged particles pt spectra from generated minimum-bias events of pp col-
lisions at /s= 7and 13 TeV from the EPOS3 event generator, with hydrodynamic
calculations, are compared with data, as measured by the ALICE and ATLAS.

6.12 Two particle Ay — Ap charge particle correlation function for 1 <pih88er, passociated -

2 GeV/c with unidentified charged particle as trigger, for the hydrodynamic-EPOS3
generated pp collisions at /s = 7 TeV and 13 TeV for events of multiplicity-class
N >110 and Nop<3D. o e

6.13 One dimensional Ay projection for high-multiplicity events for the region of ridge-
like correlations obtained from the long-range two-particle azimuthal correlations of
charged particles, averaged over 2 <|An|< 4, for 1 <pits passociated = 9 GeV /e, 2
<pipieeer passociated - 3 GeV /e and 3 <pliEE paseciated < 4 GeV/c from the data and

the EPOS3 generated events of pp collisions at /s = 7 and 13 TeV. . . . . . ... ..

6.14 The transverse momentum spectra for 7, K+, p(p) as measured by the CMS experi-
ment at LHC for the event-class of average multiplicity = 131 and 98 in pp collisions

at /s = 7 TeV, along with BG-blast-wave fits. . . . . . . ... ... ... ... ....

6.15 Average transverse momentum, < pr >, as a function of charged particle multiplicity,

N, as measured by ALICE and ATLAS. . . . . . . . . ... . ... .. ...,

6.16 Average transverse momentum, (pr), as a function of mean charged particle multi-
plicity, (N.,), for the identified charged particles in pp collisions at /s = 7 and 13
TeV. The CMS data have been compared with simulated events using EPOS3 event

generator with and without hydrodynamics. . . . . . . .. ... ... .. ... ....

XXX1V

. 129



List of Figures

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

The mass ordering of the inverse slope parameter T¢ffeqive Of identified particles
(mat = 0.14, mg= = 0.495, my; = 0.938 GeV/c?) as measured by the CMS ex-
periment at /s = 7 TeV and 13 TeV, for a few event classes of high-multiplicity, is
compared with those obtained from EPOS3-hydro simulated events. . . . ... . .. 138
Centrality dependent invariant yields of identified charged particles in pPb collisions
at \/syx = 5.02 TeV, measured by ALICE compared with the simulated events from
the EPOS3 event generator with Hydro calculations. . . . . . . ... ... ... ... 139
Average transverse momentum, (pr), as a function of charged particle multiplicity,
Nep,, as measured by ALICE in pPb collisions at /sy = 5.02 TeV respectively, com-
pared with the simulated events from EPOS3 event generator, with and without Hydro
calculations. . . . . . .. Lo 140
Average transverse momentum, (pr), as a function of mean charged particle multi-
plicity, (Nen), as measured by CMS in pPb collisions at /sy = 5.02 TeV, compared
with EPOS3 generated events. . . . . . . . . . . . .. ... 141
The mass ordering of the inverse slope parameter T¢ffeqive Of identified particles
(Mgt = 0.14, mgz+ = 0.495, m,; = 0.938 GeV/c?) in pPb collisions at |/syy =
5.02 TeV: comparison between CMS data and EPOS3 generated events. . . . . . . . . 142
Centrality dependent correlated yield as a function Ay, as obtainedfrom the long-
range two-particle azimuthal correlations between charged particle and between D
mesons and charged particles, for EPOS3 generated pPb collisions at /syy= 5.02
TeV in different ranges of p'9" and p2°c. . . . .. ... 143
Centrality dependent correlated yield, as obtained from the long-range two-particle
azimuthal correlations of D-mesons and charged particles, averaged over 2 < |An| < 4,
for 3 < pip" < 5 GeV/c and 1 < p&** < 3 GeV/c, for the hydrodynamic-EPOS3
generated pPb collisions at /syy =5.02 TeV. . . . . ... ... ... ... 144
Invariant yield of EPOS3 generated D-mesons from two different sources, plasma and
non-plasma. . . . ... L Lo 144
Correlated yield, as obtained from the long-range two-particle azimuthal correlations of
D-mesons and charged particles, averaged over 2 < |An| < 4, for 3 < pli"? < 5 GeV/c
and 1 < p§*° < 3 GeV/e, for the hydrodynamic-EPOS3 generated pPb collisions
with 0-20% centrality events at /syy = 5.02 TeV. . . .. ... ..o 145

XXXV



List of Figures

XXXV1



List of Tables

1.1
1.2

2.1

4.1
4.2

5.1
5.2
5.3

6.1

6.2

Three generations of quarks and leptons and their properties. . . . . . . . . ... ... )
The fundamental forces and gauge bosons with their properties. . . . . . . . .. . .. 5
Properties of charm quark containing mesons. . . . . . .. .. ... .. ... ... 28
General purpose MC productions. . . . . . . . . ... 71
HF enriched MC sample. . . . . . . . . .. . . 72
Systematic table for D%, . . . ... 103
Systematic table for DT, . . . . .. .. 103
Systematic table for D**. . . . . . ... 103

Tin, (B) and n, the parameters of the the BGBW, obtained from the simultaneous fit
to the published spectra of 7%, K* and p(p) and respective x2/n.d.f for pp collisions
at /s = 7 and 13 TeV for different event classes depending on average multiplicity,
(Nen), intherange || < 2.4. . . . . . . 0o o 133
Trin, (B) and n, the parameters of the the BGBW, obtained from the simultaneous
fit to the spectra obtained from simulated EPOS events for 7%, K= and p(p) and
respective x?/n.d.f for pp collisions at /s = 7 and 13 TeV for different event classes
depending on average multiplicity, (N.,), in the range |n| <2.4. . .. ... ... ... 134

xxxvil



List of Tables

xxxviil



Chapter 1

Introduction

The Quark-Gluon Plasma (QGP) [1] is a thermalized state of strongly interacting matter with par-
tonic degrees of freedom. In QGP, the quarks and gluons do not remain confined within a hadron and
they rather become relatively free to propagate over a volume larger than that of a typical hadron.
This state of nuclear matter can exist at an extreme condition of high temperature and/or density. It
is believed that the QGP state of matter might have existed immediately after the big-bang for a few
microseconds and may exist in the core of the neutron stars. In laboratories, the production of QGP
was predicted in relativistic collisions of nuclei [2, 3, 4]. Dedicated efforts to detect possible QGP
signals in relativistic heavy-ion collisions in the laboratory were initiated by several experiments at
Alternating Gradient Synchrotron (AGS), at Brookhaven National Laboratory (BNL) in late eight-
ies, joined by experiments at Super Proton Synchrotron (SPS), CERN during nineties of the 20th
century. Experiments at both the AGS and the SPS were of fixed target type and the centre-of-mass
energy of collisions were limited to a few tens of GeV. At SPS, an indication of formation of QGP
was observed [5]. Finally, the experimental efforts in search of QGP were culminated at Relativistic
Heavy-Ion Collider (RHIC) at the BNL where AuAu collisions at /syy = 130 and 200 GeV pro-
vided the first convincing evidence of formation of QGP, as observed through comprehensive analysis
of data, recorded by four major experiments, namely, PHENIX, PHOBOS, BRAHMS and STAR
6, 7, 8, 9]. The experiments at the Large Hadron Collider (LHC) at CERN with PbPb collisions at
Vswn = 2.76 , 5.02 TeV aim to study the properties of QGP with increased energy density, volume
and lifetime. As the names imply, both RHIC and LHC are collider facilities.

In the theoretical front, the only first principle calculation on thermodynamic properties of QGP
is available in the LQCD framework. While the LQCD calculations in vanishing baryon chemical
potential (up), corresponding to /syy at LHC (for /sy at RHIC, the up is very small) is fairly
advanced, in the high up range corresponding to energy of collisions at AGS and SPS, the progress
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of LQCD calculations is still hindered by some procedural complications. In any case, however,
the LQCD calculations do not suggest any signal of QGP that can be straight away connected to
any experimental observable and the interpretation to the observed features of particle productions
in relativistic heavy-ion collisions are mostly dependent on several signals proposed by some the-
oretical /phenomenological models. Apart from the lack of comprehensive theoretical back-up, the
experimental study of QGP itself is very challenging because of the very short lifetime and tiny
volume of QGP matter that is formed in relativistic heavy-ion collisions. In fact, RHIC discovery on
QGP did not come from any “smoking-gun” type of signal, but from the observance of several signals.
The two most unambiguous signals had been the azimuthal anisotropic flow of produced particles
and suppression of high-pr particles due to energy loss while traversing the dense partonic medium.
In extracting signals of QGP in heavy-ion collisions, the collision data of proton-proton (pp) and
proton-nucleus (pA) serve as the baselines. While the pp data is compared to ensure that the signal
is not mimicked by superposition of many elementary pp collisions, the pA data help disentangling
the effect, if any, of cold nuclear matter and that of the hot nuclear matter (QGP).

The pp and pPb data at LHC, however, revealed some unexpected features. The high-multiplicity
events of pp and pPb collisions exhibit features of particle productions which resemble that in ultra-
relativistic heavy-ion collisions, where QGP is already established. So, while the minimum-bias pp
and pPb data are used as the baseline for heavy-ion collisions, the in-depth study of high-multiplicity
events of these small collision systems like pp and pPb at LHC energies are now in the focus of the
frontline fields of research in high energy physics. Though the origins of these unexpected features
are not yet fully understood, the experimental findings definitely indicate to a new aspect of physics
of particle productions in relativistic collisions.

The thesis presents studies addressing different aspects of QGP and related physics. The content
of this thesis is broadly classified into two parts. The first part contains the results of analysis of
minimum-bias data of pp collisions at 13 TeV, recorded by ALICE at the LHC. The focus of the
study has been on the heavy-flavour jets, in terms of two-particle angular correlations between D-
mesons and charged particles. The second part contains simulation based phenomenological studies
addressing possible hydrodynamic origin of the particle production in high-multiplicity pp and pPb
events at the LHC energy. The presentation has been arranged chapter-wise. Following the Intro-
duction in Chapter - 1, the Chapters 2, 3, 4 and 5 pertain to the data analysis part. The Chapter
- 6 presents the simulation-based study. The Chapter 7 concludes the thesis. Brief descriptions of

different chapters are given below:

e Chapterl (Introduction): This chapter introduces the Quark-Gluon plasma (QGP), its pro-



duction in laboratory, properties and several probes to study this medium. For the convenience
of the readers, the discussion is followed by some preliminaries of Standard model, quantum
chromodynamics (QCD), QCD phase diagrams etc. Next, a brief discussion is made on the

main focus of this thesis.

Chapter 2 (Study of open heavy flavours): This chapter contains an introduction to
heavy-flavour mesons, their production mechanism and properties. An experimental overview

is presented here for the study of open heavy-flavour as a probe of QGP.

Chapter 3 (Experimental Setup): We have done the analysis of minimum-bias events of pp
collisions at /s = 13 TeV recorded by ALICE detector. In this chapter, we have described the
ALICE detector configuration and the working principle of several sub-detectors. The online
and offline data taking procedure as well as the overall ALICE analysis framework is discussed

here.

Chapter 4 (Analysis detail): This chapter contains the detail of the analysis tool: the
two-particle azimuthal correlation with heavy-flavour hadron trigger and charged particles fol-
lowed by a discussion on reconstruction of heavy-flavour hadrons, topological cut selection,

background subtraction, event-mixing and efficiency corrections etc.

Chapter 5 (Systematic study and results): Here, we have discussed the several sources
of systematic uncertainties for the heavy-flavour correlation analysis. We have evaluated the
uncertainty values for each sources and obtained the final result by taking the average of three
D meson candidates D?, D™ and D**. We have compared the results of pp /s = 13 TeV with
the pp /s = 7 TeV and pPb /sy = 5.02 TeV. Several Monte-Carlo models are also used to
check the compatibility with data.

Chapter 6 (Studies in small systems with hydro-based event simulations): In this
chapter, we have studied the high multiplicity events of pp and pPb collisions in LHC energies
with EPOS3 hydro-based event generator. We have looked into some of the features of particle
production mechanism in small systems win terms of observables which reveal the collective
properties of particle production in relativistic heavy-ion collisions. Both the qualitative and
quantitative comparisons have been made for the results obtained in EPOS3 event generator

to that of the data.

Chapter 7 (Summary and outlook): Finally, we summarize the observations obtained from

both the parts of this thesis, i.e. the data analysis part as well the simulation studies. A brief
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discussion on the scope of future studies is added.

1.1 The Standard Model

Extensive research activities in the last few decades in high energy physics and particle physics led
us to know a lot about the fundamental constituents of matter and the interactions among them. The
knowledge thus gathered is put together in Standard Model (SM) [10]. According to the Standard
Model (SM), a well tested theoretical framework, the basic constituents of matter are quarks,
leptons, gauge bosons, Higgs boson and their anti-particles. Pictorially, the elementary particles of

standard model are summarized in figure 1.1.

three generations of matter interactions / force carriers
(fermions) (bosons)

mass  =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c? 0 =125.09 GeV/c2
charge | % EZ] 7 t 0 0
spin | ¥ u % C % 1 y 0 H

up charm | top gluon higgs

)
— — ) \—

=4.7 MeV/c2 =96 MeV/c? =4.18 GeV/c2 0

-5 -5 -V

down strange bottom photon
-/ -/ -/

=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c2
-1 =, =i, 0

electron muon tau Z boson

— <2.2 eVic? <1.7 MeV/c2 <15.5 MeV/c2 =80.39 GeV/c2
0 0 0 +1
, Ve s B 1. @ . w
electron muon tau
. . - W boson
neutrino neutrino neutrino \

LEPT

Figure 1.1: Elementary particles in Standard model [11].
A brief description of the basic constituents of matter and the fundamental forces is given below:

e Quarks and leptons: Quarks and leptons are the spin—% particles, i.e, “fermions”. Standard
model is consisted of 6 quarks, 6 leptons and their anti-particles classified into three genera-
tions. Table 1.1 shows the names and basic properties of the quarks and leptons belonging to
different generations. In normal nuclear matter, the quarks and anti-quarks remain confined
in “hadrons”. Hadrons are classified into “Baryons” and “Mesons”. Baryons (anti-baryon) are
formed with a combination of three quarks (anti-quarks) and mesons are formed with a pair of

quarks and anti-quarks as shown in figure 1.2.
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’ generation \ particle \ symbol \ charge \ mass (GeV/c?) \ type ‘

First up u 2/3 4 x 1073 quark

down d -1/3 7 x 1073 quark

electron e -1 5.1 x 107* | lepton

e-neutrino Ve 0 <7x 107 | lepton

Second charm c 2/3 1.5 quark
strange S -1/3 0.2 quark

muon Ju -1 0.106 lepton

p-nutrino vy, 0 < 2.7 x 107* | lepton

Third top t 2/3 175 quark
bottom b -1/3 4.7 quark

tau T -1 1.78 lepton

T-neutrino v, 0 < 2.7 x 1072 | lepton

Table 1.1: Three generations of quarks and leptons and their properties.

Hadrons
Meson . Baryons
Quark :-'ﬁuarl/m
i A Y N, /j /
Antiquark S Quark d Antiquark
! _ Antiquark

: Antiquark

Figure 1.2: The quark structure of mesons and baryons.

e Gauge bosons: These are basically the carrier of three fundamental forces of nature which
includes strong, weak, electromagnetic. Table 1.2 enlists the fundamental forces and carrier

particles along with some of their basic properties.

’ Force \ boson \ symbol \ charge \ mass (GeV/c?) \ spin ‘
Strong gluon g 0 0 1
Electromagnetic v c 0 0 1
Weak W and Z boson | W* and Z° | £1 and 0 81 and 92 1

Table 1.2: The fundamental forces and gauge bosons with their properties

e Higgs boson: Higgs boson, considered as a scaler boson, is responsible for providing mass
to all other particles in standard model. Though the existence of this particle is theoretically

predicted in 1964 by Peter Higgs [12], it was experimentally verified in 2012 by LHC.

e Fundamental interactions: There are four fundamental interactions (also known as fun-

damental forces) existing in nature: gravitational, electromagnetic, strong and weak. Among
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these interactions, the gravitational and electromagnetic interactions produce long-range forces
which can be observed directly in our daily life, while the weak and strong interactions plays
role within subatomic distances. The Standard Model includes the following three fundamental

interactions:

— Electromagnetic force: This force is carried by the photons and includes the distinct
electric and magnetic forces. The electric force acts among the static and/or moving
charged particles while the magnetic force acts among moving charges only. This means
every charged particle creates an electric field and the moving charged particles create
magnetic fields. The electromagnetic interactions are responsible for the attraction among
orbital electrons and atomic nuclei through which the atoms are hold together, as well as

the chemical bonding and electromagnetic waves, including visible light.

— Strong force: This force is carried by the gluons that glues the quarks together inside a
hadron. As a residual effect, it creates the nuclear force that binds the hadrons to form
atomic nuclei. At a distance 1 fm or less, the strength of this force is around 137 times
the electromagnetic force, but it dies off with distance much faster than electromagnetic

or gravitational force, thus making it impossible to detect outside the nucleus.

— Weak force: This force acts inside individual nucleons, which means it is even shorter
ranged than the strong force. The weak interaction is carried by W and Z bosons which

mediates the radioactive decay.

We elaborate further the strong interaction as it forms the basic physics framework pertaining

to the work of the thesis.

1.2 Quantum Chromodynamics (QCD)

The theory of strong interaction of the elementary particles, quarks and gluons, as described
in SM is the Quantum Chromodynamics (QCD). The QCD is a non-Abelian gauge theory with
symmetry group SU(3). The salient features of QCD can be better presented by comparing the well
understood theory of electromagnetic interactions, the Quantum Electrodynamics (QED). While the
QED deals with interactions among electric charges, the QCD involves interactions among “colour”
charge carrying elementary particles. In contrast to two varieties of electric charges, the colour
charge comes in three varieties labeled as red, green and blue. Also, while the mediating photons are

charge-less, the mediating gauge boson of strong interaction are the spin-1 gluons (of eight different
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types) of bi-coloured objects. Accordingly, while in QED the photons are not self-interacting, the
gluons in the QCD interact among each other and with quarks. The QCD Lagrangian reads [13]

(0,A% — 8, A%) (9" A™ — ¥ A**)

o |
Locp = Y Vi (07" 0u —my) ¥y — 4
7

1 _ .
~ 3¢ (0" A2) (97 45) + (9"01°) (0u0°) + 3_ g5yt v 4,
!
1
_gsfabc (8NA$) AbuAcu - Zg?fabedeeAZAl;AcuAdV o gsfabc (au¢Ta> ¢bA; (11)

where, g, is the strong coupling, f is the flavour index, 7, j are the color indices of the fundamental
representation of SU(3), a, b, ¢ etc. are colour indices of the adjoint representation of SU(3) and ¢ is
the gauge parameter; /% (¢}) are the quark(anti-quark) fields, A% are the gluon fields and ¢ are the
ghost fields. In the above equation, t* are the generators of SU(3) satisfying the Lie algebra

[t ] = ifebere (1.2)

with f% being the totally antisymmetric structure functions.

Unlike QED, the QCD coupling constant (a5 = %) shows a different kind of behaviour with

respect to the momentum transfer involved in the process. The “running coupling constant” of QCD
can be obtained from the Renormalization Group (RG) equation by calculating the QCD S-function

and is given by [14]
47
(@) = (1)

QCD

where, N; is number of quark flavours, @? is momentum transfer in strong interaction and Aqcp is
QCD scale parameter. The specific momentum dependence of ay, leads to the following two novel

aspects of QCD:

e Colour Confinement: The phenomenon that prohibits a colour charge to be isolated is
known as colour confinement. It is caused by the mutual interactions of gluons, the mediator
of strong interactions. In simple words, if we try to separate a quark-antiquark pair (¢q) by
large distance, the energy provided is being utilized in creating a new qq pair, which in turn
produce two sets of composite systems of qg. A schematic diagram of this process is shown in
figure 1.3. The field lines are collimated into a tube-like shape (called “flux tube”) due to the
mutual interactions among gluons. Unlike a pair of electric charges, by increasing the separation

between a quark-antiquark pair, the force does not become weak but remains constant as shown
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newly
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Figure 1.3: Inseparability of a quark and anti-quark inspite of adding sufficint energy.

Electric field lines spread out as the electric Color force lines between quarks are collimated into a

charges are separated tube-like shape and do not spread out as the quarks are
separated. Eventually a single tube will split into two when
the force applied has completed enough work.

== %

Figure 1.4: Change on field lines on increasing the separation between a pair of electric charges (left)
and a quark-antiquark pair (right).

in figure 1.4. Finally one tube breaks into two tubes when sufficient energy is available to create
a new quark-antiquark pair and two new mesons. Thus, the colour confinement is the reason

why we can not find a single isolated quark in nature.

e Asymptotic Freedom: It is a property of the steady reduction in the interaction strength
with the increment of the interaction energy scale as well as the decreased length scale. In this
regime, we look at high energies (distances < 1 fm) in which the perturbative QCD can be
applied as the strong coupling becomes oy < 1. In simple word, the quarks and gluon becomes
weakly interacting and almost free to roam around. The variation of a, is shown as a function

of energy scale (Q in figure 1.5.
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Figure 1.5: Measurements of «a; as a function of the energy scale ) with different degrees of QCD
perturbation theory used in the extraction of ay as indicated in brackets [15].
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Figure 1.6: Potential due to strong interaction.

The static quark-antiquark potential can be written as

V(r)= —%% + kr . (1.4)

The potential contains two parts: a Coulomb-like term and a term that rises linearly with the
quark-antiquark distance (r) as shown in figure 1.6. The two quarks can be considered that they are
bound by a colour string with tension k. The linear part, which becomes relevant at large distances,
is responsible for the fact that pulling the quarks apart the energy in the gluon field connecting
the quarks becomes larger than the mass of a quark-antiquark pair. So, it becomes favourable
energetically for the gluons to produce a new quark-antiquark pair. For this reason, at low energies

one can not observe individual quarks, they immediately confine (or hadronize) into hadronic bound

states.
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1.3 The QCD phase diagram and the Quark-Gluon Plasma

Rolf Hagedorn first gave the idea of de-confinement in one of his early works [16], that predicted
a limiting temperature (Hagedorn temperature) for the hadrons beyond which the hadrons could
not exist. Later [1, 17, 18, 19], it was realized that, the asymptotically free domain of QCD may
lead to the existence of extremely hot and dense form of nuclear matter termed as the Quark-Gluon
Plasma (QGP). At very high energy, due to large momentum transfer, the effective coupling between
the the quarks and gluons becomes very small leading to the asymptotic freedom region where the
quarks and gluons behave almost like free particles, within a domain larger than the dimension of a
nucleon. This is called “de-confinement” of quarks and gluons. The collisions among the de-confined
quarks and gluons in a thermal bath lead to a thermalized partonic matter Quark-Gluon Plasma
(QGP) [2, 3, 4], a state of asymptotically free thermalized quarks and gluons existing in a volume
larger than a typical hadronic volume. This novel state of matter is of great interest in the field of
research mainly due to its possible existence in: (1) the microsecond old universe after the Big-Bang
where the temperature and density were high enough for the QGP to be existed and (2) the core of
the neutron stars where the baryon density could be as high as a few times (5-10 times) more than
normal nuclear matter density (0.16 fm~3) and the temperature is almost zero (T" < 50 MeV). The
heavy-ion collisions at ultra-high relativistic centre-of-mass energy are proven means of formation of

QGP in the laboratory.

The formation or the existence of the QGP, the partonic phase, implies phase transition or
crossover between the two phases of QCD matter, the hadronic and the partonic. The basic QCD
phase diagram and the phase transition or the crossover in the (T, pp)-plane is shown in Fig. 1.7. As
can be seen in the figure 1.7, the changes between the hadronic phase and the QGP phase can occur
at high temperature and/or baryon density. At high temperature and low baryon chemical potential
a crossover takes place, while at low temperature and high baryon chemical potential, the changes
are believed to occur through the first order phase transition. The experiments in relativistic heavy-
ion collisions are performed to create such extreme conditions in the laboratory to probe different
regions of the QCD phase diagram as well as to study the hadron-parton phase transitions. As per
the present understanding, there exists a critical point in the 7" — up plane where the first-order

phase transition ends [21, 22, 23].

10
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Figure 1.7: The QCD phase diagram [20)].
1.4 The study of QGP in relativistic heavy-ion collisions

In high energy physics experiments in the laboratories, the relativistic collisions among heavy-ions
are arranged in two ways. In a fixed target type experiment, a beam of accelerated heavy ions are
made to collide with a fixed target. In a collider experiment, two beams of accelerated heavy ions
are steered to collide at an interaction point. During the collision process, due to deposition of large
kinetic energy in the collision zone, a fireball of extremely high energy density (~ few GeV/fm?)
is created. The temperature (T) of the fireball could be T' ~ a few hundreds of MeV. Under such
extreme conditions, we expect the de-confinement phase transition to occur, leading to the formation
of QGP. The QGP has been formed in experiments at the Relativistic Heavy-ion Collider (RHIC)
at Brookhaven in AuAu collisions at center-of-mass energy, /sy, = 130 and 200 GeV [6, 7, 8, 9]
and at the Large Hadron Collider (LHC) at CERN in PbPb collisions at /sy, = 2.76 and 5.02
TeV [24, 25, 26]. The /sy at RHIC and LHC correspond to small or vanishing value of baryon
chemical potential (up) at high temperature (7) in the QCD phase diagram in (7', ppg)-plane.
Theoretically, the first-principle Lattice QCD (LQCD) thermodynamic calculations at vanishing pp
predict crossover [22, 27] between the QCD-phases as shown in figure 1.7. However, the lattice
simulation at finite pp to study expected first order parton-hadron phase transition [28, 29, 30] at
high pp is not yet fully developed, limiting reliable theoretical support. However, several theoretical
and phenomenological models, by explaining different experimental observations, help in developing

the present physics understanding of relativistic heavy-ion collisions and some basic physics properties

11
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of the QGP.

We briefly discuss the important milestones in search of QGP in laboratory at several facilities.

e Alternating Gradient Synchrotron (AGS): It is a fixed target type experiment located
at Brookheaven National Laboratory (BNL), NewYork, USA. In 1960, the AGS became the
world’s premiere accelerator when it reached energy of 33 billion electron volts (GeV) by ac-
celerating protons. In 1991, the AGS Booster further increased the capabilities of the AGS,
enabling it to accelerate more intense proton beams and heavy ions. Now a days, AGS serves
as the injector for Brookhaven’s Relativistic Heavy lon Collider (RHIC). The AGS Booster

provides particle beams also to the NASA Space Radiation Laboratory.

e Super Proton Synchrotron (SPS) The QGP-like new state of matter was first indicated
by SPS in PbPb collisions [5]. It is Synchrotron type particle accelerator situated near Geneva,

Switzerland. Now a days, SPS plays role of the main injector for the Large Hadron Collider
(LHC).

¢ Relativistic Heavy Ion Collider (RHIC): It is a collider experiment situated at Brookheaven
National Laboratory (BNL), NewYork, USA. It performs collisions of AuAu, UU etc. at max-
imum /syy = 200 GeV. Comprehensive efforts by four major experiments at RHIC, namely,
(i) Pioneering High Energy Nuclear Interaction Experiment (PHENIX) (ii) PHOBOS (iii)
Broad Range Hadron Magnetic Spectrometers (BRAHMS) and (iv) Solenoidal Tracker at RHIC
(STAR) made the discovery on formation of QGP [6, 7, 8, 9] in the laboratory possible.

e Large Hadron Collider (LHC): This is a collider experiment and currently, the largest
particle accelerator, both in terms of dimension and the energy of the beams, in the world.
The LHC is situated at the site of the European Organization for Nuclear Research (CERN) at
the border of Switzerland and France. The maximum centre-of-mass energy (,/sxy) as available
on date at LHC for colliding two Pb ions is ~ 5.02 TeV per nucleons and for pp collisions at
V/s=13 TeV (the planned /s is 14 TeV). The ongoing major experiments at the LHC are: (i)
A Toroidal LHC Apparatus (ATLAS) [31] (ii) Compact Muon Solenoid (CMS) [32] (iii) Large
Hadron Collider beauty (LHCDb) [33] and (iv) A Large Ion Collider Experiment (ALICE) [34].

e Facility of Antiproton and Ion Research (FAIR): In contrast to experiments at two
colliders, the RHIC and the LHC, FAIR, the upcoming accelerator complex at Darmstad in
Germany will facilitates fixed-target type Compressed Baryonic Matter (CBM) experiment. In
both the RHIC and LHC, the regions of QCD phase diagram that are explored are the ones with

12
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Figure 1.8: Different stages of a typical relativistic heavy-ion collisions [37]

high temperature and low baryon density. In contrast, at the FAIR, the Compressed Baryonic
Matter (CBM) experiment will be carried out, which aims to study the low temperature and

high baryon density region of the QCD phase diagram [35, 36].

The different stages of a typical relativistic heavy-ion collision is schematically shown in Fig. 1.8

and described below:

1. Preequilibrium Initial State: The two Lorentz contracted nuclei moving with ultra rela-
tivistic velocities collide with each other with impact parameter b, at t=0 and z=0, i.e., at the
origin. Figure 1.9 shows the space time diagram of relativistic heavy-ion collisions. Depending
on b, there is a full or partial overlap of the colliding nuclei and a large fraction of their kinetic
energy is dumped in the collision zone due to the inelastic collisions between nucleons. A large
number of quarks and gluons are emitted from the overlap zone where the energy has been

deposited.

2. Thermalization: The quarks and gluons, created from the collision zone, interact among
themselves with a characteristic mean free path much smaller than the system size. After

sufficient re-interactions, the system is believed to achieve a state of local thermal equilibrium
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(to< 1 fm/c)

Figure 1.9: The schematic diagram showing the evolution of the fireball produced in relativistic
heavy ion collisions in the light cone picture.

and the Quark-Gluon Plasma (QGP) is expected to be created. The QGP gets expanded and

cooled due to the pressure gradients in outward direction.

3. Hadronization and freeze-out: The hadronization occurs followed by a parton-hadron phase
transition when the energy density falls below a critical value (e, ~ 1 GeV/fm?). The inelastic
collisions among hadrons cause change in chemical composition of the hot hadron gas till the
“chemical freeze-out” temperature when inelastic collisions cease, fixing the abundances of final
state hadrons. Further expansion and cooling of the medium makes the elastic collisions to
stop as well. This is known as “kinetic freeze-out” or “thermal freeze-out”. At this point, the
density of particles with elastic cross section o becomes so small enough that the mean free
path A = 1/no is larger than the system size. The four momenta of the particles do not change

at this point. The particles and their decay products move towards the detectors.

1.5 The Signatures of QGP

As already discussed in the previous section, the QGP created in a relativistic heavy-ion collision
is a transient state and has a very small lifetime along with a very small spatial dimension. Thus
it is impossible to observe and study the QGP directly. What we get from the experiments, are
the four-momenta of different colourless particles (hadrons, photons and charged leptons) that hit
the detectors. Hence, to ensure the production of QGP in a relativistic heavy-ion collision and for
the subsequent studies of various microscopic and macroscopic properties, we have to rely on the

various signatures and observables of QGP [38]. Based on the temperature scale of the medium,
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the observables are divided into two categories: (i) soft probes corresponding to the energy scale
associated with the temperature of the medium and (ii) hard probes corresponding to the processes
involving high energies much greater than the temperature scale of the medium. The examples of
soft probes are: electromagnetic probes (thermal photon and dileptons), hadrons with low transverse
momenta (pr) etc. On the other hand, the hard probes include the high energetic particles produced
in early stages of a relativistic heavy-ion collision (for example: Drell-Yan dileptons, heavy quarks,
quarkonia etc.). The hard probes, being an independent degree of freedom do not participate in
the thermalization of the medium and they simply passes through the medium. While propagating,
they interact with the medium through different physical processes and thus can reveal the whole
history of the medium evolution. There are also various indirect probes for example: collective flow,
jet quenching, multi-particle correlation, fluctuations etc. In the following subsections, we elaborate

different signatures of QGP.

1.5.1 Electromagnetic Probes

The photons and dileptons are considered as the electromagnetic probes [39, 40, 41, 42, 43, 44, 45, 46,

47] as they only interact with the medium by electromagnetic interaction. The interaction strength

1

is proportional to the QED coupling constant o = 3=

which in turn makes their mean free paths
large (comparable to size of the medium). Thus, the electromagnetic probes come out of the thermal
medium soon after their production undergoing almost zero further collisions. Hence, they carry
the precious information about the thermodynamic state of the medium where they are produced.

Unlike the hadrons which only emmerge from the freezeout hypersurface, the photons and dileptons

are emitted from every space-time points throughout the evolution of the medium.

e Photons: There are several processes in which photons are produced in a relativistic heavy-ion
collision. We are only interested in the ‘direct” photons which are produced in various collisional
processes. The photons coming from decay of various hadrons constitute the background which
must be subtracted. In the QGP phase, the dominant contributions come from: (i) quark-anti
quark annihilation (¢G — vy and q¢ — ¢7y) (ii) compton scattering of gluons producing photon
in final state (qg — ¢7) and (Ggg — @) (iii) bremsstrahlung (gq¢ — ¢q7). There are various
channels of photon production in the hadronic phase as well for example: (i) 77w — pv (ii)
mp — my (ili) 7K — K %7 and so on. Except these, there are photons coming from pre-

equilibrium phase (‘prompt photon’) and from the jet conversion in the medium.

e Dileptons: Alike photons, the dileptons are also emitted from all the stages of relativistic
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heavy-ion collisions. In the QGP phase, the ¢¢ annihilation to a virtual photon and subsequent
decay into lepton pair is the most dominant source of dileptons. There are various hadronic
processes which contribute to the dilepton production such as (i) annihilation of the charged
hadrons with their antiparticles ( for eg: 7+7~ — I) (ii) hadronic decays of various mesons like
pions, rho mesons, omega mesons etc. (for eg: 7° — ll7y, w — II). Another source of dileptons
in relativistic heavy-ion collisionss is the Drell-Yan processes occurring at the early stages of
the collision. The dileptons are classified in various classes depending on their invariant masses
(M). The low invariant mass dileptons (M < 1.024 GeV) mainly originates from the decay of
vector mesons; the intermediate invariant mass dileptons (1.024 < M < 3.1 GeV) come from

thermal production in the QGP medium; the high invariant mass dileptons (M > 3.1 GeV)

have sources from decay of heavy quarkonia, primordial emissions etc.

1.5.2 Energy loss

The study of in-medium energy loss gives insight into the density of the medium and the energy-loss
mechanisms, thus becomes an important signature of QGP. The energy loss is studied by means of
high-pr suppression from single particle spectrum, jet quenching is measured by fully reconstructed
jets, correlations between high-pr hadrons etc.

The single-particle pr spectrum is an important tool to study parton energy-loss in QGP medium
produced in relativistic heavy-ion collisions. The high-pt particles, originated from parton fragmen-
tation, are sensitive to the amount of energy loss that the partons experience traversing the medium.
The modification of high-pr particle production is quantified in terms of nuclear modification factor

as given below:

1 dNaa / dNyy
Neon dyd?pr/ dyd?pr

Ras = (1.5)

dANAA
) dyd?pr

dNpp

TPy are respectively the differential yields in heavy-ion (AA) collision and pp

where and

collisions; Ny is the number of binary collisions among the nucleons. If the AA collision is just the
superposition of N., number of pp collisions, then the above quantity would have been unity. The
R is being measured in both the RHIC and LHC energies and it is found less than unity [48, 49].
Energy loss is also studied by jets, which are the collimated cluster of high energy hadrons. They are
produced due to the fragmentation of energetic partons which are produced through hard scattering.
Usually, jets are produced back-to-back due to the conservation of momentum. However, if the jets

encounter a thermal medium after their production, they can loose energy while propagating through
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|'\é: (quenched) jet

Figure 1.10: Energy loss of the away side jet in the QGP medium. Figure is taken from Ref. [56].

it by means of elastic scattering as well as radiating gluons. In figure 1.10, the back-to-back jets
are shown which are created at the edge of the thermal medium. The jet, which is near to the edge
(called the near side jet), leaves the QGP medium without suffering much collision, whereas the other
jet (called the away side jet) propagates through the medium. Thus, the later will interact with the
medium and loose its energy [38, 50]. In other way, the away side jet is expected to have less energy

and thus it is ‘quenched’ in the QGP medium [51, 52, 53, 54, 55].

The anti-kr algorithm [57] is used to identify jet candidates primarily by all experiments, but
there are several approaches to remove the large combinatorial background from unrelated processes
(underlying events). The energy loss in the medium is quantified as the jet-energy imbalance given

by:
_ Eri— Ep

_ ) 1.6
Ery + Ero (1.6)

J

Here, E71 and Epo are the energies of the jets from opposite hemisphere of the system. The asym-

metry A; deviates largely from zero due to the energy loss inside the medium.

Jets can also be studied by looking at the azimuthal correlations between two hadrons. In this
study, a particle from a certain pr range is chosen as “trigger” particle and “associated” particles
are chosen from another pr range such that pffigg > p3*%¢. The near-side and away-side peaks arise

from back-to-back jets. The per-trigger associated yield is quantified as:

1 dN,
Y A — assoc 1
(89) = 5 "ga (L.7)
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At sufficiently high pr, the collective effects are expected to be very small and jet-like correlations

dominate. To determine the effect of in-medium partonic energy loss, a quantity /44 is considered:

Yaa(Ap)

V() (18)

Tan =

The away-side 144 comes less than unity in heavy-ion collisions revealing the energy-loss due to the

presence of the medium [58].

1.5.3 Collective Flow

One of the most promising indications of QGP is its collective behaviour. It can be quantified in
terms of the azimuthal distribution of the produced final state particles in the transverse plane [59,
60, 61, 62, 51, 63, 64]. In a non-central collision, the overlap zone of the two participating nuclei
resembles the shape of an almond which corresponds to a particular spatial anisotropic distribution of
the initial energy deposition as shown in figure 1.11. The initial transverse momentum distribution
is expected to be isotropic. If there is no collectivity in the medium, one can expect that the
transverse momentum distribution of final state particles should also be isotropic. On contrary, if the
overlap zone exhibits collective behaviour, the spatial anistropy in the initial energy deposition would
cause anisotropic pressure gradient. This in turn produces anisotropy in the transverse momentum
distribution of the final state particles. The collective flow is analysed by Fourier expansion the

azimuthal dependence of the Lorentz invariant particle spectra as:

BN BN 1 @N
Bp — dydpr 27 dyprdpr

1—1—22%005{ (¢ — \IJRP)}

(1.9)

where, Wgp is the reaction plane angle (corresponding to the symmetry-plane of the collision zone)
and ¢ is the azimuthal angle. The different Fourier coefficients v,, refers to different flow parameters,
for example v, gives the directed flow, vy gives the elliptic flow, v3 corresponds to triangular flow
and so on. Among all these flow parameters, vy is being extensively studied and measured. It is
worth mentioning that, in hydrodynamic models of relativistic heavy-ion collisions, the calculated vy
of charged particles has sensitive dependence on the transport coefficients of the medium (mainly the
shear viscosity to entropy density ratio 77/s). This in turn provides us the opportunity to extract the
n/s of the QGP medium and it has been found that the value of n/s of QGP is close to its quantum
bound (called the KSS bound 7/s ~ ) This reveals the nearly perfect fluid nature of the QGP.

The study of two-particle azimuthal correlations in long-range (An > 1) also provides informa-
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Figure 1.11: A typical non-central heavy-ion collision. The almond shape of initial collision geometry
(spatial anisotropy) is translated into the elliptic flow anisotropy in the final state momentum space
[65].

tion on collectivity. The ridge-like structures appears for smaller Ap and larger An for which the
hydrodynamical collective flow of a strongly interacting and expanding medium is expected to be

responsible [66, 67, 68].

1.5.4 Heavy Quarks

The heavy quarks refer to charm (c) and beauty (b) quarks. Because of their large masses (m, ~ 1.3
GeV/c? and my, ~ 4.2 GeV/c?), they are produced in very early stages of the relativistic proton-
proton or heavy-ion collisions by initial hard scattering among the partons, the production cross-
section can be calculated via perturbative QCD (pQCD). At the LHC energy, gluon-gluon fusion
g9 — QQ dominates the heavy-quark production processes. In relativistic heavy-ion collisions,
because of production at the very initial stage, the heavy-quarks experience the whole evolution of
the medium [69] formed in the collisions. The heavy quarks loose energy while propagating through
the medium. Energy loss and elliptic flow of heavy-quark hadrons are sensitive to the dynamics of
the medium, such measurements are used to determine the fundamental properties of the QGP, for
instance the transport coefficients [69]. Elliptic flow of heavy quarks gives information on possible

collective behaviour of the created nuclear matter.

1.5.5 Quarkonia Dissociation

One of the novel characteristics of any kind of plama is the ‘Debye screening’ of the charged particles.
For example, in a QED plasma, if one put a static charge inside the medium, then the electric field
produced by this static charge will be screened by other charges which constitute the plasma medium.
In other words, the electric field or potential V' (r) created by the static charge is no longer a Coulombic

one like V(1) ~ +; rather it becomes an Yukawa type V(r) ~

e~mpT

where mp is the Debye mass.

The more the Debye mass is, the distance at which the potential dies out will be less.
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The qurarkonia are the bound states of a heavy quark and antiquark (QQ) like charmonium
(c¢) and bottomonium (bb) [70, 71]. Being highly massive objects, they are produced in the early
stages of a relativistic heavy-ion collision by hard scattering processes among the partons [72, 73].
After getting produced, the quarkonia finds itself in the QGP medium. The QGP being a plasma of
colour charges, also exhibits the Debye screening. It can be shown from perturbative QCD (pQCD)
calculations that, the Debye mass increases with the increase in temperature of the QGP medium.
Thus at high temperature, the inter-quark potential between the Q@ becomes Debye screened. If the
Debye radius (inverse of the Debye mass) becomes more than the radius (size) of the QQ bound state,
then the quarkonia dissociates in the medium and @ and Q moves separately in the QGP medium.
There are various excited states of c¢ and bb each having different radii (sizes) and binding energy.
The loosely bound states (excited states) dissociate first at a lower temperature. The J/¢ and T
are respectively the ground states of charmonium and bottominiam which are most tightly bound,
so that they melt at comparatively higher temperatures. The sequential quarkonia suppression is

being one of the efficient probes of the QGP medium [74].

1.5.6 Role of pp and pA collisions in search of QGP signals
The pA collisions: Cold Nuclear Matter effect

The complete understanding of the results from heavy-ion collisions needs a clear concept of proton-
nucleus collisions also, as it provides the information on initial state nuclear effect. The presence
of additional nuclear matter in pA collisions, relative to pp collisions, can modify incoming wave-
function of the nucleus which leads to the modification of final state observables. This is known as
Cold Nuclear Matter (CNM) effect. The several sources of CNM effects are modification of nuclear
PDFs, kp broadening or cronin effect, isospin effect, initial state parton energy loss etc. A brief

description of these sources are given below:

e Modification of nuclear PDFs: The colliding nuclei are not the merely superposition of
their constituent nucleons. In the initial state, the nuclear environment affects the parton distri-
butions, which are modified in bound nucleons depending on the parton fractional momentum
x and atomic number A [75, 76]. This phenomenon is known as parton-density shadowing. The
term “shadow” can be interpreted like, the nucleons presented on the surface overshadow the

nucleons inside the nucleus.

e kr broadening or Cronin effect: It has been observed that the high-pr hadrons are not

suppressed in pA collisions [77], rather produced copiously. The multiple scattering inside the
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nucleus leads to the broadening of transverse momentum (kr) for both initial and final state
partons. This k7 broadening is responsible for the enhancement of hadron production in pA

collisions known as “Cronin effect” [78, 79], demonstrated by James Cronin.

e Isospin effect: It can be accounted for on average in the nPDFs for a nucleus with atomic

mass A and Z protons via:

Joja(@) = S fapp(@) + (1 = ) fupn(@) (1.10)

where fo/p(2) and f,/n(x) are the PDFs inside a proton and a neutron respectively [80].

e Initial state parton energy loss: As the parton from the nucleon undergoes multiple scat-
tering in the nucleus before the hard collisions, it loses energy due to medium-induced gluon
bremsstrahlung [81]. This effect can be easily implemented as a momentum fraction shift in

the PDFs.

ALICE has studied nuclear modification factor R,p, (as a function of transverse momentum) of

charged particles in pPb collisions [82] defined by equation 1.11 which is a similar quantity like R4

o l dUpA / de

R, —
pA A doy,/dpr

(1.11)

Where do/dpr is the cross-section measured in pA/pp collisions. The value of R,4 comes unity
if there is no CNM effect. In figure 1.12, the R,p, value is consistent with unity after pr > 2 GeV/c.
ALICE has shown strong suppression of R44 in most most central PbPb collisions only.

Several other studies with CNM effects have been done like long-range correlations with charged
particles in pPb collisions at the LHC [83, 84, 85], nuclear modification factor in dAu collisions at
RHIC etc [86].

The elementary pp collisions

Conventionally, the study of properties of particle of production from the medium formed in rela-
tivistic heavy-ion collisions are compared with similar data from pp collisions at the same centre-of
mass energy, considering the pp collisions as elementary ones, where no medium is formed. The pp
collisions are categorized by elastic and non-elastic collisions. In elastic collisions, there is no new
particle formation, thus identical initial and final states. There are three different types of inelastic
collisions : Non-Diffractive (ND), Single-Diffractive (SD) and Double-Diffractive (DD) as shown in

figure 1.13. The diffractive systems are created by the excitation of incoming particles (nucleons),
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Figure 1.12: The nuclear modification factors of charged particles as a function of transverse mo-
mentum in pPb and PbPb collisions measured by ALICE [82].

(a) Non-diffractive (b) Single-diffractive (c) Double-diffractive

Figure 1.13: Inelastic processes in pp collisions: (a) Non-Diffractive, (b) Single-Diffractive and (c)
Double-Diffractive.

which are originated from the gluon-exchange, regarded as “Pomeron” [87]. In SD events, only one
of the colliding particles becomes a diffractive and dissociates, whereas both the particles become
diffractive systems in of DD events. In ND events, both the particles collide head-on and results

complete dissociation. The total cross-section in pp collisions is given by equation 1.12.

o _ _pp pp Pp Pp
Ototal = el T ONp T 0sp T 0pp (1.12)

In LHC energies, the main contribution factor is ohrp, but ALICE is unable to distinguish ND and
DD processes in event-by-event basis, as a result it produces the combined results of ND and DD

processes, referred as Non-Single-Diffractive (NSD) events.
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Figure 1.14: Illustration of the way used in QCD Monte-Carlo models to simulate a pp collision:
hard interaction between two partons (red blobs), hard QCD radiation (red), underlying events
of a secondary interaction (purple blob), proton remnant that hadronize (light blue blobs), final-
state partons that hadronize (light green blobs), hadron decay (dark green blobs), photon radiation
(yellow) [89].

The elementary pp collisions involves both hard and soft subprocesses depending on the mo-
mentum transfer of the partons. The hard processes can be studied by perturbative QCD (pQCD)
calculations, while for soft processes these calculations are not valid as the coupling constant o
approaches to unity. Thus, several QCD Monte Carlo event generators like PYTHIA, HERWIG,
Sherpa, POWHEG etc [88] have been developed to study such processes on a phenomenological
background. Figure 1.14 describes the way of a QCD MC model to simulate pp collisions in which
“hard” parton scattering occurs. The different sub-processes and stages illustrated in the figure are

described in the following:

e In the figure 1.14, the two incoming protons are indicated by green ellipse and the green lines
indicate the valance quarks. Each proton is consisted of partons whose distribution is given by
parton distribution functions (PDFs). A PDF f;(z, Q<) is defined as the probability density for
finding a particle with a certain longitudinal momentum fraction = at resolution scale (5. The
hard scattering in the collision is not actually between two protons, but between two partons.
Thus the whole centre-of-mass energy +/s of the collision is not available for each of the hard
processes, only a partonic centre-of-mass energy v/§ plays the role. The square of the partonic

centre-of-mass energy is given by § = xx9s, where 1, xo are the Bjorken-x variable for two
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partons.

e Before the physical collision, the incoming particles loose energy and produce additional QCD
radiation by gluon splitting (¢ — gg,9 — qq) or gluon radiation from quarks (¢ — ¢gg). This
is known as Initial State Radiation (ISR). This causes the reduction of beam energy prior to

the momentum transfer.

e As the two protons collide, a hard interaction occurs between two partons (big red circle)
resulting outgoing partons. The products of this scattering emits further QCD radiations

repeatedly, known as Final State Radiation (FSR) and a parton shower evolves.

e After the hard scattering between two partons, the left over partons are known as beam rem-

nants which can further collide in the same collision.

e In a single pp collision, there are so many parton-parton interactions. Also, the outgoing
partons i.e., the partons produced from initial parton-parton interactions, interact with other
partons. This process is called Multiple Parton Interaction (MPI). These multiple interac-
tions produce additional partons throughout the event resulting the increased multiplicity and

summed transverse energy [88].

e With the time evolution, the coloured particles produced in parton shower combine into colour-
less hadrons eventually. This process is known as hadronization and indicated by green blobs
in the figure 1.14. The primary hadrons decay into stable particles and jets are formed with

the collimated bundles of hadrons.

e The lower part of the figure 1.14 shows a secondary interaction among the beam remnants
indicated by a purple ellipse. Here also the parton shower is produced (denoted by purple
lines) resulting hadronization. Such soft interactions, typically all interactions except hard
processes are considered as Underlying Events (UE), which are the unavoidable background to
most of the hadron collider observables. A good understanding of UE provides more precise

measurements [89)].

1.6 Thesis focus

In this section, we briefly discuss the topics that the thesis addresses.
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1.6.1 The study of the heavy-flavour jets, in terms of two-particle an-

gular correlations between D-mesons and charged particles

As already discussed, the heavy-flavour jets, which are copiously produced at the LHC energies,
provide unique tools of study the properties of medium formed in ultra-relativistic heavy-ion col-
lisions. Also, the production mechanisms of heavy-flavour hadrons and the associated jets at this
new regime of collisional energy in pp collisions need to be understood. The in-medium energy
loss by the initially produced high-pr heavy-flavour hadrons or the jets in a QGP-like medium in
heavy-ion collisions is of primary interest. As the pp collision data acts as a base line to find the
actual energy loss in heavy-ion collisions, the analysis of heavy-flavour jets in minimum-bias pp data
is also important. The energy loss by the jets or the high-pt particles are studied by means of high-
pr suppression from single particle spectrum, jet quenching measured by fully reconstructed jets,
correlations between high-pr hadrons etc. In this thesis, we have used the two-particle azimuthal
correlations as the analysis tool and the correlations are measured between D mesons and primary
charged particles in pp collisions at /s = 13 TeV. The basic purpose of this study in pp collision
is to characterize the charm-jet properties and investigate on several charm production mechanisms.

The detail descriptions on charm productions and charm containing mesons are given in chapter 2.

1.6.2 Study of high multiplicity events of small systems

The LHC has reported flow-like behaviour of particle production mechanism in high-multiplicity
events of small systems of collisions like pp and pA. The feature cannot be explained with the
physics understanding on particle production mechanisms at pre-LHC energies. The most important
signature of collectivity found in high-multiplicity events of small systems is the “ridge-like” structure
in long-range two-particle azimuthal correlations, reported by CMS experiments in pp collisions at
Vs = 17,13 TeV [90, 91, 92, 93] and by ALICE experiment in pPb collisions at /sxx = 5.02 TeV
[94]. The elliptic flow vy of charged particles and it’s pr dependence has been measured for these
systems [95]. The mass ordering of vs(pr) of identified charged particles also confirms the formation
of collective medium [92], which gives the measure of azimuthal anisotropy in the medium. Fur-
ther, the collective behaviour of particle production is corroborated with the strong transverse radial
flow extracted [96] from identified charged-particle yield using Boltzman Gibbs blast-wave (BGBW)
model [97]. Despite all of the studies pointing towards the collective behaviour of particle production
in high-multiplicity events of small systems, the anomalous features of particle production can not be

connected with the QGP-like thermalized medium, due to the lack of any signal of high-pt suppres-
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sion or any other compelling signal of the formation of the medium. Besides, several models based on
different physics considerations, claim to explain the data qualitatively. Thus, it becomes difficult to
conclude on the physics origin of the collective behaviour and particle productions in small systems.
Therefore, a quantitative comparison of data with the existing theoretical models is important to
study collective features in these systems. In this thesis, we have presented a comprehensive study
simulated events of pp collisions at y/s = 7 and 13 TeV and pPb data at \/sxy = 5.02 TeV using
hydro-based EPOS3 model. An experimental review has been given section 6.1, before presenting

the analysis results in sections 6.3 and 6.4.
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Chapter 2

Open heavy-flavour probes in high energy

collisions

In this chapter, we will give a brief description on the properties of heavy quarks and heavy-flavour
mesons, as the main content of the thesis is to study the two-particle azimuthal correlations in heavy-
flavour sector. We will mainly focus on the open heavy-flavour and its contribution as a probe in
QGP medium. After that, we will give a brief experimental review on several heavy-flavour studies

in different collision systems and different centre-of-mass energies.

2.1 Introduction to heavy quarks and heavy-flavour Mesons

As already mentioned in chapter 1, the heavy quarks are considered as efficient probes for the
detection and characterization of QGP medium produced in relativistic heavy-ion collisions. The
heavy-flavour probes are divided into two categories namely: (i) hidden (ii) open. The bound state
of a heavy quark with its antiquark is called the hidden heavy flavour meson (for example J/¢, T
etc.). On the other hand, the bound state of a heavy quark with a light quark (up, down or strange)
is called the open heavy flavour meson (for example D meson and B meson). In this thesis, we are
mainly concerned about the charm (c) quark and the corresponding open heavy-flavour meson (D
meson).

The large mass of charm (=~ 1.3 GeV/c?) enforces it to be produced via the initial hard scattering
process with large momentum transfer. This in turn provides us the opportunity to calculate the
respective production cross section using the pQCD framework since the strong coupling becomes
much less than unity at and above the threshold momentum transfer of charm quark production.

Also, because of the heavy-quark production at the very early stages in a relativistic heavy-ion
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collision, they witness the full evolution of the QGP medium. Soon after the QGP medium is
created, the charm quark may form bound state with a light quark (up, down or strange) which
are the most abandoned species in the medium. The bound state of a charm quark/antiquark with
a light antiquark/quark is referred as D meson. Table 2.1 shows the different charge states of the

D mesons along with their key properties (mass, decay modes etc.). For the decay modes in the

Charge Quark Mass Decay Branching
State | Content (MeV) I(JP) Modes Ratio (%)
D+ cd,ed | 1869.65+0.05 | 1(07) | KFn*r* and leptonic | 9.13 & 0.19
DY, D’ | ca , cu | 1864.83+£0.05 | 3(07) | K¥a* and leptonic | 3.87 £ 0.05
DO, D' 70 64.7 £ 0.9
D D" | cu,eu | 2006.85+0.05 | L(17) D%, D'y 35.3 + 0.9
D cd,ed | 2010.26+0.05 | 1(17) D*(D")n* 67.7 £ 0.5
D+ c§,¢s | 1968.34+0.07 | 0(07) ¢t and leptonic 4.5 + 0.4

Table 2.1: Properties of charm quark containing mesons [15].
hadronic channel, the charmed hadrons are reconstructed analyzed after the identification of decay
vertices and decay products. Because of low branching ratio in thsese channels, the analysis requires

large statistics.

2.2 Heavy flavour production

As already stated, the threshold momentum transfer for the production of charm quark exceeds
the typical QCD scale (because of its large bare mass), it is possible to calculate their inclusive
production cross section using pQCD framework. This is in contrary to the production of lighter
quarks/gluons where the non-perturbative effects play significant role except for the case of very
high-pt partons in which one may still apply pQCD. The cross section for the inclusive heavy-flavour
meson can be calculated by applying the “Factorization Theorem” where the calculation is splitted
into a convolution of hard scattering cross section with the parton distribution function (PDF) and

the fragmentation function. The hard scattering cross section is obtained using pQCD approach
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however, the fragmentation functions can not be calculated with pQCD. The cross section for the
production of a heavy flavour hadron (Hg) with transverse momentum pr can be written as

2 2\ nHae 2\ do i1=QQ 2 2 N
= ) dzydzs fi(2y, pip) fi(@2, pe) Dg (ZaMF)dPT (e, 1, R M@, Br) (2.1)

1,5€{q,3,9}

do.pp—>HQX

dpr

where, x; and z, are the Bjorken-z variables corresponding to the two interacting partons, mg is
the mass of the heavy quark, u% and u% respectively the renormalization and factorization scales of
QCD. In the above equation pr is the transverse momentum of the parton, f;(x1, p%) and f;(z2, u3.)
are the PDFs and DgQ(z, %) is the fragmentation function of the heavy quark Q; d6"7~99 denotes
the cross section of the elementary process of the scattering of two partons producing a QQ pair in
the final state.

The PDFs fi(x1, p%) and f;(xq, u%) respectively denotes the probability that a parton ¢ and j
respectively carries a fraction of z; and xs momenta of the parent interacting nucleon. The PDFs
are obtained from the Deep Inelastic Scattering experiments.The differential cross section d6i—QQ
can be calculated using pQCD framework. The Leading Order (LO) contributions mainly come
from these two processes (i) ¢7 — QQ (ii) gg — QQ which are shown in Fig. 2.1. However, at the
Next to Leading Order (NLO), many more processes contribute for eg. ¢Q — ¢Q, g — QQ etc. as
demonstrated in Fig. 2.2. The fragmentation function DgQ (2, u%) corresponds to the probability for
the generation of the hadron H carrying fraction of z of the momenta of the quarks. The evaluation
of the fragmentation function requires various theoretical modeling such as cluster hadronization
model, Lund string model etc. followed by fitting with the experimental data of etp, eTe™ and pp

collisions.

2.3 Open heavy-flavour as a probe in relativistic heavy-ion

collisions

As already discussed in chapter 1, the study of heavy-flavour particles in an important tool to
find the properties of medium formed by heavy-ion collisions. The production time for heavy quark-
antiquark pair (0.1 fm/c for charm and 0.02 fm/c for beauty) is much lower compared to the expected
lifetime of QGP which allows us to study its production mechanism and its propagation through the
medium formed in heavy-ion collisions. Heavy quarks are produced through partonic hard scatterings,
i.e., with large momentum transfer. Thus the production cross-section can be calculated through

perturbative-QCD approach which remains unaffected due to the presence of the medium.
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Figure 2.1: Leading Order (LO) Feynman diagrams for the heavy quark production: (a) gluon fusion
and (b) pair annihilation.

Figure 2.2: Few of the Feynman diagrams for the Next to Leading Order (NLO) processes of the
heavy quark production: (a) gluon fusion with one final state gluon (b) flavour excitation and (c)
gluon splitting.

2.3.1 The effect of QGP medium on heavy flavour

While traversing through the QGP medium, heavy-quarks interact with the medium constituents
resulting an energy loss (AE) of partons. This energy loss depends on the medium properties like
temperature (T), thickness (L), particle-medium interaction coupling and particle characteristics like
energy E, mass m and charge q.

The energy loss takes place via two processes: collisional energy loss and medium-induced radiative

energy loss as shown in figure 2.3. The total energy loss given by:
AE = AEcollisional + AEradia‘cive (22)
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Figure 2.3: Collisional (left) and radiative (right) energy loss of a quark with energy E [98].

Collisional energy loss

This kind of energy loss happens due to the multiple elastic scattering of the parton with the other
medium constituents and dominates at low pr. The amount of energy loss by collisional processes
increases linearly with the in-medium path length and has a logarithmic dependence on the initial
parton energy. Figure 2.4 shows the collisional energy loss of charm quark obtained from a theoretical
calculation in RHIC and LHC energies [99], which reveals the increment of collisional energy loss

with centre-of-mass energies.
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Figure 2.4: Collisional energy loss of charm quark in RHIC and LHC energies [99].
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Medium induced radiative energy loss

The radiative energy loss happens due to the inelastic scattering inside the medium and is dominant
for high pr partons. This process, analogous to QED brehmstrahlung, is often regarded as “glu-
onstrahlung”. A theoretical model of this kind of energy loss was proposed by Baier, Dokshitzer,
Muller, Peigne and Schiff (BDMPS model) [100]. According to this model, the partons are produced
through hard scattering and undergo a series of multiple scatterings in a Brownian-like motion, with
a mean free path that decreases with the increasing medium density. The characteristic energy of

the radiated gluons w, is given by

we = GL*/2 (2.3)

where L is the path length of the gluon inside medium and ¢ is its transport coefficient. For a static

medium, the energy distribution of the radiated gluons are expressed as:

dl  2a,Cr [|w,
& ze 2.4
wdw T 2w (2:4)

for energies w < w,, Cg i.e. the Casimir factor is equal to 4/3 for qg coupling and to 3 for gg coupling.

The average energy loss of the parton can be obtained by integrating the previous equation as:

we o dI
(AFE) = / w%dw o a,CrgL? (2.5)
0

Thus, (AFE) is proportional to the strong coupling constant «y, the Casimir factor Cr and square
of the path length L but does not depend on the initial energy E of the parton. In general, this
feature is present in BDMPS model only, there are several other theoretical calculations which show
a logarithmic dependence on E [101, 102, 103].

Figure 2.5 shows an estimate of the average energy loss of charm and bottom quarks as a function of
their initial energy separating the collisional and radiative contributions for PbPb collisions at /sxx

= 2.76 TeV [104].

Dead-cone effect

The radiative energy loss depends on the mass and colour charge of traversing parton with a de-
creasing order (AEpeqvy—quark) < (AElight—quark) < (AEguon). Heavy quarks travelling in vacuum
with moderate energy (m/E ~ 1) have a velocity significantly lower than the velocity of light. In
this situation, the vacuum gluon radiation inside a front cone with an opening angle © = m/E is

expected to be suppressed due to destructive interference [105]. This effect is known as “dead cone
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Figure 2.5: Comparison of collisional and radiative energy loss for charm and bottom quark [104].

effect”. If the parton mass is higher, the angular opening of the “dead” cone becomes larger and the

energy loss by gluonstrahlung is smaller.
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Figure 2.6: Schematic diagram of dead cone effect in heavy quarks [106].

2.3.2 Experimental review

The heavy-flavour studies have been performed in RHIC energies with AuAu /sy = 200 GeV data.
Figure 2.7 shows the PHENIX results on nuclear modification factor R44 and elliptic flow vy of

heavy-flavour decay electron as a function of pr [107]. In this figure, the large suppression of R4
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Figure 2.7: Heavy-flavour electron nuclear modification factor R4 and elliptic flow vy as a function
of pr in AuAu collisions at /sSyy = 200 GeV [107] measured by PHENIX.
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Figure 2.8: Elliptic flow (v;) of D meson compared to light-flavour mesons in AuAu collisions at

VSxn = 200 GeV measured by STAR experiment [108].

in high pr region has indicated the heavy-flavour energy loss while traversing through the medium,
also a large v, is observed in intermediate-pr region indicating the thermalization on heavy quarks.

STAR experiment has measured the azimuthal anisotropy of D® meson in terms of v, for AuAu
VSww = 200 GeV as shown in figure 2.8 [108]. This figure shows a v, value of D significantly greater
than zero for pr > 2 GeV/ec.

In LHC energies, the heavy-flavour studies have been carried out with higher precision. Figure 2.9
shows the R4 of three D mesons (D° D, D*) in PbPb collisions (most central and semi-peripheral)
at \/Sun = 2.76 TeV measured by ALICE [109]. The results show a suppression with a factor 3-4
in central collisions for pr > 5 GeV/c. The azimuthal anisotropy of prompt D mesons has been

measured in PbPb collisions at /sy = 5.02 TeV with 30-50% centrality class as shown in figure
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= 2.76 TeV [110].

2.10 [110]. In this figure, the D-meson v, is found to be compatible to that measured at /sy = 2.76
TeV and the magnitude is similar to that of charged pions in same centrality class. The study shows
positive values in 2 < pr < 10 GeV/c that indicates the participation of low and intermediate-pr
charm quarks in the collective expansion of the medium.

One of the important studies in heavy flavour sector is the two-particle azimuthal correlations
from which we get further information about the medium effects on heavy quarks. Like the correlation
studies in light flavours, heavy quarks also provide further insight into the in-medium energy loss.
The first attempt was made by PHENIX experiment to study the heavy-quark energy loss inside
the medium with AuAu /syy = 200 GeV data [111]. The measurement of yields from azimuthal
correlations between heavy-flavour decay electrons and charged hadrons was made and found to be

consistent with hadron-hadron correlations as shown in figure 2.11.
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3.0 < p7 < 4.0 GeV/c (bottom panel) as a function of the transverse momentum of associated
hadrons for heavy-flavour decay electron trigger (solid points). Results are compared with the same
using hadron triggers (open points) [111].

A theoretical calculation on azimuthal correlations between ¢¢ pairs has been done in central
AuAu collisions in RHIC energies [112]. In this study, the heavy-quark pair production is initialized
by using the leading order pQCD calculation. The c€ pairs are assumed to be back-to-back with the
same magnitudes of transverse momentum. The correlation function of ¢¢ pair has been calculated
as shown in figure 2.12. From this figure, it is clear that different energy-loss mechanism gives
different correlation functions of c¢¢ pairs in final states. It is observed that the angular correlations
of final-state c¢ pair givea a peak around Ay = 7 by considering radiative energy loss only, while the
purely collisional energy loss gives a peak around Agp = 0. This implies that the angular correlation

function gives insight into different energy-loss mechanism inside the medium.

2.4 Open heavy-flavour in small systems

2.4.1 pPDb collisions

In heavy-flavour sector, pPb collisions are studied not only because it provides reference to PbPb
collisions, it has its own importance that allows an assessment of various cold nuclear matter (CNM)
effects. It gives information on nuclear shadowing, i.e., the modification of PDFs in bound nucleons
as compared to free nucleons, kr broadening via multiple scattering of partons before hard scattering

and energy loss in cold nuclear matter. Except these initial state effects, heavy-flavour hadrons are
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Figure 2.12: Angular correlations of ¢¢ pairs in central AuAu collisions [112].

also affected by final state effects like collectivity, hydrodynamics etc. The influence of CNM effect

is measured by nuclear modification factor R,p, given by:

. ldO'pA/de

R —
P47 A do,,/dpr

(2.6)

where, do,a/dpr and doy,,/dpr are the cross-sections measured in pA and pp collisions respectively.

Figure 2.13 shows the nuclear modification factor R,p, of D mesons (left) [113] and electrons
from heavy-flavour decay (right) [114] in pPb collisions at /sxy = 5.02 TeV as compared to different
theoretical models. For both the cases, I%,p, comes nearly equal to unity over a certain pr range
indicating that initial-state effects cannot explain the strong suppression alone observed at high-pr

in heavy-ion collisions.

One of the important studies in heavy-flavour sector is the measurements of azimuthal correlations
between heavy-flavour hadrons or heavy-flavour decay electrons and the charged particles. Figure 2.14
shows the correlations between heavy-flavour decay electrons and charged particles in pPb collisions
at /Sy = 5.02 TeV with three different centrality classes: 0 — 20%,20 — 60%, 60 — 100% [115]. Tt
is observed from this figure that the most central class shows stronger suppressions with respect to
the most peripheral class. The correlation studies are carried out further between D mesons and
charged particles in pPb collision at /syy = 5.02 TeV by ALICE experiment [116] as shown in figure
2.15. Results are compared with the same analysis in pp /s = 7 TeV and found to be similar within

uncertainties revealing the absence of CNM effects in LHC energies.
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Figure 2.13: The nuclear modification factor R,p, of D mesons (left) [113] and heavy-flavour decay
electrons (right) [114] in pPb collisions at /Syy = 5.02 TeV as compared to different theoretical
models.

2.4.2 pp collisions

The study of heavy-flavours in pp collisions is important not only for being the baseline of AA and
pPA collisions, but also it allows the study of pQCD calculations. Analytically, the production of
heavy-flavour hadrons or their decay products in pp collisions are obtained utilizing FONLL [117]
and GM-VFNS [118]. Both the model are implemented in way of collinear factorization approach at
Next-to-Leading order (NLO). Alternatively, some calculations based on kp-factorization at Leading-
Order (LO), including real part of higher order corrections are also done. Some more informations
are obtained from the heavy-flavour study in pp collisions, namely, the parton distribution functions
(PDF), the partonic hard scatterings and the fragmentation functions (FF). For example, the pro-
duction cross sections of different species allow us to study the fragmentation functions. Similarly,
by comparing the heavy-flavour productions with different rapidity and/or energy, the pQCD models
get sensitive to gluon PDF.
The pp-differential production cross sections for different prompt D-meson species (D?, DT, D** D*,)
have been measured by ALICE experiment with different /s = 2.76, 7, 8 TeV [119, 120, 121] from
LHC run 1 and /s = 5, 13 TeV [122] from LHC run 2. Figure 2.16 shows the production cross-
section of D*T (left) and D (right) with /s = 5 and 13 TeV respectively compared with FONLL.
The results are found compatible with model within uncertainties.

A study of D-meson tagged jets are performed by ALICE collaboration in pp collisions which
will be important a baseline to study the heavy-flavour jets in PbPb and pPb collisions [123]. Figure
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Figure 2.14: Electron-hadron correlations in pPb collisions at \/syy = 5.02 TeV with three different
multiplicity classes compared to minimum bias pp collisions at /s = 7 TeV [115].

2.17 shows the pr-differential cross section of D mesons tagged jets in pp collisions at /s = 7 TeV
with 5 < p{';., compared to different tunes of PYTHIA and HERWIG event generators.

The study of two-particle azimuthal correlations in heavy-flavour sector is also an important
study to understand the charm production and fragmentation mechanisms. This study allows for
validation of different Monte-Carlo event generators. Figure 2.15 shows the ALICE results of two-
particle correlation between D mesons and charged particles [116]. Correlations have been measured
between D mesons by LHCb experiments in pp collisions at /s = 7 TeV [124] which has provided
the information on charm production mechanisms and event-properties containing heavy flavour.
ATLAS has measured the production cross-section of D** mesons in jets in pp collisions at /s=7
TeV for jets with a range 25 < pr < 70 GeV/c. The study shows that the production of charm-
quark jets or charm-quark fragmentation into D** mesons is not properly introduced in Monte-Carlo
generators [125]. The correlations between heavy-flavour decay electrons and charged particles are

also exploited to study in pp collisions both at RHIC and the LHC [126, 127].

Several studies in heavy-flavour sector in pp collisions with different centre-of mass energies
motivates us to extend this study in 1/s = 13 TeV, the highest available energy in LHC till date. In
this thesis, we have presented the results of two-particle azimuthal correlations between D mesons
and charged particles in minimum-bias events of pp collisions at /s = 13 TeV. The results have
been compared with the same analysis in pp collisions at /s = 7 TeV and pPb collisions at \/Sxx =
5.02 TeV to compare the charm-jet properties among different centre-of-mass energies and different

collision systems. This study will also become useful as a reference for further multiplicity dependent
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VSen = 5.02 TeV with three different multiplicity classes compared to minimum bias pp collisions
at /s =7 TeV [116].

correlation analysis.
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Chapter 3

Experimental Setup

In this chapter, we will give a brief description of the Large Hadron Collider (LHC) accelerator
and the ALICE detector system along with its subsystems. The online data taking by ALICE and
several offline techniques like clustering, track and vertex reconstruction etc have been described

followed by an overview of ALICE computing system for several data analysis.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC), built and operated by the European Organization for Nuclear
Research (CERN) in Geneva, Switzerland, is the World’s largest and most powerful particle accel-
erator till date. It is consisted of a 26.7 km double ring of superconducting magnets, buried 50-175
m underground, at the Swiss-French border [128]. The LHC is designed to collide particle beams
circulating in opposite directions in separate beam pipes, kept at ultra-high vacuum, at a speed close
to the speed of light in vacuum. Both beams are bent by the association of total of 1232 common
dipole magnets that provide a strong magnetic field of strength 8.33 T. The magnetic field is gener-
ated by a current of 12000 A in the superconducting magnets, cooled by super fluid helium to 1.9 K -
a temperature colder than outer space. Along with this, 858 quadrupole and 6000 corrector magnets
are used aditionaly to control and shape the beam. The basic experimental structure of LHC is
shown in figure 3.1. There are six detectors at the LHC’s interaction points: ATLAS, ALICE, CMS,
LHCbh, LHCf, TOTEM. Each detectors are focussed with their particular physics goal.

The two large experiments are: A Torroidal LHC Apparatus (ATLAS) [31] and the Compact Muon
Solenoid (CMS) [32]. These two detectors are general purpose particle detectors built to explore a
wide range of physics from the search for the Higgs boson to the physics of extra dimensions and

dark matter. The Large Hadron Collider beauty (LHCb) experiment [33] is specialized to investigate
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the differences between matter and antimatter with high precision by studying the beauty quarks.
A Large Ion Collider Experiment (ALICE) [34], a detector designed to study the heavy-ion collisions
mainly, is dedicated to study the physics of strongly interacting matter at extreme energy densi-
ties. The TOTEM [129] and LHCf [130] are much smaller experiments and are intended for very
specialized research like forward physics.

The LHC is designed to produce collisions upto a maximum energy /s =14 TeV (for proton-
proton) and /syy = 5.5 TeV (for heavy-ion). In run 1, it has provided proton-proton collisions with
Vs =900 GeV, 2.76 TeV, 7 TeV, 8 TeV, PbPb collisions with \/sxy = 2.76 TeV and pPb collisions
with \/sxy = 5.02 TeV. After the long shutdown (LS1) of 2 years, LHC started providing run 2
collisions with pp /s = 5 TeV, 7 TeV, pPb /sxx = 5.02 TeV, PbPb /54y = 5.02 TeV and Xe-Xe
V/Sun = 5.44 TeV. The run 2 operation has been ended in 2018. LHC will not perform any physics
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Figure 3.1: Large Hadron Collider accelerator ring complex [131].
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run for the next 2 years. CERN accelerator complex will be upgraded during the long shutdown and

again become operational in 2021.

3.2 The ALICE detector

A Large Ion Collider Experiment (ALICE), is one of the four major experiments at LHC, dedi-
cated to study the heavy-ion collisions [132]. The primary goal of this detector setup is to study
the properties of nuclear matter at ultra-high temperature and energy density, where the formation
of Quark-Gluon Plasma (QGP) is expected. It also takes data for proton-nucleus asymmetric colli-
sions and proton-proton collisions and study several QCD related physics problems. The schematic
diagram of ALICE apparatus is shown in figure 3.2. It has the dimension of 16 x 16 x 26 m?® and
approximate weight around 10000 t. A right-handed orthogonal Cartesian system is used as the
ALICE coordinate system. The origin this system is fixed at the LHC Interaction Point 2 (IP2), the
7z axis is parallel to the mean beam direction at the IP2 | the x axis is horizontal pointing towards
the centre of the LHC approximately, the y axis is vertical consequently and points upwards. It
is composed of seventeen detector systems that can be classified as the group of central barrel and
forward-backward detectors based on their pseudorapidity (n) coverage.

Central Barrel Detectors: The detectors in this region are mainly used for tracking and identi-

[
[1Y
i /. A

Figure 3.2: The schematic view of ALICE detector.
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fication of charged particles and photons. They are embedded in magnetic field B < 0.5 T, which is

generated by the large L3 solenoid magnet. Main detectors in this region are:

e Inner Tracking System (ITS): It is consisted of high precision silicon detectors mainly used

for vertexing and the tracking of charged particles [133].

e Time Projection Chamber (TPC): It is a cylindrical shaped gas detector [134], which takes
main role for the tracking of charged particles supported by ITS. It is also used for particle

identification via energy loss (dF/dx) mechanism.

e Time-Of-Flight (TOF): It consists of Resistive Plate Chambers (MWPC) with excellent
intrinsic time resolution to provide high-precision time measurements. It is used for particle

identification and capable of separating particles via ratios such as 7/K ratio up to 2.2 GeV/c

and K/p ratio up to 4 GeV/c [135].

e Transition Radiation Detector (TRD): It is used for electron identification at high momen-
tum region (>1 GeV/c) [136], where the rejection of pions via TPC energy loss measurement

is not sufficient.

e Photon Spectrometer (PHOS): It is a high resolution electromagnetic calorimeter based
on lead-tungstate crystals (PWO) and optimized for measuring photons in pr range 0.5-10
GeV /¢, neutral pions in pr range 1-10 GeV /¢, and n mesons in pr range 2-10 GeV/c [137].

e Electromagnetic Calorimeter(EMCal): It is mainly used in the measurements of jet
quenching and high-pt photons and electron identifications [138]. EMCal is a lead scintillator

sampling cylindrical calorimeter having coverage —0.7 < n < 0.7.

e High Momentum Particle Identification Detector (HMPID): It is specialized to extend
ALICE particle identification feature in higher momentum region (up to 3 GeV/c for the 7(K)
and up to 5 GeV/c for the protons) [139], i.e. beyond the momentum range allowed by the
energy loss measurements by the ITS + TPC and the TOF.

e ALICE COsmic Ray DEtector (ACORDE): It is an array of plastic scintillators placed
on top of the L3 magnet with a radial distance of 8.5 m (n < 1.3) over the azimuthal angle
+60° . In combination with the TPC, TRD and TOF, it is used for detecting the atmospheric

muons and multi-muon events (cosmic rays) [140].
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Forward and Backward Detectors: In this region, detectors can be characterized into two
categories; the first is muon spectrometer and second contains general purpose detectors for event

characterization and triggering.

e Muon Spectrometer: This detector is used to detect the particles with heavy-quark reso-
nances i.e. the charmonium and bottomonium states via their muonic decay channel (p*pu™).
This detector is located at negative z direction covering a range —4 < n < 2.5. It is consisted
of a complex arrangement of absorbers; dipole magnets, and fourteen planes of the tracking

and triggering chambers [141].

e Zero Degree Calorimeter (ZDC): The primary role of ZDC is to measure the number of
spectator nucleons i.e., to measure the centrality in heavy-ion collisions. Two identical sets
of calorimeters are placed 116m away from the IP. Each set is consisted of three calorimeters:
the neutron calorimeter (ZN), proton calorimeter (ZP) and electromagnetic calorimeter (ZEP).

ZDC works on the detection of Cherenkov light produced by the charged particles shower [142].

e Photon Multiplicity Detector (PMD): It is a gas proportional counter, measures event-
by-event photon multiplicity and spatial (7, ¢) distributions of photons. PMD is kept 3.67 m
away from IP with a coverage 2.3 < n < 3.9 [143].

e Forward Multiplicity Detector (FMD): FMD provides charged particle multiplicity in
wider pseudorapidity coverage -3.4 < n < 5.1, along with ITS at mid rapidity [144].

e VO Detector: It consists of two arrays of scintillator counters (VOA and VOC). The VOA is
located at 330 cm away from the IP while the VOC is installed at the front face of the hadronic
absorber at a distance 90 cm from the IP. The VO detectors are involved in fast triggering and

centrality determination tasks [144].

e TO Detector: It is consisted of two arrays of Cherenkov Counters (TOA and TOC) installed at
either side of IP with distances -70 cm and 370 cm. Main task of TO is to measure the collision

time and also to provides an early “wake-up” signal to the TRD [144].

The sub-detectors of ALICE detector, used in the correlation analysis of D meson and charged
particles are ITS, TPC, TOF and V0. The detail description and working principle of these sub-

detectors are elaborated in the next sections.
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3.2.1 Inner Tracking System

The Inner Tracking System (ITS) is an important detector in ALICE experiment mainly used for
reconstruction of primary and secondary vertices, tracking and identification of charged particles
with low momentum cut-off and to improve the momentum resolution at high pr. This detector is
made up of six layers of silicon detectors using three different technologies: pixel, drift and strip
[133]. It covers the central pseudorapidity range of |n| < 0.9 and its distance from the beam line
ranges from r = 3.9 cm (for the innermost pixel layer) to r = 43 cm (for the outermost strip layer)

as shown in figure 3.3. A brief description of ITS layers is given below:

SPD

SDD

87.2 cm

Figure 3.3: The schematic view of Inner Tracking System [145].

e The Silicon Pixel Detector (SPD): SPD is consisted of two innermost layers of ITS located
at 3.9 cm and 7.6 cm from the beam-pipe and equipped with hybrid silicon pixel detectors. The
basic detector module is known as half-stave and each of them contains two pixel detectors,
called ladders, which are made of 5 readout chips. The readout chips are arranged in a matrix
form containing 32 columns and 256 rows of pixels. Each pixel has the area of 50 x 425 pm?
and they detects the passage of charged particles by giving a binary output when the signal
crosses a set threshold. The main purpose of SPD is to provide a good secondary vertexing
capability for heavy-flavour (charm and beauty) detection in a high multiplicity environment.

It also provides a first level (L0) trigger signal, which is used to define minimum-bias events..

e Silicon Drift Detector (SDD): SDD consists the two intermediate layers, with average radii
of 15.0 cm and 23.9 cm, equipped with Silicon Drift Detectors. This increases the tracking
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resolution as well as the multi-track capability with higher multiplicity events. Therefore, it
can give position information with high precision and energy loss (dFE/dx) of the tracks which

helps in particle identification.

e The Silicon Strip Detector (SSD): SSD consists the two outermost layers of ITS. It plays a
vital role in the tracking of the particles produced in the collisions by connecting the tracks from
TPC to ITS. The SSD also plays a role to the particle identification through the measurement

of their energy loss.

The performance of ITS is important to measure the secondary vertices originated from the
weak decays of strange, charm and beauty particles, which are located close to the collision vertex.

Secondary vertices, separated by at least 100 pm from the primary vertex can be distinguished with

the help of ITS.

3.2.2 Time Projection Chamber

The Time Projection Chamber (TPC) is the main tracking detector in the central barrel of the ALICE
experiment at the LHC [134]. Its function is to provide track finding, charged particle momentum

measurement, particle identification and track separation.

Figure 3.4: The schematic view of Time Projection Chamber [146].

The TPC is a cylindrical shaped detector with 88 m? volume. The schematic diagram of ALICE
TPC is shown in figure 3.4. A high voltage (HV) electrode is located at its axial centre, which divides

the gas volume into two symmetric drift regions. The HV electrode and two opposite axial potential
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degraders create an uniform electrostatic field in the two drift regions. TPC contains a gas mixture

of Ne — COy (90:10) with an addition of Ny (around 5%) for a better stability.

Charged particles traversing the TPC gas volume ionize the gas creating ion-electron pairs along
their paths. The liberated electrons drift towards the end plates of the cylinder where the multi-wire
proportional chambers (MWPC) are located for the signal measurements. The MWPC with cathode
pad readout are mounted into 18 trapezoidal sectors at each end plate of TPC covering an active

2. There are 560,000 readout pads in 3 different sizes at the inner and outer radius,

area 32.5 m
used in trapezoidal sectors to keep low occupancy, which is necessary requirement for getting better

dF/dx and position resolution.

TPC gives the particle identification through specific energy-loss (dF/dx), charge and momentum
of the particle. The specific energy loss is described by the Bethe-Bloch formula and parametrized
by a functional form given in equation 3.1, originally proposed by ALEPH collaboration [147].

£(57) = G (Po = 67 = In(Py + (57550) (3.1)

where [ is the particle velocity, v the relativistic factor and P, - Ps5 are fit parameters.

Figure 3.5 shows specific energy loss dE/dx as a function of particle momentum (p), from which

a clear separation is observed among different particle bands.
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Figure 3.5: Specific energy loss (dE/dx) of particles as a function of particle momentum in pp
collisions at /s=7 TeV.
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3.2.3 Time Of Flight

Time Of Flight (TOF) is the detector that identifies the charged particles in intermediate momentum
range. A time resolution of 100 ps provides 30 7/K separation up to 2.2 GeV/c and K/p separation
up to 4 GeV/c [135]. The main purpose of TOF is to study the QCD thermodynamics via measuring
the pr distributions of 7, K and p and particle ratios on an Event-by- Event basis and signatures of
QGP formation via open charm and ¢ meson production.

The TOF detector is cylindrical in shape and covers polar angles between 45° to 135° over the
full azimuth. It has a modular structure with 18 sectors in ¢; each of these sectors is divided into 5
modules along the beam direction. The modules contain a total of 1638 detector elements (MRPC

strips), covering an area of 160 m? with 157248 readout channels (pads).

- ALICE Performance
" pp Vs=5.02TeV

0

Figure 3.6: Particle velocity (/) as a function of particle momentum in pp collisions at /s=>5.02 TeV

The particle mass is measured with TOF in conjunction with the momentum and track length
measured by the tracking detectors given in equation 3.2.
2 na
m°=p <ﬁ -1) (3.2)
where m, p, t, L are mass, momentum, time-of-flight and track length respectively. For two particles
with masses m; and msy having same momentum and track length, the time-of-flight difference is
given by equation 3.3.
Lm?—m3

ty—ty = =

> (3.3)
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Figure 3.6 represents the particle velocity (f) as a function of particle momentum in pp collisions
at /s = 5.02 TeV. To improve the precession in particle identification in an extended momentum

range, the combination of TPC and TOF is used.

3.2.4 VO detector

The VO detector is a small angle detector which is consisted of two arrays of 32 scintillating counters
[144, 148]. The two arrays are known as VOA and VOC, which are installed on either side of the IP.
The main function of this detector is the estimation of Minimum Bias and Centrality triggers for
the central barrel detectors in pp, pA, AA collisions. It also measures multiplicity /centrality and
provides information on luminosity. The VOA is located 330 cm away from the IP and VOC is placed
at the front face of the hadronic absorber, 90 cm away from the IP. They have the pseudorapidity
coverage 2.8 < n < 5.1 (VOA) and -3.7< n <-1.7 (VOC) for collision vertex at the central position.

A schematic diagram of VO detector is shown in figure 3.7.
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Figure 3.7: Position of the two VZERO arrays within the general layout of the ALICE experiment
(left). Schematic diagram of VZERO-A and VZERO-C arrays showing their segmentation (right)
[148].

The role of VO in ALICE experiment is given below:

e Triggering: In practice and during operational mode, both VOA and VOC are required (AND
mode) to give triggers, namely, Minimum Bias trigger (MB), Multiplicity Trigger (MT), semi-
Central (CT1) and Central Trigger (CT2).

e Multiplicity /Centrality determination: V0 determines the centrality/multiplicity of the

event by measuring the energy deposition on the scintillators.
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e Luminosity measurement: The online monitoring of luminosity uses a time coincidence

between the two VO arrays. The rate of coincidence is given by:
R=Aeo.L (3.4)

The luminosity measurements are done by van der Meer scan method [149].

3.3 ALICE online data taking framework

A set of activities is done to run the ALICE experiment in order to control the sub-detectors and
acquire raw data. The Experiment Control System (ECS) takes the lead role to control the whole
detector system as well as the overall data taking. The data taking activities are divided into four

major categories:

e Detector Control System (DCS): It controls the detectors remotely from the ALICE Run
Control (ARC) room. Mainly the DCS takes care of several detector services like cooling,

ventilation, magnetic field, power supplies etc.

e Data Acquisition (DAQ): It handles the data-flow from the sub-detector electronics to the
data storage [150]. A first layer of computers, the Local Data Concentrators (LDCs), reads
out the event fragments from the optical Detector Data Links (DDLs). The event fragments
aggregated in sub-events are then transferred to a second layer of computers, the Global Data
Collectors (GDCs), in charge of performing the event building. The same GDC receives all
the fragments of a given event, and assembles them in a full event. The event is recorded to a
Transient Data Storage (TDS), migrated to the Permanent Data Storage (PDS) and published
via the Grid. The DAQ system also includes software packages to monitor the data quality

and the system performance.

e Trigger (TRG): It consists of the Central Trigger Processor (CTP) and 24 Local Trigger
Units (LTU). The CTP generates three levels of hardware triggers - L0, L1 and L2. Trigger
selection includes the past-future protection - a fully programmable hardware mechanism of

controlling the event pile-up [151].

e High Level Trigger (HLT): It reduces the volume of physics data by selection and compres-
sion of the data [152].
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3.4 ALICE offline computation

ALICE requires a good offline computation to handle the huge amount of data collected during active
runs. The main task of the ALICE offline project is to develop and operate the framework for data

processing [153, 154]. The framework is consisted of three main areas:

e Distributed computing: It is not possible to concentrate the huge amount of ALICE data
in a single computing centre. Thus, the data processing is distributed onto several computing
centres worldwide. The “ALICE-grid” handles the treatment of this heterogeneous collection of
distributed computing resources as an integrated computing centre. The ALICE VO (Virtual

Organization) is spread over more than 80 sites all over the world.

e Offline data processing: It includes several tasks like simulation, reconstruction, calibration,
alignment, visualization and physics analysis. Typically, the distributed computing facility is

used for offline data processing.

e Quasi-online operations: It is mainly used for data reconstruction and analysis during pp
collisions. The idea of this operation is to provide calibration information available immediately

at the end of each run for the first reconstruction pass. The information comes from DAQ),

DCS, HLT and trigger.

3.4.1 AliRoot and AliPhysics framework

The offline framework of ALICE known as ALIROOT and AliPhysics is based on ROOT [155] which
follows object-oriented programming. The whole framework is mostly written in C++4. It is used
for simulation, alignment, calibration, reconstruction, visualization and analysis of the experimental

data. A schematic diagram of this framework is shown in figure 3.8.

e Event simulation: The simulation of proton-proton, proton-nucleus and nucleus-nucleus is
done via several events generators like PYTHIA [156, 157], HIJING [158] etc. The simulated
events store the information of produced primary particles and their decay products as a
function of momentum, charge, rapidity etc. This framework also helps to provide a predictive

and precise detector response simulation.

e Detector response simulation: For the detector response simulations, different transport
Monte-Carlo packages are used like GEANT 3 [159], GEANT 4 [160] and FLUKA [161]. Here,
the particles are transported through detectors considering the real detector geometry, align-

ment and other conditions.

54



3.4. ALICE offline computation

(63 Ga | FLUKA]

ISAJET |

[y
|. !//
~ )/AliRoot Ve (G
Virtual MC EVGEN *{ MEVSIM
Q— S—
——=F» STEER H PYTHIAG

> PDF

| PMD i EMCAL | TRD [ 11s |l PHOS 1][ TOF U zpe HLRICH ~~{HBTP |

\[ STRUCT ” CRT ” START l[ FMD ] MUON ][ TPC ] RALICE l /

—

7 ™

ROOT

Figure 3.8: The ALIROOT framework.

e Alignment framework: The parts of the detector that are subject to relative positioning
different from the ideal one, are known as ‘aligneable volumes’. When the simulation program
is started, the ideal geometry is generated or take the information from the previous run. After
that, it finds the objects marked as ‘aligneable’, accepts the modification and then the particles
are transported through the modified geometry.

e Calibration framework: This framework is very similar to the alignment framework. The
initial calibration constants are obtained either from the detector properties measured during
construction, or from algorithms running online during data-taking. During the reconstruction

itself, better calibration constants can be calculated.

e Reconstruction framework: This framework provides a simple user interface that allows

the users to configure the reconstruction procedure as discussed below:

— Cluster finding: Cluster is defined as a set of adjacent points (in space and/or time)
generated by a particle after passing through the sensitive material of the detector. This

reconstruction step is executed for each detector separately.

— Primary vertex reconstruction: The information provided by the Silicon Pixel Detec-
tors (SPD) helps in reconstructing the primary vertex. The pairs of reconstructed points
are selected in the two layers, which are close in azimuthal angle in the transverse plane.

Then, the z-position of the primary vertex is determined from their z-coordinates. The
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same procedure is performed for transverse plane also. For well focused and stable beams,
the transverse position of the interaction point is determined by averaging over many
events. The resolution of the primary vertex position depends on the track multiplicity
given by equation 3.5.

o, = 4 + B (3.5)

\/dNe/dn
where o, is the resolution of z-coordinate of primary vertex, A = 290 um and B is a
few microns typically, depending on the residual mis-alignment of the SPD layers.The
vertex position resolution is obtained as 10 pum for heavy ion, while it comes out to be 150
pm for pp. The primary-vertex position is used as an input for the tracking. After track
reconstruction, the position of the primary vertex is recalculated using the measured track

parameters and the resolution gets improved.

Track reconstruction and PID: The track finding and fitting is based on Kalman
Filter method introduced by P. Billoir [162, 163]. In this method, first the space-point are
determined considering the centre-of-gravity of each cluster, then the tracking is done using
those space-points reconstructed in TPC. The tracking is done two times: (1) assuming
the track originated from the primary vertex and (2) assuming that the track originated
elsewhere (decay, secondary interaction, etc.). The tracking output that contains the
information from TPC only are known as “TPC-only tracks”. In the next step, the
tracks are then propagated to the outer layer of I'TS. All the reconstructed points on this
outermost layer that are associated with the TPC tracks, are propagated to the next I'TS
layer inwards. This process is subsequently repeated for all the TPC tracks. For the very
low momentum, tracking is repeated inside I'TS only. Once the ITS inward tracking is
completed, the Kalman filter algorithm is repeated again in the opposite direction, starting
from the vertex and going outwards from I'TS to TPC. Tracks beyond TPC are followed
by assigning space points in the TRD, and matching the tracks with hits in the TOF,
minimum-ionizing clusters in the HMPID and space points in the CPV (Charged-Particle
Veto detector).

Secondary vertex reconstruction: Secondary vertices i.e. the vertices from the decay
of long-lived particles are reconstructed at this level. Opposite-sign tracks that originate
sufficiently far away from the primary vertex are combined and their distance of closest
approach is calculated. If the distance comes below some predetermined value and the
point of the closest approach is located before the first measured points on both tracks,

the pair is considered as a candidate for a secondary decay vertex. In addition, topological
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cuts are implemented for different physics analysis.

e Analysis: Analysis is the final stage performed on the data to extract the physics information.
The output obtained from the reconstruction is stored in ESD (Event Summary Data) format.
As the ESDs are very large in size, they are further reduced to AOD (Analysis Object Data)
format which contains the information to perform physics oriented analysis. These AODs are

further used for analysis using a common interface ‘AliAnalysis’ scheduled for the user-end.

e CERN Analysis Facility (CAF): It allows to perform various operations very rapidly on
acquired data with full offline framework and provides information on the data quality and

calibration algorithms.

57



58

Chapter 3. Experimental Setup



Chapter 4

Analysis Detail for two-particle azimuthal
correlations between D meson and

charged particles in pp collisions with

ALICE detector

In this chapter, we will give a detail description on the ALICE analysis method of two-particle
azimuthal correlations between D mesons and charged particles. First, we will discuss on the data
set used and the selected events for this analysis. After that, we will describe the detail analysis

steps including the whole correction framework.

4.1 Dataset and event selection

The analysis has been performed on data on pp data at /s = 13 TeV collected in 2016 during LHC

run 2. The list of runs used in this analysis is given below:
e LHC16d: 252330, 252326, 252325, 252322, 252319, 252317, 252310, 252271, 252248, 252235;

e LHC16e: 253591, 253589, 253563, 253530, 253529, 253517, 253488, 253482, 253481, 253478,
253437;

e LHC16g: 254332, 254331, 254330, 254304, 254303, 254302, 254293, 254205, 254204, 254199,
254193, 254178, 254175, 254174, 254149, 254147, 254128;

o LHC16h: 255467, 255466, 255465, 255463, 255447, 255442, 255440, 255421, 255420, 255419,
255418, 255415, 255407, 255402, 255398, 255352, 255351, 255350, 255283, 255280, 255276,
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255275, 255256, 255255, 255253, 255252, 255251, 255249, 255248, 255247, 255242, 255240,
255182, 255181, 255180, 255177, 255176, 255174, 255173, 255171, 255167, 255162, 255159,
255154, 255111, 255091, 255086, 255085, 255082, 255079, 254984, 254983, 254654, 254653,
254652, 254651, 254649, 254648, 254646, 254644, 254640, 254632, 254630, 254629, 254621,
254606, 254604;

e LHC16j: 256418, 256417, 256415, 256373, 256372, 256371, 256368, 256366, 256365, 256364,
256363, 256362, 256361, 256356, 256311, 256309, 256307, 256302, 256299, 256297, 256295,
256292, 256290, 256280, 256287, 256284, 256283, 256282, 256281, 256231, 256228, 256227,
256223, 256219;

o LHC16k: 258537, 258499, 258477, 258456, 258454, 258452, 258426, 258393, 258391, 258387,
258359, 258336, 258332, 258307, 258306, 258303, 258302, 258301, 258299, 258278, 258274,
258273, 258271, 258270, 258258, 258257, 258256, 258204, 258203, 258202, 258198, 258197,
258178, 258117, 258114, 258113, 258109, 258108, 258107, 258063, 258062, 258060, 258059,
258053, 258049, 258045, 258042, 258041, 258039, 258019, 258017, 258014, 258012, 258008,
258003, 257992, 257989, 257986, 257979, 257963, 257960, 257957, 257939, 257937, 257936,
257892, 257855, 257853, 257851, 257850, 257804, 257803, 257800, 257799, 257798, 257797,
257773, 257765, 257757, 257754, 257737, 257735, 257734, 257733, 257727, 257725, 257724,
257697, 257694, 257692, 257691, 257689, 257688, 257687, 257685, 257684, 257682, 257644,
257642, 257636, 257635, 257632, 257630, 257606, 257605, 257604, 257601, 257595, 257594,
257592, 257590, 257588, 257587, 257566, 257562, 257561, 257560, 257541, 257540, 257539,
257537, 257531, 257530, 257492, 257491, 257490, 257488, 257487, 257474, 257468, 257457,
257433, 257364, 257358, 257330, 257322, 257320, 257318, 257260, 257224, 257209, 257206,
257204, 257144, 257141, 257139, 257138, 257137, 257136, 257100, 257095, 257092, 257086,
257084, 257082, 257080, 257077, 257028, 257026, 257021, 257012, 257011, 256944, 256942,
256941, 256697, 256695, 256694, 256692, 256691, 256684, 256681, 256677, 256676, 256658,
256620, 256619, 256592, 256591, 256589, 256567, 256565, 256564, 256562, 256560, 256557,
256556, 256554, 256552, 256514, 256512, 256510, 256506, 256504;

e LHC161: 259888, 259868, 259867, 259866, 259860, 259842, 259841, 259822, 259789, 259788,
259781, 259756, 259752, 259751, 259750, 259748, 259747, 259713, 259711, 259705, 259704,
259703, 259700, 259697, 259668, 259650, 259649, 259477, 259473, 259396, 259395, 259394,
259389, 259388, 259382, 259378, 259342, 259341, 259340, 259339, 259336, 259334, 259307,
259305, 259303, 259302, 259274, 259273, 259272, 259271, 259270, 259269, 259264, 259263,

60



4.2.  Analysis method

259261, 259257, 259204, 259164, 259162, 259118, 259117, 259099, 259096, 259091, 259090,
259088, 258964, 258962, 258923, 258919;

e LHC160: 264035, 264033, 263985, 263984, 263981, 263978, 263977, 263923, 263920, 263917,
263916, 263905, 263866, 263863, 263810, 263803, 263793, 263792, 263790, 263787, 263786,
263785, 263784, 263744, 263743, 263741, 263739, 263738, 263737, 263691, 263690, 263682,
263663, 263662, 263657, 263654, 263652, 263647, 263529, 263497, 263496, 263490, 263487,
263332, 263331, 262858, 262855, 262853, 262849, 262847, 262844, 262842, 262841, 262778,
262777, 262776, 262768, 262760, 262727, 262725, 262723, 262719, 262717, 262713, 262708,
262706, 262705, 262428, 262426, 262425, 262424;

o LHC16p: 264347, 264346, 264345, 264341, 264336, 264312, 264306, 264305, 264281, 264279,
264277, 264273, 264267, 264266, 264265, 264264, 264262, 264261, 264260, 264259, 264238,
264235, 264233, 264232, 264198, 264197, 264194, 264190, 264188, 264168, 264164, 264139,
264138, 264137, 264129, 264110, 264109, 264086, 264085, 264082, 264078, 264076;

For event selection, we put a minimum bias (MB) trigger which is defined by a hit on SPD
detector or a hit on either of the VOA and VOC detector. The events with a reconstructed primary
vertex within 10 cm from the centre of the detector along the beam line have been considered for
this analysis. This selection maximizes the detector coverage of selected events, considering the
longitudinal size of the interaction diamond and the detector pseudorapidity acceptance. Beam-gas
events are removed by offline selections based on the timing information provided by the V0O and
the Zero Degree Calorimeters and the correlation between the number of hits and track segments
in the SPD detector. The pile-up events i.e. the events with more than one reconstructed vertex
are removed from the analysis by applying a cut on two vertices at a minimum distance of 0.8 cm

obtained by the SPD vertexer.

4.2 Analysis method

This analysis mostly follows the similar strategy used in 2013 pPb data analysis /sxy = 5.02 TeV
and 2010 pp data analysis at \/s = 7 TeV [164]. In the usual method of data analysis of two-particle

azimuthal correlation, the pairs of particles of the same collision event are built, where the particle

pairs are formed by trigger particles defined by the transverse momentum threshold pr > ptT]rigg and

associated particles defined by pr > p§°¢. Each pair of particles is considered only once by requiring

aSSOC

PT¢ < pfrrigg. But in the correlation analysis of D meson and charged particles, it is the particle
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Figure 4.1: Schematic diagram for D° and D** decaying into a pion and kaon pair.

identity to define the trigger particle rather than a momentum cut and therefore the momentum range
of the associated particles is not constrained by that of the trigger particle. Correlation pairs are
formed by considering D meson (trigger particle) within different pp > p't®® ranges like 3 — 5 GeV/c,
5—8 GeV/e, 8 — 16 GeV/c and charged tracks (associated particles) within different pp > p§s°c
ranges like > 0.3 GeV /e, > 1.0 GeV/¢, 0.3 — 1.0 GeV/c. The analysis procedure is discussed step by

step in the following sections:

4.2.1 Selection of D meson as trigger particle

We define “trigger” particles as the selected D meson candidates (D°, Dt D*T) within a given
ptjfigg range for each single event. The reconstruction of D meson is done from the their hadronic
decay channels as discussed in chapter 2 and it is mainly based on the selection of displaced-vertex
topologies. Figure 4.1 shows a schematic diagrams of D° and D*t decays. The reconstruction

procedure is done following the main three steps:
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Reconstruction of secondary vertex

The secondary vertex i.e. the decay vertex of D meson is reconstructed from the decay tracks using
the same procedure used for primary vertex recontruction as described in [120]. The pair of decay
products are matched using ITS+TPC tracks with n < 0.8 and pr > 0.3 GeV/c. The tracks are also
chosen in such way so that it have at least 70 clusters in TPC with x?/ndf < 2 and refitted from
TPC to ITS.

Topological cuts

The reconstruction of D meson candidates is done by combining all the identified tracks (which may
be the decay products) instead of recognizing the the actual decay product. This generates a large
amount of combinatioral background D meson candidate, so we need to put some topological selection
criteria to get a good signal over background ratio. It is determined by a parameter call “significance
value” which is defined by S = —3—, where S is the signal and B is background calculated from

VS8’
invariant mass spectra. There is a set of a few single and pair variable tracks optimized for this

purpose:

e Momentum cuts (p%,p%): A threshold pr cut on the tracks are applied to remove the tracks
coming directly from the primary vertex rejecting some low momentum background candidate

effectively.

e Impact parameter cuts (df,d}): The impact parameter d, is defined as the closest distance
of a particle trajectory from the primary vertex. A lower cut of dy is applied to remove
the background coming from primary vertex and a upper cut is applied to remove the decay
products from strange and bottom hadrons. Though this cut is not applied for the D™ analysis
due the complication arising by the third decay product, this is important for the two-body
decay system like DO,

e DCA between the decay tracks: The distance of closest approach (DCA) is the minimum
distance between the two track helices. It is important to set a minimum distance when the
secondary vertex is reconstructed. Ideally, it should be zero, but it gives a finite value because
of the spatial resolution of the detector. Thus, we set a maximum DCA value above which

tracks are rejected. This cut helps to reduce the background coming from primary vertex.

e Cosine of decay angle (cosf*): The decay angle is defined as the angle between Kaon

momentum in D° rest frame and the boost direction as shown in figure 4.2. The daughters
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decay isotropically in D° reference frame, the cosf* distribution should come flat ideally for
signal while for background it peaks at |cosf#*| = 1 as shown is figure 4.3. The ocurrance of
peaks is due to cuts applied during reconstruction and detector effects. Thus we put a cut

|cosf*| < 0.8 to get a better significance value.

K

DO 6*

D Flight line

Figure 4.2: Schematic diagram for D° decaying in D° rest frame.

0.04" -
.. —— Background .
0.035— . *
- . — Signal
w003 .
o L N -
£ -
S 0.025 . -
- . T, a4t e e
0.02 e T it
. C & - *H -
L & - +*
C hes - *
[ - -
0.015] . - .
- - o * o
0.01 - T
L Te - *
:\ L1 | L1l ‘ 111 \ 111 | 111 ‘ L1l | L1 | 111 | L1 | 11

-1 -08 -06 -04 -02 0 02 04 06 038 1
cos 6*

Figure 4.3: cosf* distribution for signal and background D° candidates.

e Cosine of pointing angle (cosf,): The pointing angle is defined as the angle between D
meson flight line and the total momentum of daughter tracks. Ideally cos), should come
unity for signal candidates, but a deviation comes for background candidates as there is no
correlation between the momentum direction and D meson flight line. This distribution has a
mild pr dependence on D meson candidates, thus a pr dependent cut set is prepared to reduce

background.

e Product of impact parameters of the decay tracks (df x df): As the daughter tracks

have impact parameters with opposite signs, the product is to be negative ideally, but due to
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detector resolution it gives positive values too (figure 4.4). The distribution of the product
of impact parameters comes asymmetric for signal as the entries in positive side is low as
shown in figure 4.5. For background, the distribution is symmetric as they are made up of
randomly associated primary tracks. Thus we set an upper cut of this product value to reduce

the background fraction.
a K K
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T K__1 r
doXd,="—ve
T K
dx d? dy  d
Primary Vertex Primary Vertex
— + -
]T+ K I K
Secondary Vertex Secondary Vertex
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K
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\_/ . Primary Vertex J
Primary Vertex

Figure 4.4: Sign of product of impact parameters of two daughter tracks coming from D decay.

e Soft pions: The pions coming from D** — D" decay are known as “soft pions” due to their
small transverse momentum. Basically, the momentum of this particles is the small difference
between D** and D° mesons. The tracking of soft pions are done by ITS only as they are
unable to reach TPC. For D*t analysis, a cut is applied in soft pions also, but this is kept loose

as much as possible due to poor reconstruction efficiency.

A fiducial acceptance cut is also applied which excludes D meson candidates with |yp| < y(pr).

Particle identification

PID is an important technique to reduce combinatioral background. The identification of daughter

tracks is mainly done with dF/dx measurement in TPC. TOF is also used in combination with TPC
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Figure 4.5: Product of impact parameters for D meson candidates.

for separation pion and kaon upto pr = 1.5 GeV/c. Basically, PID gives a check for D meson decay
products if there is compatibility with pion and kaon hypothesis. A similar procedure is applied for
PID selection of D® and D that checks the compatibility of daughter tracks to that of final states

while for D**, PID selection is not applied on the soft pion tracks.

Raw signal extraction

The raw yield for D meson is extracted by an invariant mass analysis. For D and D, the invariant
mass spectra is fitted with a function which is the sum of a Gaussian and exponential function
reproducing the signal peak and background respectively. Figures 4.6 and 4.7 show the invariant
mass spectra for D? and DT respectively in different pr intervals. For D** meson the fit is applied on
a mass difference of K -Kr (figure 4.8) with a Gaussian function (for signal peak) and a product
of exponential and square root function (for background). The signal (S) value is determined in a

30 range around the mean of the Gaussian fit.

4.2.2 Selection of charged tracks as associated particle

A set of selections is imposed on the charged particle tracks to be considered as associated particles for
building the correlations. These selections are important as they remove the poorly reconstructed
tracks and secondary tracks and accept the tracks within a finite pseurapidity range. The track

quality cuts used in this analysis is given below:
e The minimum cluster requirement for ITS is 3.

e The minimum no. of TPC crossed-rows is 80.
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e The maximum x? per TPC cluster is taken as 4.

A successful fit of the track using Kalman filter process [165] during the last inward tracking

step in the TPC is required (TPC refit).

DCA to primary vertex along z direction: DCA, < 1 cm.

DCA to primary vertex along xy direction: DCAy, < 0.25 cm.

Pseurapidity coverage: |n| < 0.8.

The D? and D+ daughter tracks are excluded for that particular D candidate. The contribution from

soft pions are also removed by applying an invariant mass selection on AM (M(Kzm)-M(K)) value.

4.2.3 Building correlations and background subtraction

After reconstructing D meson candidates, pairs are formed in each event for each selected D meson
with the primary charged particles which pass through all the track selection criteria. For each ob-
tained pair, we calculate the differences in pseudorapidity An = 74i59 — Nassoc and azimuthal angle
AP = Qirigg — Passoc and build the two-dimensional (An, Ag) correlations. Ay varies from 0 to 2,
but for a good visibility this range is chosen to be -7/2 to 37/2 which gives peak around 0 and 7.
An is taken to be -1 to +1 to avoid the “wing-effect” and statistical fluctuations near edges. Cor-
relation entries are then weighted by trigger selection and reconstruction efficiency and associated

track selection efficiency (discussed in section 4.2.4).

4.2.4 Corrections

Several corrections have been implemented in this analysis to take care of the D mesons and charged
particles reconstruction efficiency, to remove the detector effects, secondary track contamination and
D-meson contribution from beauty hadron decay etc. The corrections are discussed in the following

sections.

Tracking efficiency correction

All the charged tracks presented in an event are not reconstructed or unable to pass the selection
criteria due to poor reconstruction efficiency. This can be well understood from figure 4.13 (will be

explained later), from which it is clear that the yield value is always < 1 revealing the fact that some
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Figure 4.9: Tracking efficiency for different period as a function of pr.

of the charged tacks are lost. In correlation analysis, we need to take care of all these lost tracks and

put an efficiency correction using general-purpose Monte-Carlo sample listed in table 4.1.

3-dimensional efficiency maps are prepared as a function of pr,  and z-coordinate of primary

’ MC Production

\ Anchored to \

LHC1716
LCH1T79
LCH17d17
LCH1T75
LCH17e5
LCH17d20al
LCH17d20a2
LCH17d16
LCH17d18

LHC16d
LHC16e
LHC16g
LHC16h
LHC16j

LHC16k
LHC161

LHC160
LHC16p

Table 4.1: General purpose MC productions.

vertex, which are used directly in the online same-event (SE) and mixed (ME) correlation analysis.

In same-event correlation analysis, we take the trigger and associated particles from a single event,

in mixed-event correlation analysis, the trigger particle is selected from an event and associated

particles are taken from rest of the events based on some selection criteria.

The efficiency values are extracted form the maps and the correlation entries are weighted with the

inverse of the efficiency values. Figure 4.9 shows the 1D projection of efficiency maps as a function

of pr for different periods from 2016 pp run. From this figure, we can find a strong pr dependence

of efficiency value at pr < 2 GeVe, otherwise it gives a flat trend in high-pr region.
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D-meson efficiency correction

Similar to the track reconstruction efficiency, correlation distributions are also influenced by D-
meson selection and reconstruction efficiency. We need to apply this correction to take care of the D
mesons lost due to limited detector acceptance, primary vertex and track reconstruction efficiency
and topological cuts. Since charm production has a very low cross-section, we use charm enriched
Monte-Carlo sample (table 4.2) where the charm production is enhanced and D mesons are forced
to decay through desired channel.

Unlike tracking efficiency maps, 2-dimensional maps are prepared for trigger efficiency correction

’ MC Production ‘ Anchored to ‘
LHC17c3al LHC16k
LHC17c3a2 LHC16l
LHC17h8a LHC160thers

Table 4.2: HF enriched MC sample.

as a function of pr and event multiplicity. n and z-coordinate of primary vertex are excluded from
the trigger efficiency calculation due to limited statistics of trigger particle and absence of strong
dependency of these two variables. Efficiency maps for prompt and feed-down D mesons are shown
in figures 4.10 and 4.11 respectively. As the figures show a strong dependence of efficiency values on
pr, the binning of this variable is kept narrow in low-pr region, but we have to keep it broader in

high-pt region to avoid statistical fluctuations.

The process of evaluation and application of efficiency values is same like tracking efficiency
correction. So, obtaining the trigger (€4 ,o)and tracking (euqcx) efficiency values, the correlation

entries are finally weighed by (€409 X €1rack)

Event mixing correction

Structures in the angular correlation distributions may be affected even for uncorrelated pair of
particles from the limited detector acceptance or angular inhomogeneities in the trigger and track
reconstruction efficiency. We remove these effects using “Event mixing” technique. In this technique,
the analysis is executed by taking the trigger particles from one event and they are correlated with
the charged particles reconstructed in different events (known as “Mixed Events” analysis, ME) with
similar characteristic, in particular concerning the event multiplicity and z position of the primary
vertex.

In this technique, the first step is to create an event pool , where events preceding the one containing
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a D candidate are stored based on their properties (position of the vertex along the z axis and
multiplicity). Each time a D meson candidate is found, the correlation analysis on the mixed events

is performed if the pool satisfies the conditions defined at its creation, i.e:
e Minimum number of events in the pools: 1
e Minimum number of tracks in the pool: 25
The definition of the bins for multiplicity and z vertex dependencies is the following:
e Multiplicity bins for the pools: (0 — 20), (20 — 35), (35 — 400)
e Binning of pools for z-position of primary vertex: (—10,—2.5),(—2.5,2.5), (2.5, 10)

During the analysis, the pools start to be refreshed (i.e. the tracks from the first inserted event are
removed, to make room for the tracks from the last analyzed event) after they contain a minimum
of 10000 tracks. The drawback of having a lower refresh of pool tracks is more than compensated by

the large increase in the statistics, especially for high-pr bins.

Event 1 Event 2 Event N Mixed events

D:+“‘ + ..+ =\L'
o A

Figure 4.12: Schematic diagram for Event mixing in D-hadron azimuthal correlations.

In an ideal case, the mixed event distribution is expected to have a constant flat distribution as
function of Ay and a triangular shaped distribution in An deriving from the limited 1 acceptance of
the detector. The obtained distribution is used as a weight in each correlation bin, i.e, the corrected

correlation distribution is calculated as follows:

d?NSE (ApA
d?NcorT’ (A(pAT]) B —dAgp(dALpn ) dQNME (0’ 0) (4 1)
dApdAn — ENYE@AeAn)  JApdAn '
dApdAn

In equation 4.1, the last term stands for the mixed-event correlation in (An, Ap) = (0,0) where the
trigger and associated particle experience same detector effect. But in practice, we take average of
the bins in the region —0.2 < An < 0.2, —0.2 < Ap < 0.2 (multiple bins are used to minimize the

effect of statistical fluctuations on the normalization of the mixed-event plots).
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The mixed-event correlation distribution is obtained for both the D meson and the sideband
candidates. Both are corrected with the relative distributions. An example of the mixed event
distribution is shown in Figure 4.13. The expected triangular shape in An addresses the effect of
the limited detector pseudo-rapidity acceptance. Note that the mixed-event distribution is limited
to the interval |An| < 1: the decision to limit the distributions to this range was taken in order to
avoid the so-called “wing effect”, i.e. the wing-like structures arising in the correlation distribution

at large An due to the limited filling of the correlation bins in that region.

This Thesis Sign_Piinl_g0
Enfries 377784
Mean x 1.571
Mean y —0.03307
RMS x 1.813
0.5029

Entries

Figure 4.13: Example of mixed event correlation distribution for D meson with pr(trigg) 5-8 GeV/c
and pr(assoc) > 0.3 GeV/ec.

sideband subtraction

The same-event and mixed-event correlations are built is three regions classified in the invariant mass

spectra:
e signal+background region: +20 (obtained from Gaussian fit) region around mass peak.
o Left sideband region: 40 region on left side of the signal peak.
e Right sideband region: 40 region on right side of the signal peak.

These regions are shown in different colours in figure 4.14. After obtaining the correlations
from signal+background region (CP**(An, Ayp)) and left+right sideband region (CB(An, Ayp)), we

subtract the background contribution and separate out the signal correlation (C*9"%(An, Ay)) using
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Figure 4.14: Example of signal (red+yellow) and sideband regions (green) in a D° meson invariant
mass spectra.

equation 4.2.
lgpeak

Ol (A, Ap) = O™ (A, Ap) — x C°F(An, Ag) (4.2)

l}sidebands

The contributions from sideband correlations are normalized by “sideband-factor” defined as the
ratio of the background integral in signal+background region (BP*®*) over the integral of sidebands
(Bsidebands) " This correction is applied after event-mixing correction along with the efficiency weight-
ing.

The example plots for mixed event corrected correlation distributions as a function of (An, Ap)
are shown in figure 4.15 with the standard |An| < 1 range. The upper panel of figure 4.15 shows
the correlation distributions for signal4+background region and total sideband region and the lower
panel shows the same after sideband subtraction.

Due to the statistical limitations, correlation distributions are considered as a projection over
Ay and integration over An. This projection is performed after efficiency weighting, event mixing
correction and background subtraction. After taking this projection, the several D-meson pr bins are
merged and classified into three pr intervals 3-5, 5-8, 8-16 GeV/c to reduce statistical fluctuations.

Figure 4.16 shows an example of sideband subtraction on the one-dimensional Ay projection of D°

- charged particle correlations.

Correction for bias on b to D topologies

A Monte Carlo closure test has been performed on DY sample in order to verify the consistency of
the corrections applied on the correlation distributions. Charm and beauty enriched MC sample is

used for this test and we perform the usual correlation analysis at both kinematic and reconstructed
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Figure 4.15: D° meson (An, Ap) SE/ME correlation distribution at (|An| < 1) with pr(assoc) >0.3
GeV/c and D% meson pr 3-5 GeV/c. Top panel: correlation distribution in signal+background (left)
and sideband (right) region. Bottom panel: correlation distribution after sideband subtraction.
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signal+background region (left), sideband (middle), and signal minus sideband (right) correlation
distributions.
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level.

At kinematic level, only acceptance cuts are applied on the D mesons and the associated particles,
using the Monte Carlo information for the identification of the D mesons and the hadrons in the event
and rejecting the non-primary particles. At reconstructed level, the analysis is performed as if it is
executed on data, applying the event selection, the acceptance cuts for D mesons and the associated
particles, selecting the D meson candidates with filtering cuts on their daughters, topological cuts
and PID selection, and then keeping only the true D mesons by matching with the Monte Carlo
truth; non-primary particles are rejected by means of the DCA selection. Event mixing correction
was applied both at reconstructed and at kinematic level, where it takes into account just the effects
of the acceptance cuts. In addition, at reconstructed level, the efficiency corrections for D mesons and
associated tracks are also applied. Figures 4.17, 4.17 and 4.19 show the kinematic and reconstructed
plots with three different pr(D) regions: 3-5, 5-8, 8-16 GeV/c and three different pr(assoc) regions:
> 0.3, 0.3-1.0, > 1.0 GeV/C.

We perform this MC closure test to check the compatibility of the correlation plots at recon-
structed level (i.e. after the application of several correction factors) to that of the plots at kinematic
level. Hence we take the ratios of reconstructed over kinematic plots in all D pt bins with different

pr for the associated tracks as shown in figures 4.20, 4.21, 4.22.

From the ratio plots, we find a good compatibility with 1, within the uncertainties, with the
only exception being due to some structures in the near side region for the beauty origin case. These
structures are already found in the pp 2010, pPb 2013 and pPb 2016 analysis, and it has been verified
that they are induced by our topological selection for the D mesons. Indeed, in cases in which the
D meson triggers come from B hadrons, applying the topological cuts (especially the cosine of the
pointing angle) tends to favour cases with a small angular opening between the products of the B
hadron decay (i.e. the D meson trigger itself and other particles), with respect to cases where the
B decay particles are less collinear. This situation appears only at the reconstructed level where we
apply the topological cut selection. Hence, the reconstructed/kinematic ratio plots show an excess
at Agp = 0 (corresponding to B decays with larger angles, which are not favoured). These structures
are prominent at low D° pp, where the topological cuts are tighter, and tend to disappear at higher
pr , where the selections are released. They are also larger in the higher associated track pr ranges,
where the fraction of B-hadron decay tracks dominate the overall correlation distributions.

The correlation distribution from data need to be corrected for this bias, and in particular for the

enhancement of b-origin correlation pairs at the centre of the near side region, which would influence
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Figure 4.17: Azimuthal correlations between DY mesons and charged particles obtained from Monte
Carlo, at kinematics (left comumn) and reconstructed (right column) step. Black points: All D%-all
hadrons, normalized by all D triggers; light red points: D from c-hadrons from c, normalized by
c-DP triggers; dark red points: D° from c-all hadrons, normalized by c¢-D° triggers; light green points:
D from b-hadrons from b, normalized by b-D° triggers; dark green points: DY from b-all hadrons,
normalized by b-D° triggers; blue points: All DY hadrons from light quarks, normalized by all D°
triggers. The panels show the ranges: top row: 3 < pp(D) <5 GeV/¢, middle row: 5 < pp(D) <8
GeV /¢, bottom row: 8 < pr(D) <16 GeV /e, pr(assoc) > 0.3 GeV/ec.

80



Analysis method

This Thesis
Kinematics _ Reconstructed
~F = F
~ F g T
E E 3<pr(D’)<5GeVie §" 250 3<pr(D’)<5GeVie
H 925 E 0.3 < pr(assoc) < 1 GeV/e & § r e 0.3 < py(assoc) < 1 GeV/e
i S of
3 . e, E == = e
> ST : e EE
15 :—
E o b b b e b b e b
-1 0 1 2 3 3
Ag (rad)
= F T’g‘ s
g °c 5<pr(D") <8 GeVie Sk 5<pr(D") <8 GeVie
§ F . 0.3 < py(assoc) < 1 GeVie g |s2sE - 0.3 < py(assoc) < 1 GeV/e
i 52_5__ — Pr( ) % 3 g e
T = T 9 F ————
I S = e, = 2 - - B e T
Bt e T e eyt e
= 15 —
e T g .o N e S
C -~ - 1 —— -
= e
05 SE Rt T e SO
E 1 | [l | [l 1 :‘I““‘é““=““é““é““l:“‘
-1 0 1 2 3 4 —
Ag (rad) Ag (rad)
E 3.5:7 g i
= 8<pr(DY) < 16 GeVie $1. e . 8<pr(D) <16 Gevie
2 g = — 0.3 < pr(assoc) < 1 GeV/e a § £ e 0.3 < py(assoc) < 1 GeV/e
$[° 25 — - Sl F
—2 T F = [ -
z - el PR s E
2 =+ = e T -
= T
=
05 ;
E 1 1 1 1 1 1

p
Ag (rad)

Figure 4.18: Same as figure 4.17, with 0.3 < pr(assoc) < 1.0 GeV/c.
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Figure 4.19: Same as figure 4.17, with pr(assoc) > 1.0 GeV/ec.
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Figure 4.20: Ratios of fully corrected azimuthal correlation plots at reconstructed level over azimuthal
correlation plots at kinematic level, in the three D° pr bins, for the different associated pp ranges.
Black points: All D%all hadrons, normalized by all D° triggers; light red points: D° from c-hadrons
from c, normalized by c-D triggers; dark red points: D° from c-all hadrons, normalized by c-D°
triggers; light green points: D° from b-hadrons from b, normalized by b-D° triggers; dark green
points: DY from b-all hadrons, normalized by b-D° triggers; blue points: All D° hadrons from light
quarks, normalized by all D° triggers. The panels show the ranges: 3 < pr(D) <5 GeV/c (top left),
5 < pr(D) <8 GeV/c (top right), 8 < pr(D) <16 GeV/c (top left) with pr(assoc) > 0.3 GeV/c.
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Figure 4.21: Same as figure 4.20, with 0.3 < pr(assoc) < 1.0 GeV/ec.
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Figure 4.22: Same as figure 4.20, with pr(assoc) > 1.0 GeV/c

the near-side peak features. In order to do this, the amount of the b-origin excess is evaluated from
the Reco/Kine ratio, by considering the b-D%all tracks case (dark green points). The excess at Reco
level (affecting data) is quantified as a Ay = 0 modulation modul for the few points an each side
of the value or, equivalently, on the first five points of the reflected distributions, which start from
Ay = 0. This is done separately in each pt range. Then, the correction is done by applying this
modulation to the data correlation distributions, but taking into account that only the correlation
entries from B—D are affected, while the c—D correlations need to be left unaltered. In particular,
it has to be considered that, on data, B—D correlation pairs are only a fraction (1 — fompt) of the
total and the amplitude of (B) — D|ampnt correlation pattern is greater than (¢) — D|ampnt correlation

pattern. Thus we apply the following equation to get the corrected correlation plots.

c— D |amplit

f + B — D|amplit 1
raw (B + C) — D‘amplit prompt (B + C) — D’amplit

C (Ap) = C (Ayp) (1 = forompt) -

modul
(4.3)

corr

Applying the modul factor to the beauty part of the data correlation distributions brings its
value back to the generated level case, effectively removing the bias. The effect of the correction is a
shift of the data points in the near-side region (in general, downward in the first and second points,
the upward in the others). To take into account for possible inaccuracies in the definition of the

modulations, or in their rescaling, a systematic uncertainty is applied on the corrected data points,
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with value |C (A¢).,., — C (Ap)..., |/V/12, on each side of the data points affected by the bias.

corr

Removal of secondary track contribution

The secondary particles come from the strange hadron decay or from the interaction of particles
with the detector material. The DCA cut is applied in the associated track selection to remove the
secondary particles. However, a small fraction of secondary tracks survive event after applying this
cut. To remove this residual contamination, the data correlation distribution needs to be corrected.
The number of primary and secondary tracks are evaluated from the study of Monte Carlo data
sample. The fraction of secondary tracks accepted is calculated as the ratio of amount of secondary
tracks accepted over all accepted tracks. If the fraction of residual secondary track is flat along the
Ay axis, we can scale the data correlation distributions by their purity values (1 - secondary con-
tamination). But, for our case the plot which is showing the residual contamination from secondary
tracks in the correlation distribution as a function of Ay is not flat along the Ay axis as shown
in figure 4.23. The inhomogeneities is more than 1%. So, to remove this inhomogeneities the data

correlation distribution is corrected by other approach.
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Figure 4.23: The residual contamination from secondary tracks in the correlation distribution as a
function of Ay for the D-meson pr ranges: 3-5, 5-8, 8-16 GeV /c respectively in the associated pr
> 0.3 GeV/c.

The three possible approaches to correct the data correlation distribution:

— Approach-I : The ratio of Ay distribution of primary track accepted over all tracks is multiplied
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to the data Ay correlation distributions.

— Approach-II : The ratio of Ay distribution of primary track accepted over all tracks distribution
is fitted with a 9th order polynomial function and this function is used for to correct the data

Ay correlation distributions.

— Approach-III : The average of the ratio of Ay distribution of primary track accepted over all
tracks distribution is moving by three points and this distribution is multiplied to the data Ay

correlation distributions.

The Ay distribution of fraction of primary tracks over all tracks for three different approaches is
shown in figure 4.24, where the blue color markers are the the Ay distribution of primary tracks over
all tracks, the red colour markers are the moving average of three points of the same A distribution
of primary tracks over all tracks and the red line is the 9th order polynomial fitting line of same Ay

distribution of primary tracks over all tracks.
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Figure 4.24: The primary tracks over all tracks (Blue points), primary tracks over all tracks with
moving average of three points (Red points), primary tracks over all tracks fitted with a 9th order
polynomial (Red line), in the correlation distribution as a function of A for the D-meson pr ranges:
3-5, 5-8, 8-16 GeV/c respectively in the associated pr > 0.3 GeV/c.
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Feed-down subtraction

As the selected and reconstructed D mesons are composed of both prompt and feed-down D meson
(later is the decay from beauty hadron), the correlation distributions are the mixed up results from
these two. Thus, the feed-down contributions is needed to be subtracted and this correction is done

after taking the 1-dimensional Ay projection of correlation distributions and merging the pr bins.
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Figure 4.25: Azimuthal correlation distribution between D mesons from B hadrons decay and charged
particles obtained from Monte Carlo simulations based on different PYTHIA tune for associated track
pr(assoc) > 0.3 GeV/c and D meson pr 5-8 GeV/c.

The contribution of correlations of D meson from b-hadron decay is subtracted from the uncor-

rected as:

~ 1 ~ ~ em
Cprompt D(ASD) = <Cinclusive(A(10> - (1 - fprompt)cxggjdoﬁi(A90>> . (44)

fprompt

In the above equation, C’inclusive(Agp) and é'prompt p(Agp) are per-trigger azimuthal correlation distri-

butions before and after feed-down subtraction, fyrompt is the fraction of prompt D meson defined by

éMC templ

equation 4.5 and Cp g qown

is a template of the azimuthal correlation distribution of the feed-down

component obtained from Monte Carlo simulation.
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Figure 4.26: fprompt as a function of pr for D? (top), D™ (middle) and D** (bottom) estimated on
the basis of FONLL predictions.

Npei—a
fprompt =1- % (45)
all
N]]?eed_ down and NI are the no. of D mesons originating from decay of beauty hadron and all sources

respectively and are estimated on the basis of FONLL predictions and using the reconstruction

efficiency of prompt and feed-down D mesons [166] as given in equation 4.6.

d DfromB

o .
N}Deedfdown||y‘<ymeptmce = M|‘y|<0,5AyApT(Acceptance X ef ficiency)seed—down-BR. Ling  (4.6)

dpr

Here, BR is is the branching ratio of of the D-meson species in a particular decay channel and L;y
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is he integrated luminosity of that collision. Different Pythia versions and tunes are used for these
simulations (Pythia6 with Perugia0, Perugia2010, Perugia2011 and Pythia8 [156, 157]). Figure 4.25
shows example plots for different PYTHA tunes for azimuthal correlations of D mesons coming from
B-hadron decay with charged particles. The value of fyompt depends on D meson species varies as a

function of pr as shown in figure 4.26.

After implementing all these corrections, we move to the final results followed by a set of system-

atic studies as described in chapter 5.
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Chapter 5

Systematic studies and results

In this chapter, we will discuss several sources of systematic uncertainties in the correlation analysis
between D mesons and charged particles. After assigning the values of uncertainties, we will show
the final results i.e. the correlation distributions between D mesons and charged particles for pp
/s =13 TeV. The near-side and away-side peak properties are extracted by fitting the correlation
spectra. Results are compared with pp /s = 7 TeV and pPb /sxy = 5.02 TeV results. Several

Monte-Carlo models are used to check their compatibility with data.

5.1 Systematic studies

The results of the correlation analysis are affected by several sources of systematic uncertainties.
The whole analysis procedure is repeated for each of the sources and compared with the standard
one to obtain the values of corresponding uncertainty. The origins of systematic uncertainties are as

follows:

e D-meson yield extraction

Background subtraction

Associated track efficiency
e D-meson reconstruction and selection efficiency

Feed-down subtraction

Secondary track contamination

Bias on b to D decay topology
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Figure 5.1: Top: Two-particle azimuthal correlation distributions between D° mesons and charged
particles obtained by changing signal and background extraction procedure. Bottom: Ratio of the
correlation distributions with modified signal and background extraction procedure over the standard
yield extraction procedure for pr(trigger)3 — 5 GeV/c and pr(assoc) > 0.3 GeV/ec.

5.1.1 Uncertainty on D-meson yield extraction

Systematic uncertainty comes for the D meson yield extraction and is determined for all the D

mesons separately. The standard metod to extract yield is to integrate the Gaussian component

from the invariant mass spectra fit. To obtain the systematic uncertainty originated from this source

we modify the signal extraction procedure as follows:

extracted);
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Changing the background fit function as linear and polynomial (not performed on D**)
Changing the range in which the signal is extracted from the Gaussian fit

Reducing the range of invariant mass in which the signal region is defined (and S and B are

Rebinning the invariant mass distributions before the fitting

Extracting yield via bin count method instead of integrating fit function
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e Extracting signal and background both via integral of the fit functions
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Figure 5.2: Same as figure 5.1 for the two-particle azimuthal correlations between DT-mesons and
charged particles.

Both the value of the yield and the sideband correlations normalization factor are affected by
changing the yield extraction approach, while the rest of the procedure to extract the azimuthal
correlation distribution is the same as in the standard analysis. The fully corrected azimuthal
correlation plots are evaluated, for each of these approaches, in the various D pr bins and for each
value of associated tracks pr threshold. The ratios of the correlation distributions obtained with the
standard yield extraction procedure and by differentiating the approach are evaluated. The results

of the check are shown in figures 5.1, 5.2 and 5.3 for D°, D* and D** respectively. From the average

of the ratios a systematic uncertainty can be extracted.

5.1.2 Uncertainty on background subtraction

The systematic uncertainty for the subtraction of the background correlations includes the effects
due to the subtraction of the sidebands correlations from the signal correlations, after the sidebands
normalization. To estimate this uncertainty the invariant mass range of the sidebands definitions is

varied with respect to the default values. For the D and D* mesons, the usual range of the sidebands
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Figure 5.3: Same as figure 5.1 for the two-particle azimuthal correlations between D**-mesons and
charged particles.

is 4 to 8 o from the centre of the peak of the Gaussian fit of the invariant mass spectra, and it is

modified to:
e For D°
— 4 to 6 ¢ from the centre of the peak

— 6 to 8 o from the centre of the peak

— 3 to 9 o from the centre of the peak
e For DT
— 4.5 to 7.5 o from the centre of the peak

— 5 to 7 o from the centre of the peak

— 3 to 9 o from the centre of the peak

Due to the quickly decreasing trend of the background distribution on the left-hand side of the
invariant mass distribution of the D** the background subtraction has been repeated selecting the

sideband candidates in the following invariant mass regions:
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Figure 5.4: Ratios of correlation distributions between D-mesons and cherged particles obtained by
changing the sideband ranges over those obtained with standard sideband ranges with pr(trigger)
3-5 (top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.

e 8 to 15 o at the right of the peak;

e 5 to 15 o (the full available sideband region).

The rest of the procedure to find the azimuthal correlation distributions is unchanged and the
ratios of the fully corrected azimuthal correlation plots obtained with the standard sidebands range
and the correlation plots extracted with different sidebands definitions are evaluated for each D me-
son pr bin and associated tracks pr threshold. The ratios are shown in figures 5.4, 5.5 and 5.6 for

D° D* and D** respectively.

The ratio plots for all the three D mesons don’t show any specific structure along Ap which
implies that this kind of uncertainty does not have any effect on correlation shape, it only affects the

normalization value.

5.1.3 Uncertainty on associated track efficiency

The systematic uncertainty coming from associated track cut selection is determined by varying the

following cuts one by one:

e Minimum ITS cluster: 0
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Figure 5.5: Ratios of correlation distributions between D*-mesons and cherged particles obtained by
changing the sideband ranges over those obtained with standard sideband ranges with pr(trigger)
3-5 (top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.
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Figure 5.6: Ratios of correlation distributions between D*T-mesons and cherged particles obtained
by changing the sideband ranges over those obtained with standard sideband ranges with pr(trigger)
3-5 (top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/ec.
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Figure 5.7: Associated track efficiency maps as a function of pr for different cut variation (left).
Ratio of efficiency maps with different cut variations w.r.t. the standard one (right).

e No ITS refit
e Number of TPC crossed rows: 90

e Minimum of ratio of TPC cross rows over findable cluster: 0.9

Considering these modification of the cuts one by one, we prepare tracking efficiency maps as shown
in figure 5.7. Next, we repeat the whole analysis considering the different modified cut set and their
corresponding tracking efficiency maps. We evaluate the systematic uncertainty values by taking
ratios of these modified correlation distributions over the standard one as shown in figures 5.8, 5.9
and 5.10 for D°, D* and D** respectively.

Since these ratio plots don’t show any structure along Ay, those are fitted with a constant to

determine the systematic uncertainty values.

5.1.4 Uncertainty on D-meson reconstruction and selection efficiency

A systematic uncertainty arises on data and Monte-Carlo simulations for the cut variables used in
D-meson selection. To evaluate the uncertainty values, we prepare the D-meson topological cut set
by making it tight and loose in various combinations such that we can get sufficient yield even after
applying alternate cut selections. Six sets of tight and loose cut set has been prepared for for all the

three D mesons like:
e 5%, 10% and 15% tight and loose cut set for D°
e 5%, 10% and 15% tight and loose cut set for DT

o 15%, 20% and 30% tight and loose cut set for D**

97



Chapter 5. Systematic studies and results

- 2 This Thesis
1.1; 1.13—
| S Seonam s e sets e e — 2 —
e F ¢ F
&k -+ isorst e “F -} msorstd
08: Fit 0 = 1.040 . £ Fit0=1.036
S . ITSRefit/Std o ITSRefit/Std
L Fit1=0.980 t  Fit1=0.982
of Fitz=1001 WS =002 - Tecsoisu of Fit2=0g99 1MS=0023 +-Teoaoee
F Fit3=0.997 ~}- ratiooorstd F  Fit3=1.000 |- ratio09/std
e
Ad (rad) Ag (rad)
12
ll;
I;A — e ”i++ - :;:_++_. e,
e F
§ 09— +
= ITSQ/Std
F Fito=1.037
- E Flt 1 — 0.984 RMS ~ 0 023 ITSRefit/Std
o7l Fit 2 =1.000 e - Tedoorsua
F Fit3=0.997 - ratiqog/std
A (rad)

Figure 5.8: Ratios of correlation plots between D° mesons and charged particles obtained with
alternate associated track cut sets over those obtained with standard selection with pr(trigger) 3-5
(top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.

We prepare the trigger efficiency maps using these various cut sets. The pr dependence of these
efficiency maps are shown in figures 5.11 and 5.12 which reveals that the cuts are more sensitive in
low-pr region with respect to high-pt region.

Figures 5.13, 5.14 and 5.15 show the ratio of the correlation distributions with alternate cut sets
over those with the standard approach, for D°, D* and D** mesons respectively, for exemplary pr
ranges covering the full kinematic region of interest for the analyses. The ratios are reasonably flat in

Ay, hence a flat systematic is evaluated as systematic uncertainty from D-meson the cut variations.

5.1.5 Uncertainty on feed-down subtraction

As described before, the feed-down subtraction from the data distributions is performed by means
of simulation templates of correlation distributions between D mesons (from B hadron decay) and
charged particles from PYTHIAG generator, and considering the central value of fpompt to extract the
feed-down D-meson contribution. In order to evaluate a systematic uncertainty on this procedure,
the feed-down subtraction procedure is repeated considering, together with PYTHIA6+Perugia2011
templates, also PYTHIA6+Perugia2010 and PYTHIAS simulations. In each case, not only the central
value of the measured fyrompt is considered to rescale the distributions, but also the maximum and

minimum values of its total uncertainty. Then, the envelope of nine the different cases obtained
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Figure 5.10: Ratios of correlation plots between D** mesons and charged particles obtained with
alternate associated track cut sets over those obtained with standard selection with pr(trigger) 3-5
(top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.
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Figure 5.11: Prompt DO efficiencies for alternate cut variations (left). Ratio of prompt D efficiencies
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Figure 5.14: Ratios of azimuthal correlations between DT mesons and charged particles obtained
with alternate D-meson cut sets over those obtained with standard selection with pr(trigger) 3-5
(top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.
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Figure 5.15: Ratios of azimuthal correlations between D** mesons and charged particles obtained
with alternate D-meson cut sets over those obtained with standard selection with pr(trigger) 3-5
(top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/ec.
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Figure 5.16: Ratios of two-particle azimuthal correlations between D° mesons and charged particles
obtained with alternate DCA cut over those obtained with standard DCA cut with pr(trigger) 3-5
(top-left), 5-8 (top-right), 8-16 (bottom) GeV/c and pr(assoc) > 0.3 GeV/c.

by varying the templates and the fpompt assumption is considered, and a value of the systematics
defined as the envelope spread divided by /3 is taken as systematic uncertainty. This uncertainty is

assumed uncorrelated among the different Ay points.

5.1.6 Uncertainty on secondary track contamination

The number of primary and secondary tracks which are accepted from the DCA cut is determined
for different values of the DCA selection, and the correlation distributions for the various cases are
evaluated. The variation is done by taking different DC'A,,, values (i.e, 0.1, 0.25, 0.5, 1.0, 2.4 cm and
without any DCA cut). From this figure, this is obvious that we are accepting more secondary tracks
with the loosening of the DC'A,,, value. The ratios of correlation distributions between D mesons
and charged particles obtained with respect to a loose DC'A,, 1 cm for other DC'A,,, selections after
purity correction is shown in figure 5.16. The plots show a flat trend along the Ay axis and the

maximum uncertainty is 3%.
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5.1.7 Uncertainty on correction for the bias on the b to D decay topology

The evaluation of this systematic uncertainty is already explained earlier. For each of the few data
points close to the centre of the near-side peak, which are affected by the bias, a bilateral and

symmetric uncertainty of amplitude |C' (Ap) ., — C (A@),.., |/V12 is assigned.

corr

5.1.8 Overall uncertainty

The systematic uncertainties originated from the above mentioned sources are evaluated for three
different pp(D) regions 3-5, 5-8 and 8-16 GeV /¢ with pr(assoc) > 0.3,> 1,0.3 —1 GeV/c. The plots
are shown with only one associated pr region, for rest of the pr region systematic uncertainties are

evaluated and listed in tables 5.1, 5.2 and 5.3 for D, D* and D** mesons respectively.

Sources pp (DY)

Associate pr >1.0 GeV/c >0.3 GeV/c 0.3-1.0 GeV/c
pr(D) (GeV /o) 35 58 [816 |35 |58 |816 |35 |58 816
Yield Extraction 1% 1% 1% 1% 1% 1% 1% 1% 1%
Background Subtraction | 2% | 2% | 2% [ 2% [2% | 2% | 2% | 2% | 2%
Cut Variation % (2% | 1% [1% (2% |1% [1% |2% | 1%
Tracking Efficiency 3.5% | 3.5% | 3.5% | 3.5% | 3.5% | 3.5% | 3.5% | 3.5% | 3.5%
Track Purity Sample 3% 3% 3% 3% |3% |3% |4% |4% | 4%

Table 5.1: Systematic table for D°.

Sources pp (DT)

Associate pr >1.0 GeV/c >0.3 GeV/c 0.3 -1.0 GeV/c
pr(D) (GeV /o) 35 58 | 816 | 35 | 58 | 8-16 | 35 | 58 | 8-16
Yield Extraction 1% | 1% | 1% [1% | 1% | 1% | 1% | 1% | 1%
Background Subtraction | 1% | 1% | 1% [ 1% | 1% | 1% | 1% | 1% | 1%
Cut Variation 1% 1% [ 1% | 1% | 1% | 1% | 1% | 1% | 1%
Tracking Efficiency 3% 3% | 3% | 3% | 3% | 3% | 4% | 4% | 4%
Track Purity Sample 3% 3% | 3% | 3% | 3% | 3% | 4% | 4% | 4%

Table 5.2: Systematic table for D.

Sources pp (D*F)

Associate pr >1.0 GeV/c >0.3 GeV/c 0.3-1.0 GeV/c

pr(D) (GeV /o) 3558|816 | 35 | 58 | 8-16 | 35 | 5-8 | 8-16
Yield Extraction 3% 3% | 3% | 2% | 2% | 2% | 2% | 2% | 2%

Background Subtraction | 2% | 1% | 2% | 1% | 1% | 1% | 1% | 1% | 1%

Cut Variation 2% 1 1% | 1% | 2% [ 1% | 1% | 2.5% | 1% | 1%

Tracking Efficiency 3% | 4% | 4% | 3% | 3% | 3% | 3% 3% | 3%

Track Purity Sample 3% 3% | 3% | 3% | 3% | 3% | 4% | 4% | 4%

Table 5.3: Systematic table for D**.
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Figure 5.17: Comparison of azimuthal correlation distributions between D mesons (D, Dt and D**)
and charged particles with D-meson pr 3-5 GeV/c, 5-8 GeV/c and 8-16 GeV/c and associated pr
>0.3 GeV/c.

5.2 Results

5.2.1 Comparison of results from D, D* and D**

Figure 5.17 shows the comparison of correlation results D%, D™ and D** for three different trigger
pr 3-5 GeV/e, 5-8 GeV/c and 8-16 GeV/c and associated pr >0.3 GeV/c. These results are shown
before applying the feed-down subtraction and removal of secondary track contamination. As these
corrections affect the correlation distributions in same way for the three D meson sample, figure 5.17

works as a way to check compatibility among the correlation distribution for three D mesons.

As shown in figure 5.17, the Ay distributions for three D mesons shows an overall agreement,

within the level of the uncertainties for all the kinematic ranges.

Given the compatibility of the observed DY, D* and D** azimuthal correlations within the statis-
tical and systematic uncertainties as shown in figure 5.17, and considering that the differences found
in the correlation distributions observed in Monte Carlo simulations based on Pythia6 (Perugia0, Pe-
rugia2010, Perugia2011 tunes) and Pythia8 are within the statistical uncertainties (though a slight
near side hierarchy is present), a weighted average (equation 5.1) of the azimuthal correlation distri-

butions of the three mesons is performed in order to reduce the overall uncertainties. The inverse of
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the sum in quadrature of the statistical uncertainty and of the systematic uncertainty uncorrelated

among the three D mesons is used as weight.

L dNassoc
1 dNassoc o Ei:meson wl ND ng . w _ 1
Y T T

>Dmesons - D) D)
Np de Zi:meson wi 0} stat + O uncorr.syst.

(5.1)

The statistical uncertainty and the uncertainty on the yield extraction on the average are then

recalculated using the formula:

0_2 _ Zi:meson in'iQ (52)
Zi:meson wi

which, for o2 = 1/w;, coincides with the standard formula giving the uncertainty on a weighted

average. The contribution to the average systematic uncertainty for those uncertainty sources not
included in the weight definition, is evaluated via error propagation on the formula of the weighted
average (equation 5.1), resulting in equation 5.3 and 5.4 for sources considered uncorrelated and
correlated among the mesons. In particular, the uncertainties on the associated track reconstruction
efficiency, on the contamination from secondary tracks, on the feed-down subtraction, and that result-
ing from the Monte Carlo closure test are considered fully correlated among the mesons, while those
deriving from the yield extraction, the background subtraction and on the D meson reconstruction

and selection efficiency are treated as uncorrelated.

g

2 Zi:meson wZQUzZ
N (Zi:m@son wi)Q (53)

Zi:meson Wi

Figure 5.18 shows the average of D, D* and D** azimuthal correlations in the D meson pr ranges
3<pr<5GeV/e, 5 < pp <8GeV/cand 8 < pp < 16 GeV/c with associated tracks with pr >
0.3 GeV/e¢, pr > 1 GeV/c and 0.3 < pp < 1 GeV/c. The fit function is composed of two Gaussian
functions with mean fixed at 0 and 7 and a baseline, whose values are fixed to the weighted average

of the 8 lower points in the correlation distribution.

Despite being evaluated in the full 27 range, the range of final results is reduced to [0,7] radians,
reflecting the points outside that range over the value of 0. This allows to reduce the impact of
statistical fluctuations on the data points (supposing equal statistics for a pair of symmetric bins,

after the reflection the relative statistical uncertainty for the resulting bin is reduced by a factor

1/v/2).
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Figure 5.18: Average of D°. D' and D** azimuthal correlations, from analysis on the data sample,
for the different D pr bins 3-5, 5-8, 8-16 GeV/c and associated pr > 0.3 GeV/c.
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5.2.2 Fitting of correlation spectra and fit observables

The properties of the azimuthal correlation distribution are quantified by fitting the distribution with
a function composed of two Gaussian functions, modelling the near and the away side peaks, and a
constant term describing the baseline given in eqaution 5.5. The mean of the Gaussian are fixed at
Ap = 0 and Ap = 7. To accomplish the 27 periodicity of the Ay variable, the Gaussian functions
are “duplicated” with mean at Ap = 27 and Ap = —.

Y, (Ap—ppyg)? Y (Ap—pgg)?
fFAQ) =ct+ ——"—e ks 2 —¢ s (5.5)
V2rong 2mo A

An example of the results from the fit is shown in Figure 5.19. From the fit results, we find the
values of near-side and away-side yields and widths from the integral and sigma of the Gaussian
functions respectively. Calculation of correlation baseline is done on basis of the “physical” minimum
estimation which is quite faithful against the statistical fluctuations. Because of larger statistical
fluctuations present in data results and no such fluctuations in MC results, different procedure to
estimate best physical minimum is considered. Estimation of the baseline systematic uncertainty has
been done by calculation of minimum of the azimuthal correlation distribution for MC (considering
two lowest values) and average on the transverse region in case of data. So for the data, baseline
uncertainty is calculated as the average of the 8 points lying in the so-called “transverse region” (for
the 27 plot ranges), i.e. the interval § < |[Ag| < 7.

The near-side observables give information on the multiplicity and angular spread of the tracks
from the fragmentation of the charm jet which gave birth to the D-meson trigger. At first order,
instead, the away-side observables are related to the hadronization of the charm parton produced in
the opposite direction (though the presence of NLO processes for charm production breaks the full
validity of this assumption). The baseline value is a rough indicator of the underlying event multi-
plicity, though below the baseline level also charm and beauty-related pairs are contained (especially
in cases of NLO production for the heavy quarks).

The evaluation of the systematics is performed as follows:

e The fits are repeated by changing the range of the transverse region in which the baseline is

evaluated.

e In addition, Ay correlation points are shifted to the upper and lower bounds of their uncorre-

lated systematic boxes, and refitted.

e The fits are also repeated by moving the baseline value from its default value (i.e. with the

107



(rad”

AN

Ny dBg

=
T T [ T T T T [ T T T T T T T

3.0 <p (D) <5.0 GeV/c

pT(hadron) >0.3 GeV/c

D meson-charged particle azimuthal correlations

2ndi = 12,0112

NS Y =0.78:0.08

NS 0=0.34:0.04

AS Y =0.47:0.09

AS 0=065:0.12

baseline = 3.30:0.04

Chapter 5. Systematic studies and results

(rad”

e
Ny dAg
T

D meson-charged particle azimuthal correlations

5.0 <p (D) <8.0 GeV/c

pr(hadron) >0.3 GeV/c

2ndi = 14.6/12

NS Y =0.94:0.08

NS 0=0.28:0.03

ASY=078:011

AS 0=0.66:0.10

baseline = 3.32:0.04

This Thesis

8.0<p, (D) <16.0 GeV/c

T(hadron) >0.3 GeV/c

D meson-charged particle azimuthal correlations

2ndi = 6.1/12

NSY=1810.11

NS 0=0.32:0.02

ASY=079:0.12

AS 0=044:0.08

baseline = 3.39:0.06

=
L B e e B LA

&
T T T

.

L e T B e L e
T T T T T T [ T T T T T

s
Fos
Y
L s
1}
\‘ I )
1 1 Y il A}
-~ . L )
A AY
. S I .
. A F .
\ | ) \‘ | [ .
o L|_|JI.|_'PJ~1J.J.J. Ll i o L'.'JI.':'JLL'JL!—'.'.U—I—LLU—LLLI—LLLI. 0 LL'J].L'J!:L'JJ.LLLU.L.'.LU.J.JJ.I—LJ_LI.
0 0.5 1 15 2 25 3 0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
A (rad) Ag (rad) Ag (rad)

Figure 5.19: Example of fit to azimuthal correlation distributions and baseline estimation.

default transverse region) on top and on bottom of its statistic uncertainty. This helps to
account, though in a systematic uncertainty, for the statistical uncertainty on the baseline
position (since in the fit the baseline is constrained, and its error is not propagated to the other

observables).

The envelope between (i) the RMS of the relative variations of the parameters between the
fit outcomes defined in the first two points, and (ii) the relative variations of the parameters
from the fit outcomes defined in the third point, is considered as systematic uncertainty for the

near-side and away-side widths.

For the estimation of the baseline and of the near side associated yield, that value is added
in quadrature with the correlated systematics in the correlation plot. In case of the near side

width this is not the case, since it is not affected by the different normalization.

(5.6)

syst

O_syst — \/(Max(Aparped'm"de, AparApoint))Z + (0_corr)2

Figures 5.20, 5.21, 5.22, 5.23, 5.24 present the near-side associated yield, width , away-side asso-
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Figure 5.20: Near-side yield pr(D) trend for the D-meson average, extracted from fit to the azimuthal
correlation distributions, for all the analyzed kinematic ranges of associated track pr.

ciated yield, width (the sigma of the Gaussian part of the fit functions) and the height of the baseline

respectively, for the average correlation distributions, in the kinematic ranges studied in the analysis.

5.2.3 Final results

Comparison with pp /s=7 TeV and pPb ,/s5,y=5.02 TeV results

The baseline subtracted correlation plots for average D, D* D** is compared among three cases i.e.
pp 7 TeV, pp 13 TeV and pPb 5.02 TeV and shown in figure 5.25. Figure 5.26 shows the comparison
plots for near-side yield and width. The figures show that the results are similar within uncertainties

revealing the fact that there is similar charm-jet properties for three different collision systems.

Comparison with models

A comparison of average correlation distributions (baseline subtracted) between D meson and charged
particles in the pp collisions at 1/s=13 TeV is shown in figure 5.27 with the expectations from Monte-
Carlo simulations (Pythia6-Perugia0, Pythia6-Perugia2010, Pythia6-Perugia2011and Pythia8). The
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Figure 5.25: Two-particle azimuthal correlations between D mesons and charged particles: compar-
ison among pp 7 TeV, 13 TeV and pPb 5.02 TeV data.
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Figure 5.26: Near-side physical observables: comparison among pp 7 TeV, 13 TeV and pPb 5.02 TeV
data.

shape of the correlation distributions is well reproduced by all the models, together with their pr
trend and with the evolution of the correlation peaks.
Figures 5.28 and 5.29 show the same comparison for the fit observables (peak yields and widths

for near-side and away-side, respectively), for all the addressed p ranges.
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Figure 5.27: Two particle azimuthal correlations between D mesons and charged particles : compar-
ison of pp 13 TeV data with different Monte-Carlo models.
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Chapter 6

Study of small systems with hydro-based

simulated events

In this chapter, we present the results of analysis of simulated pp and pPb events, generated by
the EPOS3 Monte-Carlo event generator. Aiming to understand the anomalous particle production
mechanism in high-multiplicity events of these small systems at the LHC energies, as already dis-
cussed, the generated events from the hydro-based event generator was analysed in terms of several

observables as a function of multiplicity and matched with existing data.

6.1 High multiplicity events of small systems: An experi-

mental review

6.1.1 pp collisions

Recent LHC results in small systems provide some anomalous features in particle production which
lead us to study the high-multiplicity events in pp and pPb collisions and explain the possible reason
of signals which resembles the formation of the hydrodynamic medium in heavy-ion collisions. The
most important signature of “collectivity” in small systems is the “ridge”-like structure in long-
range two-particle azimuthal correlations. It was first reported in pp collisions at /s = 7 TeV by
CMS collaboration [90]. The two-particle angular correlation function is defined by the per-trigger
associated yields of charged particles obtained from An, Ay distribution (where An and Ay are the
differences in the pseudo-rapidity (1) and azimuthal angle (¢) of the two particles) and is given by:

1 dQNassoc S(An, AQO)

Nirig dAndAp ~ B(0,0) B(An, Ap)

(6.1)
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where Ny, is the number of trigger particles in the specified pf 9" range.

The function S(An, Ay) is the differential measure of per-trigger distribution of associated hadrons

in the same-event, i.e,

1 d2Nassoc
An, Ap) = some 2
S(An, Ap) Noo dBndAg (6.2)

The background distribution function B(An, Ay) is defined as:

d2Nmia:ed
B(An, Ap) = dAndAg (6.3)

Nmixed

where is the number of mixed event pairs.

The factor B(0,0) in equation. 6.1 is used to normalize the mixed-event correlation function such
that it is unity at (An, Ap)=(0,0).

The correlation measurement is done in the range of Ap = —7/2 to 37/2. The near-side (NS)
correlation peak in formed in the range Ay = —7/2 to 7/2 representing the trigger and associated
particles in the same side of the jet, while the away-side (AS) correlation peak is formed in the range
Ap = —m/2 to 37/2 representing the trigger and associated particles from two opposite sides of the
jet.

Depending on the selection of |An| region, the correlation distributions are categorized by “short-
range” (JAn| ~ 0) and “long-range” (JAn| > 0) correlations. The back-to-back short-range jet
correlation gets smeared due to fragmentation process and medium effects which affects the away-
side peak. In long-range correlation, the away-side structure comes due to momentum conservation
and other effects while the near-side structure is attributed to the medium formation. In this case, a
“ridge” structure is occurred in small |Ap| and wide |An| region, which is basically a soft particle (low
pr) phenomena. The “ridge” structure is found in CuCu [167] and AuAu [167, 168, 169] collisions
at RHIC energies and PbPb collisions [63, 64] at LHC energies. The hydrodynamic collective flow
of a strongly interacting and expanding medium [66, 67, 68| is expected to be responsible for the

“ridge”-like structure in the relativistic heavy ion systems.

Figure 6.1 shows the near-side ridge-like structure in long-range two particle azimuthal correla-
tions for high multiplicity pp events at /s = 7 TeV with two different transverse momentum ranges

pr > 0.1 GeV/cand 1 < pr < 3 GeV/c. It is clear from the figure that the ridge structure is visible
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(a) CMS MinBias, pT>0.1GeV/c (b) CMS MinBias, 1.0GeV/c<pT<3.0GeV/c
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Figure 6.1: Two-particle azimuthal correlations as a function of An, Ay in pp collisions at /s =7
TeV: minimum bias events (upper panel), high multiplicity events (lower panel) [90].

only at a region of intermediate pr i.e. 1 < pr < 3 GeV/c and high multiplicity events i.e N>110.
Same study has been done for pp /s = 13 TeV by CMS collaboration [91]. In figure 6.2, the
long-range near-side associated yield has been shown as a function of pr ( fig. 6.2(a)) and multiplicity
(fig. 6.2(b)). It is clear from the figure that the yield peaks at 1 < pr < 2 GeV/c for multiplicity >
105 ( > 110 for pp 7 TeV) for both the centre-of-mass energies. From the multiplicity dependence of
of near-side associated yield, it is shown that the yield value is consistent with zero (determined by
ZYAM method) for low multiplicity events. After multiplicity > 40, the yield value increases with
almost linear trend revealing the presence of ridge-like correlations. The gluon saturation model
[170] as well as the hydrodynamic models describe the data qualitatively, however fails to explain
quantitatively. In this thesis, we will show results of EPOS3 hydrodynamic model which describe
the inclusive charged particle pt spectra both qualitatively and quantitatively, but fails to describe
other observables qualitatively.
The Fourier harmonics of azimuthal anisotropy, i.e., the elliptic flow (v9) and traingular flow (v3)
are obtained from the two-particle long-range azimuthal correlations and these help to strengthen

the claim of hydrodynamic origin of the long-range correlations. Some experimental studies have
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Figure 6.2: Near-side long-range associated yield as a function of (a) transverse momentum, (b)
multiplicity for pp 1/s=7 TeV and 13 TeV measured by CMS experiment [91]. Curves represent the
predictions of the gluon saturation model [170].

been done for both pp /s = 7 TeV and 13 TeV to extract elliptic flow coefficient v, for all charged

particles, its pr dependence [95] and mass ordering of vy(pr) for identified charged particles [92].

The CMS experiment has extracted the v5“* and v§* values from two- and multi-particle correla-
tions of identified and inclusive charged particles for different multiplicity classes in pp collisions at /s
= 5, 7 and 13 TeV. These Fourier harmonics from long-range azimuthal correlations are subtracted
from the contribution of short-range correlations. Figure 6.4 shows the multiplicity dependence of

sub

and v3"” values in pp collisions compared with pPb and PbPb collisions at /sxy = 5 and 2.76

sub
Ug

TeV respectively. From the figure, it is clear that both v5** and v§*® values in pp collisions follow
similar trend as in pPb and PbPb collisions. Though v3“* values for pp collisions are smaller than

the pPb and PbPb collisions, v5* values for all three collision systems are comparable.

Some experimental studies have been done for both pp /s = 7 TeV and 13 TeV to extract
elliptic flow coefficient vy of charged particles, its pr dependence [95]. The mass ordering of ve(pr)

of identified charged particles [92] also confirms the formation of collective medium.

Figure 6.3 shows similar v, values for inclusive charged particles, K? and A/A across most of the
pr region within statistical uncertainties while there is a clear difference in vo among different species
for high multiplicity events [92]. The vy for identified particles are consistently below the inclusive
charged particle which reveals stronger azimuthal anisotropy for lighter particles as the inclusive
charged particles are mostly consisted with pions. The similar trend has been found from RHIC data

for heavy-ion collisions [171, 172].

Along with the azimuthal anisotropy, the collective behaviour in pp collisions are also found
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Figure 6.3: The elliptic flow measurement of inclusive charged particles, K? and A/A as a function

of transverse momentum for pp /s = 13 TeV measured by CMS experiment [92].
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in terms of strong transverse radial flow extracted from the identified charged particle yields by
hydrodynamics-motivated Boltzmann - Gibbs blast-wave (BGBW) model [97]. This model does
not include a full hydrodynamic calculation and assumes instantaneous freeze-out of all the particle
species at a kinetic freeze-out temperature (T};,) and with common transverse radial flow velocity
((B8)) from the freeze-out surface of a locally thermalized system, expanding with a common velocity
field. A brief description of this model is given in section 6.3.2.

The pr spectra of the RHIC heavy ions data [173, 174] is successfully described by BGBW model
and the parameters Ty;, and (f) have been extracted by the simultaneous fit to the pr spectra
of pions, kaons and protons for a pr-range up to 1.2 GeV/c. A centrality and energy dependence
study has been performed [174] for AuAu collisions that reveals that the (/) increases and the Tj;,
decreases with both the centrality and the cantre-of-mass energy of collisions. Though the fitting of
transverse mass spectra of pions, kaons and protons with a thermal model from central heavy-ion
collisions data at fixed-target experiments at SPS energies - 200 A GeV SS and 158 A GeV PbPb
provided evidence of collective transverse flow [175], the multiplicity dependent study of pp data at
Vs = 200 GeV at RHIC analysis could not find any appreciable values of Tj;, and () through the
blast-wave analysis.

The CMS experiment has measured pr-spectra [176] of pions (7%), kaons (K¥), and protons p
and p) over the rapidity range |y| < 1 for the pp collisions at /s = 0.9, 2.76 and 7 TeV with different
multiplicity classes, in the pseudorapidity interval, |n| < 2.4. The analysis has been performed on
the pr - ranges 0.1 to 1.2 GeV/c for 7%, 0.2 to 1.050 GeV/c for K* and 0.35 - 1.7 GeV//c for p and
p. The analysis [96] of the multiplicity dependent identified particle spectra data extracted values
for § and Tj;, compared with with those for AA and pA data, as shown in figure 6.5.

The simultaneous fits with the BGBW description to the transverse momentum spectra of 7+,
K#* and p(p) in high multiplicity pp events at v/s = 0.9, 2.76 and 7 TeV at LHC gives appreciable
values of T};, and [ indicating the formation of collective medium in high-multiplicity events in pp
collisions at LHC energies. We can find a similar trend of Ty;, and § as a function of multiplicity to
that for the heavy-ion collisions where the formation of thermalized partonic medium is established.

One of the most commonly measured parameter is 7. f fective, the inverse slope parameter obtained
from fitting the transverse mass (mg) spectra by equation:

dN

) (6.4)

demT Teffective

Increase in the inverse slope parameter with mass m for pions (7%), kaons (K¥*), and protons (p

and p), already observed in heavy-ion collisions [177, 175], attributes to the collective transverse flow
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Figure 6.5: The /s and centrality (dn.,/dn) dependence of mean transverse radial velocity ({3))
and kinetic-freezeout temperature (7T};,), as obtained by simultaneous fits in the BGBW framework
to the published spectra of 7%, K* and p(p) in pp collisions at LHC is compared with results from
similar analysis for AuAu collisions at RHIC [174], PbPb and pPb collisions at LHC energies [96].

of the medium formed in the collision. The same increasing trend is found in high multiplicity pp

collisions at /s =7 TeV as shown in figure 6.6.

6.1.2 pPDb collisions

Similar to pp collisions, the collective natures are found in pPb collisions also reported by LHC
[179, 180]. The long-range ridge-like structures are found for high multiplicity or most central events
in the intermediate pr range.

Figure 6.7 shows the comparison of near-side long range associated yield of pp, pPb and PbPb
systems for different centre-of-mass energies in 1 < pr < 2 GeV/c as a function of multiplicity. Here
also, the the ridge-like correlation is visible for all the three systems at multiplicity > 40. For a given
multiplicity, the yield in pp collisions is around 10% and 25% of those observed in PbPb and pPb

collisions respectively revealing a strong system-size dependence.

The ALICE experiment has reported the results of double-ridge structure (both in near and away
side) in pPb collisions [94] as shown in figure 6.8. To remove the contribution of correlation from jets,
the low multiplicity correlation distributions are subtracted from high multiplicity distributions. In
this figure, the two dimensional correlation distributions are shown by considering identified trigger

particle and inclusive associated charged particles in intermediate pr range. By fitting the one-
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Figure 6.6: The inverse slope parameter T s fective as a function of mass of identified particles (m,+ =
0.14, my+ = 0.495, my;) = 0.938 GeV/c?) as obtained from the measured transverse momentum
spectra from non-single diffractive events of pp collisions as measured by the CMS experiment [176]
at /s = 7 TeV. (N.,) is the mean multiplicity of the charged particles. The lines in the figure are
drawn connecting the points just to guide the eyes. The figure has been published in Ref. [178].

dimensional Ay projection of correlation spectra, the elliptic flow vy is obtained as shown in figure
6.9 where the mass ordering is visible similar to that found in PbPb collisions [181]. The elliptic and
triangular flow pattern is observed for charged particles in pAu, dAu and *HeAu at /5yy=200 GeV
[182] which is reported to be well described by hydrodynamic models which includes the formation
of a short-lived QGP droplet.

Another important signature of QGP formed by heavy-ion collisions is studied by taking identified
charged particle ratio which has been reported by ALICE for pPb collisions also [183]. Figure 6.10
shows the particles ratios K/, p/7 and A/K? from pPb /s = 5.02 TeV as a function of pr for most
central and peripheral collisions. Results are compared with PbPb collisions at /syy = 2.76 TeV
[184, 185] and a qualitative agreement is found on the enhancement of particle ratios at intermediate

pr. A similar enhancement of p/7 ratio is observed in RHIC energies [186].

The different features of collectivity found in high multiplicity / most central pp and pPb collisions
in LHC energies, lead us to study the multiplicity dependent pp collisions further, more specifically,
to focus on the high-multiplicity or most central events pp and pPb collisions to understand the

origin of collectivity in small systems.
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Figure 6.7: Near-side long-range associated yield as a function of multiplicity for pp v/s=7 TeV and
13 TeV, pPb /syn=5.02 TeV and PbPb /sy = 2.76 TeV data measured by CMS experiment [91].

6.2 Event generation with EPOS3

“EPOS” stands for Energy conserving quantum mechanical approach, on an basis of Partons, parton
ladders, strings, Off-shell remnants and Splitting of parton ladders. This model works on the parton-
based Gribov-Regge theory [187]. A detail technical description on the parameters used in this model
can be found in [188]. In this model, an individual parton scattering, known as “pomeron”, gives
rise to a parton ladder which is considered as a longitudinal colour field of “Hux-tube” and carries
the transverse momentum of the hard scattering. The parton ladders consist of hard perturbative
QCD (pQCD) scatterings along with initial-state and final-state parton emission. The flux tubes
are expanded and fragmented into string segment of quark-antiquark pairs. In the case of many
elementary parton-parton hard scatterings in a collision, a large number of flux tubes are formed
leading to a high local string-segment density, and subsequently high multiplicity of the collisional
event. In the hydrodynamic EPOS3 model, the high local string-segment density, above a critical
value, constitutes the bulk matter or a medium. The string segments that do not have enough
energy to escape from the bulk matter form the“core” which gets thermalized and undergoes (3+1D)
viscus hydrodynamical evolution with a lattice-QCD-complied crossover equation of state. The
hydrodynamical evolution is followed by particle production via the Cooper-Frye mechanism. After
that, the hadronic evolution takes place and the “soft” (low-pr) hadrons freeze out. The string
segments from outside the bulk matter form the “corona”. The string segments in the “corona”

hadronize via the Schwinger mechanism and escape as “high”-pr jet hadrons. The string segments
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collisions at /Syy=5.02 TeV measured by ALICE. Bottom panels: Ag projections of top panels [94].

carrying enough energy to escape the bulk matter constitute the “semi-hard” or intermediate-pr
particles. These segments, while escaping the bulk matter, pick up quarks or antiquarks from within
the bulk matter, and the intermediate-pr hadrons thus produced in this process inherit the properties
of the bulk matter. After hadronization, the hadron-hadron re-scattering is modeled via ultra-
relativistic quantum molecular dynamics (UrQMD).

Using EPOS3.107 code, we have generated 40 million minimum-bias events in pp collisions at /s
= 7 and 13 TeV and 10 million minimum-bias events in pPb collisions at |/sxy = 5.02 TeV with and
without implementing hydrodynamics. Suitable subsamples of different multiplicity and centrality

classes and different kinematic cuts are selected from the simulated minimum-bias event samples.

6.3 Analysis in pp collisions

We have reproduced the inclusive charged-particle pr spectra for pp /s = 7 TeV [189] and 13 TeV
[190] with EPOS3 hydro events as shown in figure 6.11. From the figure it is clear that data is
well described by EPOS3 model. We use the same event sample for further differential study. The

analysis in pp collisions is performed in terms of experimental observables that exhibit the flow-like
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Figure 6.9: Elliptic flow vy as a function of transverse momentum for pPb /sxx=5.02 TeV measured
by ALICE [94].

behaviour in high-multiplicity events, namely,
e Long-range two-particle azimuthal correlations among charged particles.
e Blast-wave description of identified charged particle yield.
e Mean transverse momentum ({pr)) as a function of mean charged particle multiplicity ({(Ne)).

e Inverse slope parameter of transverse mass (mr) distribution.

6.3.1 Long-range two-particle azimuthal correlations

The ridge-like two-particle long-range angular correlation is found to be an important signal of col-
lectivity in small systems, as already discussed. In models, using “flux-tube+hydro” approach [182],
a qualitative agreement is found with data. Inspite of the successes of the hydrodynamic approach
in qualitative description, a quantitative comparison with the data is essential, particularly to access
how the hydrodynamic description, implemented in EPOS, works better than the non-hydrodynamic
models [191, 192] including the reasonably well understood particle production mechanism in the
pQCD inspired multi-parton interaction (MPI) model, like the one implemented in PYTHIA Monte
Carlo Code [157].

The analysis tool for two-particle azimuthal correlations is already discussed in chapter 4. The per-
trigger associated yields of charged particles obtained from (An, Ap) distribution (where An and
Ay are the differences in the pseudo-rapidity () and azimuthal angle (¢) of the two particles) and

is given in equation 6.1.
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event classes [183].

The two-particle azimuthal correlations study helps us to extract several sources of correlations
in multiparticle production, depending on the studied ranges of |An| and the pr for the trigger and
the associated particles. In the context of the present study, the correlated emission of particles from
collective medium can be extracted by studying the long-range (|An| > 0) two-particle azimuthal
angle correlations. In relativistic heavy-ion collisions, the long-range two-particle azimuthal angle
correlations are attributed to the formation of collective medium [167, 167, 168, 169, 63, 64]. The
correlated pair yields per trigger with small |[Ay| over a wide range of |An| (long-range), result a
“ridge” structure in the constructed correlation functions. The analysis [91] of LHC pp data in terms
of correlated yields as a function |Agp| reveals that the “ridge”- structure becomes prominent in pp

collisions with increasing multiplicity of events. It is the near-side (JAp| ~ 0 ) long-range correla-
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Figure 6.11: Inclusive charged particles pr spectra from generated minimum-bias events of pp colli-
sions at y/s= Tand 13 TeV from the EPOS3 event generator, with hydrodynamic calculations, are
compared with data, as measured by the ALICE [189] (lower panel) and ATLAS [190] (upper panel).

tions, that are of particular interest for the present study of quantitative comparison of data and the

hydrodynamic simulation of multi-particle production in high-multiplicity pp events.

The long-range two-particle angular correlations of the charged particles have been constructed in
simulated events, keeping the kinematic cuts and multiplicity classes similar as chosen for analysis of
the data at reference [91] for /s = 7 and 13 TeV. As expected from a hydrodynamic code of particle
production like the EPOS3-hydro, the long-range two-particle azimuthal correlations of charged
particles show a prominent ridge-like structure for high-multiplicity events, while such structure is
absent in low-multiplicity events. In figure 6.12 we have shown representative plots of two-particle
correlation function for 1 <pfF€&" passeciated < 9 GeV /e with unidentified charge particle as trigger,
for the hydrodynamic-EPOS3 generated pp collisions at /s = 7 TeV for events of multiplicity-classes
Ng,>110 and N, <35, after removing the short-range jet-like correlations. The per trigger associated

yield, for high-multiplicity event class, in different pr-intervals, for both the non-hydrodynamic and

hydrodynamic EPOS3 generated pp collisions at /s = 7 and 13TeV are projected onto Ay and
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Figure 6.12: Two particle An, A charge particle correlation function for 1 <pih8r, passociated o o

GeV/c with unidentified charged particle as trigger, for the hydrodynamic-EPOS3 generated pp
collisions at /s = 7 TeV (left column) and 13 TeV (right column) for events of multiplicity-class
N.,>110 (upper panel) and N, <35 (lower panel). The short-range correlations have been suppressed
for clear presentation of the long-range correlations

shown in the figure 6.13, to compare the data in the same kinematic ranges.

The appearance of ridge-like structure in long-range two-particle angular correlations of charged
particles in the high-multiplicity EPOS3-hydro generated pp events at y/s = 7 and 13 TeV reflects the
collective property, that is expected in a hydrodynamic model of particle production. The correlated
yields of high-multiplicity event class as a function of A for different pr intervals in the simulated
events reveals similar feature as observed in data i.e., the ridge-like structure is most prominent in the
1-2 GeV/c pr-range and in the highest-multiplicity events and gradually decreases with increasing
pr. Nevertheless, as it is clear in the figure 6.13, for the most prominent pr-range of 1 -2 GeV /¢, the

EPOS3 events overestimate the correlated yields as compared to the data.
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Figure 6.13: One dimensional Ay projection for high-multiplicity events for the region of ridge-like
correlations obtained from the long-range two-particle azimuthal correlations of charged particles,

averaged over 2 <|An|< 4, for 1 <pirseer passociated = 9 GaV /¢, 2 <pi#s passociated - 3 GeV /¢ and 3

<pipeeer passociated - 4 GeV /¢ from the data and the EPOS3 generated events of pp collisions at /s
= 7 [90] and 13 TeV [91].

6.3.2 Blast-wave description of identified charged particle yield

To study the collective transverse radial flow in pp collisions, we have followed a hydrodynamic-
motivated Boltzmann -Gibbs blast-wave ( BGBW ) model [97], which is already well-established in
heavy-ion collisions. This model considers the produced particles to be in locally thermalized state
inside the system, which expands collectively with a common velocity field. The model does not
include hydrodynamic evolution but considers that the system undergoes an instantaneous common
freeze-out at a kinetic freeze-out temperature (7};,) and a transverse radial flow velocity (3) at the
freeze-out surface. The BGBW, thoroughly used in analyzing the relativistic heavy-ion collisions

data, revealed [96] transverse radial flow for high-multiplicity pp collisions [176] data, also.
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Chapter 6. Study of small systems with hydro-based simulated events

Assuming the hard-sphere particle source of uniform density, the transverse momentum spectra,

in the BGBW model, is given by,

dN /R (stmh p) (mTC’osh p)
x rdrmp I, | — | Ki | ——— 6.5
prdpr 0 ’ Thin ! Tyin (6.5)
where p = tanh™!3, Iy and K; are modified Bessel functions.
The flow velocity profile is given by,
8= By(5)" (6.6)
=Bl .

where f3; is the surface velocity and r/R is the relative radial position in the thermal source. The

average transverse flow velocity, (3) is given by, (8) = @TQn)ﬁg.

The EPOS3 generated pp events following hydrodynamics are expected to exhibit the radial flow.
Thus, using the BGBW formalism, we have compared the radial flow parameters quantitatively for
the EPOS3 generated events and the data. The Chi-square (x?) test has been used to ensure good-
ness of fit while obtaining the fit-parameters, the kinetic freeze-out temperature and the radial flow
velocity, from the data spectra as well as from the EPOS3 generated spectra. In this analysis, we
keep lower pr - cut at 0.475 GeV/c for spectra of all the species. At the higher side, the pr-range is
limited to pr < 2 GeV/c or less, depending on the availability of the data.

We calculate R for different event classes with different (V) in || < 2.4 in this study, from
the relation, R({Nu,)) = a.(Nep)'/3 where a = 0.597 & 0.009(stat.) 4 0.057(syst.) fm at 0.9 TeV and
a = 0.612 £ 0.007(stat.) = 0.068(syst.) fm, as parameterized [176] by the CMS experiment from the
measurement of radius of source of emission as a function of average charged particle multiplicity for
pp collisions at /s = 7 TeV. The BGBW fit parameters are available [96] for different multiplicity
classes of pp collisions at /s = 7 TeV [176]. We fit the blast-wave function to the pr spectra for
different sets of data for /s = 13 TeV [193], keeping the kinetic freeze-out temperature (Tj;,), the
radial flow velocity () and the exponent (n) of the flow velocity profile free to produce the best
possible simultaneous or combined fits to the data, in terms of x?/ndf, using the MINUTE program
in the ROOT analysis framework.
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Figure 6.14: The transverse momentum spectra for 7%, K=, p(p) as measured by the CMS experiment
[176] at LHC for the event-class of average multiplicity = 131 and 98 in pp-collisions at /s = 7 TeV,
along with BG-blast-wave fits (solid lines). The uncorrelated statistical and systematic uncertainties
have been added in quadrature.

The figure 6.14 contains representative plots where BGBW fits to the spectra data of identified
particles from pp collisions at 7 TeV for the event-classes of average multiplicity = 98 and 131, re-
spectively, are shown along with the fits to the simulated spectra, obtained from the respective class

of simulated events.

Vs(TeV) | (New) | Tiin(MeV) (B) n X*/n.d.f
7 98 11557 £0.11 | 0.766 £ 0.004 | 0.540 &+ 0.006 1.02
7 109 | 113.09+0.12 | 0.779 £ 0.004 | 0.503 £ 0.006 0.61
7 120 | 110.84 +£0.15 | 0.790 £ 0.004 | 0.480 £ 0.006 0.34
7 131 | 104.29£0.15 | 0.809 £ 0.005 | 0.436 £ 0.005 0.44
13 108 | 140.80 £0.022 | 0.723 £ 0.005 | 0.58 £0.01 1.65
13 119 ] 129.31 £0.019 | 0.778 £0.002 | 0.56 £ 0.011 0.86
13 130 | 128.29£0.019 | 0.763 £ 0.004 | 0.50 £ 0.009 1.18
13 141 | 119.77£0.016 | 0.764 £0.004 | 0.48 £0.01 1.40
13 151 | 112.84 £0.016 | 0.783 £0.004 | 0.44 £0.011 1.44
13 162 | 102.67 £0.017 | 0.826 £ 0.003 | 0.36 £ 0.007 0.93

Table 6.1: Ty, (B) and n, the parameters of the the BGBW, obtained from the simultaneous fit
to the published [176, 193] spectra of 7%, K* and p(p) and respective x?/n.d.f for pp collisions at
Vs = 7 and 13 TeV for different event classes depending on average multiplicity, (N.), in the range
In| < 2.4.

The fit parameters, the kinetic freeze-out temperature (Ty;,), the average radial flow velocity
((B)) at the freeze-out surface, and the exponent (n) as obtained by simultaneous fit of identified

particle spectra by BGBW have been tabulated for different classes of high-multiplicity pp events and
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for /s = 7 and 13 TeV, along with respective x?/n.d.f in table 6.1. The table includes parameters
for those event classes which fit reasonably with the BW function. The table 6.2 presents similar

results for the EPOS3-hydro model generated events.

The figure 6.14 as well as the tables 6.1 and 6.2 show that the data and the EPOS3-hydro gen-
erated events are not matching quantitatively, in terms of the BW-parameters, except for very high

multiplicity classes of average multiplicity = 151 and 162 in pp collisions at /s = 13 TeV.

Vs(TeV) | (Nep) Tin(MeV) (B) n X2/ n.d.f
7 98 106.10 £ 0.015 | 0.768 £ 0.0003 | 0.59 £ 0.001 30.83
7 109 105.91 £ 0.008 | 0.808 £0.001 | 0.46 £ 0.005 1.51
7 120 103.30 £ 0.01 0.813 £ 0.002 | 0.45 £ 0.003 1.59
7 131 103.02 £ 0.02 0.829 £0.002 | 0.39 £ 0.004 0.52
13 108 142.00 £0.002 | 0.749+£0.001 | 0.63 +=0.01 7.54
13 119 | 142.00 £0.0019 | 0.774 £ 0.005 | 0.50 £ 0.002 0.86
13 130 | 141.96 £0.006 | 0.774 £ 0.008 | 0.45+£ 0.009 1.16
13 141 127.98 £0.016 | 0.797 £ 0.001 | 0.44 £ 0.004 1.31
13 151 112.90 £ 0.01 0.814 £ 0.006 | 0.43 £ 0.004 0.96
13 162 100.52 £ 0.015 | 0.81540.007 | 0.42 £0.007 1.43

Table 6.2: Ty, (B) and n, the parameters of the the BGBW, obtained from the simultaneous fit
to the spectra obtained from simulated EPOS events for 7%, K* and p(p) and respective x?/n.d.f
for pp collisions at /s = 7 and 13 TeV for different event classes depending on average multiplicity,
(Nep), in the range |n| < 2.4.

6.3.3 Mean transverse momentum ((pr)) as a function of charged parti-

cle multiplicity (N.,)

The (pr) of charged particles as a function of N, in the pseudorapidity range || < 0.3 and with the
transverse momentum, pr up to 10 GeV /¢, has been measured by ALICE at the LHC [194] and it was
reported that data of pp collisions at /s = 7 TeV is well described by the pQCD-inspired multiple
parton interaction (MPI) model with colour reconnection, as implemented in PYTHIA code. We
have calculated these observables, in the the same kinematic ranges used by ALICE, for the events

generated with both the hydro and non-hydro EPOS3 simulations.

The ATLAS experiment has studied [190] the same for pp collisions at /s = 13 TeV with
different kinematic ranges, |n| < 2.4 and pr > 0.5 GeV/c. We repeat the same analysis according the
kinematic cuts used for the ATLAS data. The results for both pp /s = 7 and 13 TeV are depicted
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Figure 6.15: Average transverse momentum, (pr), as a function of charged particle multiplicity,
N, as measured by ALICE and ATLAS [194, 190] in pp collisions at /s = 7 and 13 TeV respec-
tively, compared with the simulated events from EPOS3 event generator, with and without Hydro
calculations.

in the plots, along with the data in Fig. 6.15. As is clear from this figure, the EPOS3 code, with or
without hydrodynamics, cannot describe the ALICE as well as ATLAS measurements of (pr) as a
function of N,,.

It is noted that both the ALICE and the ATLAS data includes particles of pr, much higher
than the pr-range of the“soft” particles produced from the “core” or the bulk collective medium
as considered in the EPOS hydrodynamic code. In view of this, to compare the data with “soft”
particles only, we choose the CMS data on identified pp-spectra from events with different multiplicity
ranges.

The CMS experiment has measured pr-spectra of 7, K=, p(p) over the rapidity, (y = (1/2)ln§f—§i)
range |y| < 1 for the pp collisions at /s = 7 and 13 TeV || < 2.4. The measured pr - ranges for
the measured identified particles in the pp collisions at both the energies, 7 TeV [176] and 13 TeV
[193] are 0.1 to 1.2 GeV/c for %, 0.2 to 1.050 GeV /c for K* and 0.35 - 1.7 GeV /c for p and p. The

measured pr-ranges fall within the pr - range of EPOS3 for particles originating from hydrodynamic

bulk medium.

We compute (pr) from the CMS data on identified charged particle spectra for different event
classes from pp collisions at /s = 7 [176] and 13 [176] TeV. It is clear from figure 6.16 that for for

pp /s = 7 TeV, the majority of soft particles (pion) shows a mismatch between data and simulated
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Figure 6.16: Average transverse momentum, (pr), as a function of mean charged particle multiplicity,
(Nep), for the identified charged particles in pp collisions at /s = 7 and 13 TeV. The CMS data
[176, 193], have been compared with simulated events using EPOS3 event generator with and without
hydrodynamics.
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events, while for \/s = 7 TeV this disagreement is occurring for all the three identified charged par-

ticles.

6.3.4 Inverse slope parameter of transverse mass (mr) distribution

The slope of transverse mass mp-spectra of identified particle provides information on the temper-
ature of a medium, if formed, from where the particles are produced, and the effect of transverse
expansion of the medium. We have obtained the my spectra of identified charged particle for different
high-multiplicity classes of pp events at /s = 7 and 13 TeV from the pp-spectra measured [176, 193]

by the CMS experiments using the relation, my = (m? + p%)'/2,

The mqp-spectra are fitted, in the range corresponding to low-pr, with the exponential function:

dN

) (6.7)

demT Teffective

where T fective, the inverse slope parameter, contains the effect due to the transverse expansion
of the system. The increase in the inverse slope parameter, T.feqive for identified particles (7T:t ,
K#*, p and p), is attributed to the collective transverse flow of the medium formed in the collision.
The increase in inverse slope parameters has also been observed in heavy-ion collisions [175, 177] as

well as the high-multiplicity event classes of pPb collisions at /sy = 5.02 TeV [195].

We fit the mr - spectra of identified particles in the overlapped range (0.475 <pr< 1.025) of pr -
spectra at /s = 7 and 13 TeV, obtained from the data [176, 193] as well as from the EPOS3-hydro
simulation for the high-multiplicity event classes. The inverse slope parameters, obtained from the
best fit of the spectra, in terms of x?/ndf, using the MINUTE program in the ROOT analysis frame-
work are presented in figure 6.17 for some representative high-multiplicity event-classes.

From the figures 6.17, it is clear that while the EPOS3-hydro high-multiplicity pp events exhibit
mass ordering of inverse slope parameter of the my - distributions but deviate largely from the ones

obtained from the measured spectra.
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Figure 6.17: The mass ordering of the inverse slope parameter T, s feciive Of identified particles (m,+ =
0.14, my+ = 0.495, m,p) = 0.938 GeV/c?) as measured by the CMS experiment at /s = 7 TeV
[176] and 13 TeV [193], for a few event classes of high-multiplicity, is compared with those obtained
from EPOS3-hydro simulated events. The (N,,) is the mean multiplicity of the charged particles of
respective event-class.

6.4 Analysis in pPb collisions

In pPb collisions at /sxy = 5.02 TeV, we have studied some basic observables like pr spectra of
identified particles, mean pr as a function of charged particle multiplicity, inverse slope parameter
of transverse mass (mr) and compared those with available experimental results. We have extended
the study to centrality dependent long-range two-particle azimuthal correlations between charged
particles as well as D mesons and charged particles, for which no experimental results are available

till now.

6.4.1 Centrality dependent invariant yields of identified charged parti-

cles

The invariant yield spectra of identified (7=, K=, p(p)) charged particles has been obtained for differ-
ent centrality classes using EPOS3 generated events for pPb collisions at |/syx = 5.02 TeV. Results
are compared with the same measured by ALICE [196] as shown in figure 6.18. From this figure, it is

clear that there is no larger deviation from data to EPOS3, specially for the most central collisions.
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Figure 6.18: Centrality dependent invariant yields of identified charged particles in pPb collisions at
VSxn = 5.02 TeV, measured by ALICE [196] compared with the simulated events from the EPOS3
event generator with Hydro calculations.

6.4.2 Mean transverse momentum ((pr)) as a function of charged parti-

cle multiplicity

Similar to pp collisions at /s = 7 TeV, The (pr) of charged particles as a function of charged particle
multiplicity (N.,), in the pseudorapidity range |n| < 0.3 and with the transverse momentum, pp up
to 10 GeV/c, has been measured by ALICE at the LHC [194] in pPb collisions at /sy = 5.02 TeV.
We have calculated these observables, in the the same kinematic ranges used by ALICE, for the
events generated with both the hydro and non-hydro EPOS3 simulations and the results are shown

in figure 6.19 which indicate a good agreement between EPOS3 and experimental results.

We have also compared the data with “soft” particles only, obtained from CMS results on identi-
fied (7%, K%, p(p)) pr-spectra from events with different multiplicity classes [195]. We compute (pr)
from the pr spectra of identified particles and compare it with that obtained from EPOS3 hydro-
based simulated events as a function of mean charged particle multiplicity ({(pr)). The results are

shown in figure 6.20 and inducate a good agreement between data and EPOS3.
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Figure 6.19: Average transverse momentum, (pr), as a function of charged particle multiplicity, N,
as measured by ALICE [194] in pPb collisions at /Syy = 5.02 TeV respectively, compared with the
simulated events from EPOS3 event generator, with and without Hydro calculations.

6.4.3 Inverse slope parameter of transverse mass (mr) spectra

Similar to pp collisions as described in 6.3.4, the slopes of transverse mass (mr) spectra of identified
particles have been obtained in different multiplicity class in pPb collisions at /sy = 5.02 TeV
from CMS experiment [195]. Same thing has been repeated for EPOS3 generated events with hydro
calculations. The inverse slope parameters, obtained from the best fit of the spectra, in terms of
x?/ndf, using the MINUTE program in the ROOT analysis framework are presented in figure 6.21
for some representative high-multiplicity event-classes.

From the figures 6.21, it is clear that while the EPOS3-hydro high-multiplicity pPb events exhibit
mass ordering of inverse slope parameter of the mr - distributions and also very close to the ones

obtained from the measured spectra.

6.4.4 Long-range two-particle azimuthal correlations

As discussed in section 6.3.1, the same analysis tool has been used for the centrality dependent pPb
analysis at /sxx = 5.02 TeV. First we construct the long-range two-particle azimuthal correlations
between the charged particles with four different centrality bins (0 — 20%, 20 — 40%, 40 — 60%, 60 —
100%) and three different pr regions (1-2, 2-3, 3-4 GeV/c) considering 2 < |An| < 4 using EPOS3
hydro-based simulated events. The per-trigger associated particle yields as a function of Ay and
subtracted by Yield|a,—1.0 are shown in figure 6.22 (left). It is observed from the figure, the centrality

dependence of correlated yields from the simulated events, show similar features observed by CMS
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Figure 6.20: Average transverse momentum, (pr), as a function of mean charged particle multiplicity,
(N.p), as measured by CMS [195] in pPb collisions at /syy = 5.02 TeV respectively, compared with
the simulated events from EPOS3 event generator, with Hydro calculations.

[83], i.e., the ridge-like structure is most prominent in 1 < pr < 2 GeV/c for the most central
collisions and gradually decreases with increasing pr.

Next, the long-range two-particle azimuthal correlations are constructed between D-mesons and
charged particles with the simulated events considering the same centrality classes, pr intervals, |An|
range. The per-trigger correlated yields as a function of Ay are shown in figure 6.22 (right). As
observed from the figure, the correlated yields from simulated events, for the considered pr intervals
do not exhibit the same feature as obtained from the correlations between charged particles. The
absence of the ridge-like structure in the “low” pr-range seems consistent in view of the produc-
tion of the heavy-quarks and their non-interaction with the thermalized bulk-mater in the EPOS3
framework.

ALICE has measured a significant positive D-meson v, with 2 < pr < 6 GeV/c range, in 30
- 50 % centrality class of PbPb collisions at \/syy= 2.76 TeV [197]. This motivates us to study

the long-range two-particle azimuthal correlations between D mesons and charged particles with
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Figure 6.21: The mass ordering of the inverse slope parameter 7, s feciive 0Of identified particles (mg,+ =
0.14, my+ = 0.495, my;) = 0.938 GeV/c?) as measured by the CMS experiment in pPb collisions at
V5w = 5.02 TeV [195], for a few event classes of high-multiplicity, is compared with those obtained
from EPOS3-hydro simulated events. The (NN,,) is the mean multiplicity of the charged particles of
respective event-class.

an intermediate-pt range. Thus, we have constructed the correlations with 3 < ptT”gg < 5 GeV/e,
1 < p§¢ < 3 GeV/c and 2 < |An| < 4 as shown in figure 6.23. A clear ridge-like structure is
observed in the figure for the most-central pPb collisions at \/syy = 5.02 TeV revealing the collective

properties of D mesons in intermediate pr range.

According to the EPOS3 hydrodynamic model, high-multiplicity events are generated from large
number of flux tubes created in many initial parton-parton scatterings in an event. A large number
of flux-tubes breaks to form a medium of high string-segment density. The low-pr final state particles
come from the thermalized bulk-matter created with low energy string- segments. The semi-hard
particles, like the D-mesons in the intermediate pp-range, having enough energy to escape the bulk-
matter, hadronize by picking-up quark or antiquark from the bulk-matter. The D-mesons in this
intermediate pr-range, thus carry the collective property of the bulk-matter, as reflected in the ridge-
like structure in two-particle angular correlations between the D-mesons in this pr range and charged

particles in low-pr range.

For identifying the source of the collectivity of the D mesons in EPOS framework, therefore, we
investigate the simulated events further. We select two different classes of D mesons according to the
production mechanisms: 1) “soft” particles originating from the “core” or the plasma and 2) particles

from semi-hard string fragmentation. We calculate the invariant yields of D mesons separately from
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Figure 6.22: Centrality dependent correlated yield as a function Ay, as obtainedfrom the long-
range two-particle azimuthal correlations between charged particle (left) and between D mesons and
charged particles (right), for EPOS3 generated pPb collisions at /syy= 5.02 TeV in different ranges
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T .

two different selected classes. From figure 6.24, it has been observed that the D-meson yield from
(semi-)hard string fragmentation (non-plasma source) dominate largely the same from the plasma
source in EPOS3 hydrodynamic framework.

In the figure 6.25, we compare the centrality dependent per-trigger associated yield from the
two sources as a function Ay and subtracted by the Yielda,—1.0, as obtained from the long-range
two-particle azimuthal correlations of D-mesons and charged particles, averaged over 2 <|An|< 4,
for 3 <pi™9"< 5 GeV/c and 1<passociated< 3 GeV/c for the EPOS3-hydro generated events in
pPb collisions at |/sxy = 5.02 TeV. It becomes clear from the figure 6.25, correlated pair yields
per trigger, suggests that major contribution to the observed ridge-like structure comes from the D

mesons produced in the bulk-matter or the “plasma”.
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Figure 6.23: Centrality dependent correlated yield, as obtained from the long-range two-particle
azimuthal correlations of D-mesons and charged particles, averaged over 2 < |An| < 4, for 3 <
ptT”gg <5 GeV/cand 1 < p§F*c < 3 GeV /¢, for the hydrodynamic-EPOS3 generated pPb collisions
at \/sxv = 5.02 TeV.
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Figure 6.24: Invariant yield of EPOS3 generated D-mesons from two different sources, plasma and
non-plasma.
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Figure 6.25: Correlated yield, as obtained from the long-range two-particle azimuthal correlations
of D-mesons and charged particles, averaged over 2 < |An| < 4, for 3 < pffigg < 5 GeV/c and
1 < p3soc < 3 GeV/c, for the hydrodynamic-EPOS3 generated pPb collisions with 0-20% centrality
events at \/syy = 5.02 TeV.
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Chapter 7

Summary and Outlook

In this chapter, we summarize the work presented in this thesis followed by brief discussions on

future perspective.

7.1 Azimuthal correlations between D mesons and charged
particles in pp collisions at /s = 13 TeV measured by
ALICE

7.1.1 Summary and conclusion

This thesis has presented the first ALICE measurement of two-particle azimuthal correlations be-
tween D mesons and charged particles with minimum-bias events of pp collisions at /s = 13 TeV,
the highest available energy at the LHC till date. The analysis has been performed by considering
the D meson (D% D*,D*t) as “trigger” particles in three different p? region: 3-5, 5-8, 8-16 GeV/c
and the primary charged particles as “associated” particles in three different pi%°¢ region: > 0.3,
1.0, 0.3-1.0 GeV/c. The correlation distributions as a function of Ay shows similarity for all the the
three D mesons within uncertainty, that helps us obtaining the final results, with improved statisti-
cal precision, by averaging the results from three types of D mesons. The correlation properties, i.e,
the near-side and away-side peak yields and the widths are extracted by fitting the final correlation
distributions with two gaussian and a constant term. The near-side yield and width gives the mul-
tiplicity and angular spread of the tracks from the fragmentation of the charm jet. The away-side
observables are related to the hadronization of the charm quark produced in the opposite direction

(though the presence of NLO processes for charm production affects both the yields and width of

the away-side peak). The baseline value is a rough indicator of the underlying event multiplicity,
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though below the baseline level also charm and beauty-related pairs are contained (especially in cases
of NLO production for the heavy quarks). The near-side peak associated yield shows an increasing
trend with D-meson pr while the width of the near-side peak does not show any clear pr dependence
with the current level of uncertainty. For the away-side peaks, the poor statistical precision on the
fit parameters does not allow the quantification of physical observables and their pr dependence.
The results have been compared with several Monte-Carlo event generators like PYTHIA6 (Peru-
gia0, 2010, 2011), PYTHIA8 and POWHEG+PYTHIA6. For near-side peaks, all the event gen-
erators are found to agree with data within uncertainties, but for away-side peaks, PYTHIA8 and
POWHEG+PYTHIAG6 shows closeness to data.

The correlation distributions and the near-side peak properties obtained from the pp collisions at
/s = 13 TeV are compared with same analysis performed on pp collisions at /s = 7 TeV and pPb
collisions /sy = 5.02 TeV. The results show similarity among the three systems within uncertainties

indicating similar charm-jet properties for pp and pPb collisions for the given centre-of-mass energies.

7.1.2 Outlook

This analysis may be repeated with the pp data at /s = 13 TeV from the 2017 and 2018 LHC
run. The merged up results from the pp run containing the data with three years: 2016, 2017 and
2018 will provide a better precision to the correlation spectra and will allow us to extent this study
to higher pf and pas°° regions. Also, with the merging of data, one will be able to quantify the
away-side fit parameters properly.

Having larger sample of statistics, we can divide this analysis into several multiplicity classes to carry
out a multiplicity-dependent study, focussing on the high-multiplicity pp events. The multiplicity
dependence study on the correlation properties will also help us to investigate if the charm-jet
properties and the charm production mechanisms get modified due to in-medium effect, if any, in
high-multiplicity pp events.

The correlation analysis can be performed in pp collision at 13 TeV by considering the heavy-
flavour decay electrons as trigger and primary charged hadrons as associated particles. These two

complementary studies will help in better understanding of heavy-quark production mechanisms and

the jet properties containing heavy-flavour hadrons.
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7.2 Simulation studies with hydro-based event generator
EPOS3 for high-multiplicity events of pp and pPb col-

lisions at LHC energies

7.2.1 Summary and conclusion

We have presented a simulation based study for pp and pPb collisions in LHC energies using EPOS3
event generator in which 341D viscous hydrodynamics is implemented. The hydrodynamics based
models provide a framework to study the collective properties of the medium (if formed) in search
of the origin of the anomalous features of particle production mechanisms in small systems. We

summarize the results in the following sections.

pp collisions

In the context of several collective signatures of particle productions in pp collisions at LHC energies,
we have done the analysis with simulated pp events at /s = 7 and 13 TeV from EPOS3 event gener-
ator. The quantitative comparisons are made with the particle production data in high-multiplicity
pp events for better understanding of the experimental signals.

We have done the multiplicity dependent study of the long-range two-particle angular correlations
between charged particles with the events generated from EPOS3 model. The EPOS3-hydro gen-
erated high-multiplicity events exhibits the“ridge-like” structure, that is most prominent in the 1
to 2 GeV/c pr range and decreases gradually with increasing pr-interval. The diminishing trend of
correlated yields with the increasing pr-interval is similar to that is observed in data. However, the
EPOS3 events overestimate the correlated yields in the pr range 1-2 GeV/c.

The kinetic freeze-out temperature (T};,) and a transverse radial flow velocity () at the freeze-out
surface as obtained from the blast-wave fits to the identified particle spectra for high-multiplicity
event classes of EPOS3-simulated events, do not match those parameters for the data.

The mean transverse momentum as a function of charged particle multiplicity, for both inclusive and
identified charged particles from EPOS3 generated events, in different kinematic ranges, vary widely
from those measured by different experiments at the LHC.

The inverse slope parameters obtained by exponential fits to the transverse mass spectra of EPOS3
generated events, exhibits mass-ordering as expected in hydrodynamic model of particle production,
but the values of the fit parameters do not agree with those obtained from the data.

This data-driven study reveals that though the EPOS3 hydrodynamic model may describes the na-
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ture of some of the average bulk features quite reasonably, reflecting collective properties of particle
production in the high-multiplicity pp events at LHC energies, it cannot match the data quantita-
tively. The quantitative mismatches in BW-fitting, the (N.;) dependence of (pr) and the inverse
slope parameters of mr spectra - all these reflect mismatch at the fundamental stage. In this context,
it can be noted that some of the non-hydrodynamic models of particle productions also qualitatively
match certain bulk collective features of high-multiplicity pp events. In an alternate approach, in the
[P-Glasma model, based on colour glass condensate (CGC), followed by the Lund string fragmenta-
tion algorithm of PYTHIA, with further tuning of the pr-smearing fragmentation parameter in the
default PYTHIA, the particle mass dependence of (pr) and the pr dependence of vy for pp collisions
could be qualitatively reproduced [191]. The ALICE measurement of (pr) of the charged particles as
a function of (N.,), including particle of pr up to 10 GeV/c from pp collisions at 7 TeV, could be well
reproduced [194] by invoking Colour Reconnection mechanism in PYTHIA (while EPOS3 remain far
away from the data). The MPI model, however, cannot explain [178] the dependence of (pr) on
(N.p) or does not provide alternate explanations to other important features of particle production
in high-multiplicity events pp collisions at 7 TeV when the pp-range is restricted to the range of in-
terest for studying the hydrodynamic collectivity. The results of our analysis are consistent with the
ALICE measurements [198] of pseudo-rapidity and transverse-momentum distributions of charged
particles produced in 13 TeV pp collisions which could not be well described by either the PYTHIA
or the EPOS Monte Carlo Generators. Similarly, no other particle production model, hydrodynamic
or non-hydrodynamic, could quantitatively match the collective features of the high-multiplicity pp
data. We, thus, conclude that the observed anomaly in particle production in high-multiplicity pp

events at the LHC still remains uniquely unresolved.

pPb collisions

In the studies of pPb collisions at /sy = 5.02 TeV, we have done a few basic analysis, namely,
centrality dependant invariant yield of identified particles (7%, K, p(p)), mean transverse momentum
as a function of charged particle multiplicity, inverse slope parameter from the transverse mass spectra
of identified particles (7%, K=, p(p)) using EPOS3 event generator. We have compared the results
with available experimental data considering same kinematic conditions. The results show good
agreement between data and EPOS3.

We extended the study to the two-particle azimuthal correlations in long range (2 < An < 4).
First, we have constructed the correlations between charged particles in different centrality region

(0 —20%, 20 — 40%, 40 — 60%, 60 — 100%), considering pr ranges 1-2, 2-3, 3-4 GeV /¢ with EPOS3-
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hydro generated events. The “ridge”-like structures are prominent in the most central collisions for
pr interval 1-2 GeV/c and gradually decreases with increasing pr. This feature is similar to that
found in CMS experiment [83]. Next, we have done the similar analysis between D mesons and
charged particles considering the same centrality bins and pr intervals with the simulated events. It
has been observed that, the “ridge”-like structures do not appear here due the non-implementation
of interaction between heavy-quarks and thermalized bulk matter in the present version of EPOS3

code.

However, this study on the two-particle angular correlations between D-mesons and charged par-

ticles in the intermediate pp-range for trigger (3 <pi'%*“"< 5 GeV /c) and low-py range for associated

particles 1 <p3¥*°°< 3 GeV/c, using the EPOS3 generated events clearly shows a prominent ridge-like
structure in most central events of pPb collisions. The high-multiplicity events in EPOS3 hydrody-
namic model, are generated from large number of flux tubes which are created through many of
the initial parton-parton scatterings in an event. A large number of flux-tubes breaks to form a
medium of high string-segment density. The low-pr final state particles come from the thermalized
bulk-matter created with low energy string- segments. The semi-hard particles, like the D-mesons in
the intermediate pp-range (3 <pi'9“"< 5 GeV/c), having enough energy to escape the bulk-matter,
hadronize by picking-up quark or antiquark from the bulk-matter. The D-mesons in this interme-
diate pr-range, thus carry the collective property of the bulk-matter, as reflected in the ridge-like
structure in two-particle angular correlations between the D-mesons in intermediate-pr range and
charged particles in low-pr range. The study has been further extended classifying the two sources
of D mesons: “plasma” and “non-plasma and it has been observed that, the major contribution to
the observed ridge-like structure indeed comes from the D mesons produced in the bulk-matter or
the “plasma’”.

This study addresses the particular issue of formation of collective medium in high-multiplicity ultra-
relativistic pPb collisions and its response to the heavy-flavour particles. It is interesting to note that
the collective behaviour of the intermediate-pr D mesons from the EPOS3 generated pPb events at
Vsun = 5.02 TeV is consistent with results from several studies on D mesons in the similar pr-range
of PbPb collisions data in LHC energies [199, 200].

Considering observed collective properties of D mesons in the intermediate-pt range, in relativistic
heavy-ion collisions and several similarities in features of particle production mechanisms from the

data of pPb and PbPb collisions, the prediction of collective behaviour of intermediate-pr D-mesons

in the EPOS3 generated high-multiplicity pPb events at /syy = 5.02 TeV, appears reliable.
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Chapter 7. Summary and Outlook

7.2.2 Outlook

As revealed by the studies presented in this thesis, though the hydro-like features in high-multiplicity
pPb data can be well reproduced by the EPOS3 generated events, in general, those observed in the
high-multiplicity pp events couldn’t yet be quantitatively explained with the EPOS3 event gener-
ator. The observation thus invites further tuning or modification of the EPOS3 event generator.
This points to the scope of further improvement on hydrodynamic evolution or any other physics
processes, the way they are implemented in the code, for pp collisions. It may be noted that several
hydrodynamic [201, 202, 203] and non-hydrodynamic [191, 192] models can describe the observed
features of particle production in high-multiplicity pp events qualitatively, but there does not exist
any model, hydrodynamic or non-hydrodynamic, that satisfactory explain quantitatively the of ma-
jority of the observed features of high-multiplicity pp events, leaving the scope for further studies

wide open.
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